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Abstract

Several high performance research reactors usefplaltthat is clad with aluminum and cooled
with forced convection of subcooled water. Highaletion multiphysics simulation tools have
been developed to allow the performance of the itotleese reactors to be assessed in more
detail. The high resolution multiphysics (HRMPsilation tools must go through verification
and validation (V&V) to ensure the additional detdithe outcomes is accompanied with
guantifiable uncertainties and confidence interva#ls an example of V&V, a one-dimensional
subchannel code with conventional engineering tod heat transfer models may be used to
check the performance of a three-dimensional coatjmunal fluid dynamics assessment. This
work develops a plate-fueled reactor subchannatgtetate heat transfer code (PFSC) using a
one-dimensional subchannel model. V&V is donetlier PFSC by deriving several key
equations, which are used in the subchannel re&fer analysis, from the Reynolds Transport
Theorem. This activity allows the subchannel mdaddie extended to include uncertainties and
biases associated with the modeling simplificatiavtsich can extend the utility of the
subchannel model as a tool for testing the HRMPeahod he initial basis for the development
of the subchannel code is the High Flux IsotopecRedHFIR), which is a leading example of a
high performance plate-fueled research reactoe AHRSC includes new features from the
existing HFIR Steady State Heat Transfer Code (SSHTich as density and elevation changes
in the momentum and energy equations, frictiondessd internal heat generation in the energy
equation, more accurate correlations for the thehgsical properties of water, new models
used as limiting criteria in the reactor analyarsd flags that separate the heat transfer and fluid
flow from fuel plate surface oxidation and defleats. A code to code comparison is done
between the new flexible subchannel code and tHRIHSHTC, as well as a comparison to an
analytical solution for a simplified case with wri heat flux and constant fluid properties.
Biases associated with the one-dimensional asses&i#e subchannel model are also

reviewed. These activities provide quality assoeafior the PFSC.
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Chapter 1. Introduction

Several high performance research nuclear reagpmisate in the world for purposes of
materials testing, isotope production, and neuireemm line research. Examples are the
Advanced Test Reactor (ATR) at the Idaho Natioraddratory, the High Flux Reactor at the
Institut Laue-Langevin in Grenoble, the FRM Il imi@hing, Germany, and the High Flux
Isotope Reactor (HFIR) at the Oak Ridge Nationdddratory (ORNL). These reactors use plate
fuel that is clad with aluminum. The Massachuskigsitute of Technology Reactor, the
National Institute of Standards and Technology (NIResearch Reactor, and the University of
Missouri Research Reactor in Columbia, MO are thdgitional aluminum-clad plate-fueled
reactors operating in the United States at moreasidtlx levels. The fuel plate geometry
allows short conduction lengths to the coolant, dredaluminum cladding has a high thermal
conductivity and low neutron cross section. The falates are cooled with forced convection of
subcooled water, with convective velocities excegdiO m/s to provide a high convective heat
transfer coefficient and a low rise in bulk fluehtperature. These properties are conducive to
low fuel centerline temperatures even with veryhhigre power density. The highest power
density reactors have high burn up rates, and tleesors are often fueled with highly enriched
uranium (HEU) to prolong the operating cycle.

The US is committed to refueling the ATR and tHeRiwith low enriched uranium
(LEU) fuel. This is a serious design challengel hAigh resolution multiphysics (HRMP)
simulation tools have been developed to allow #régomance of the reactor core to be assessed
in more detail. The additional detail of thesedation tools can guide improved design, and
improve the core performance. Current licensiragtices from the Department of Energy and
Nuclear Regulatory Commission require uncertaimty eonfidence intervals to be established
for evaluation models used in design and safetyssssents. The HRMP evaluation models
currently being developed must go through verifaratind validation (V&V) to insure the
additional detail of the outcomes is accompanieth guantifiable uncertainties and confidence
intervals.

One of the common approaches to assessing thatyasha HRMP model is to compare
the high resolution outcomes to outcomes from samahd well established models. As an
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example, a one-dimensional subchannel code witliezdional engineering flow and heat
transfer models may be used to check the perforenaha three-dimensional computational
fluid dynamics assessment. Mass, momentum, arrdebalance checks are possible in both
low and high resolution modeling environments, thetse checks are not often performed in
multiphysics high resolution simulations due to difficulty in extracting the computational
domain integral terms. With the reduced ordemjeslifor the axial fluid bulk temperature, clad
surface temperature, and axial pressure can bearechwith values from HRMP outcomes.
This helps isolate regions where modeling discrejgsnmay occur.

A subchannel code has been in use for the HFIRRSIA67, and this code is optimized
for the HFIR flow conditions and geometry [1]. Témde was constructed as an integral core
simulation tool in an era preceding modern coddityuessurance and V&V methods. However,
this code has the elements of simulation mostrgEntito code to code comparison with
developed HRMP models. This dissertation redewetopubchannel model, which includes
related modeling appliances for corrosion develapraed fuel plate thermal-structural
deflections, that is well suited to parametric sgtachnd comparison with the HRMP model
outcomes. As an example, thermal convection caasbessed for constant hydraulic diameter
without corrosion, or for constant hydraulic diasrewith corrosion. Thermal plate deflection
outcomes may also be incorporated without corrggomvith corrosion, providing a flexible
basis for isolating discrepancies and improvinggtality of the HRMP modeling tools.

This dissertation offers a systematic assessmeheahodeling basis in the simplified
core thermal-fluid model. Similar models have beeunse since the dawn of fluid power
systems, but the assumptions that are made toifrtip system model introduce biases and
uncertainties. This dissertation assesses thasedand uncertainties associated with the
modeling simplifications, which extends the utilaf/the subchannel model as a verification and
benchmarking tool for the HRMP model.

Reports and papers have been published in thdgyasears addressing the challenges
associated with establishing confidence intervats ancertainties for HRMP modeling
outcomes. The National Academy of Science [2]adsaireport that focused on climate models,
the International Atomic Energy Agency [3] issuekport dealing with reactor safety, an entire
conference series is devoted to V&V sponsored byAimerican Society of Mechanical

2



Engineers (ASME), and several other conferencee bawnificant V&V components. The
models and inputs for HRMP simulations are comptidaand the data produced by these codes
are voluminous. Formalisms have been developeeldiace errors in model construction, and to
verify that the assessment tool incorporates ttended models accurately. An example of such
formalism is available in the ASME V&V 20 standdod computational fluid dynamic
assessments, and there are several other simevamghes available [4]. Despite these best
efforts, errors continue to find their way into sleecomplex assessment tools.

This research effort produces and constructs acestarder evaluation model from
integral transport theory for an aluminum-clad foete, with inclusion of uncertainties and
biases due to the lost fidelity introduced by théuced order subchannel models. The derivation
of the subchannel model from integral transporthoé$ and quantification of uncertainty and
bias introduced by the model simplification areuwaddle, and were not discussed very thoroughly
in documents for previous subchannel models. 8ochiments include McLain [1] for the
existing HFIR Steady State Heat Transfer Code (SSHihd Obenchain [5] for the Program for
Analysis of Reactor Transients (PARET). The fuatgdeflection, plate corrosion, and fluid
cooling models are separated in the new subcha&adel to further facilitate comparison of
individual components of the reduced order evatwnatnodel with outcomes of simplified
HRMP models. These features should be usefulretting priorities in the HRMP modeling by
exposing where the improved detail that these nsoalér may also lead to improved
performance. The uncertainty and bias for the Isabel model also provides information
supporting a formal basis for acceptance of a coisga of reduced order simulation outcomes
to the HRMP simulation outcomes.

The initial basis for the development of the sulbeteh code is the HFIR, which is a
leading example of a high performance plate-fuedsgarch reactor. The subchannel models
and the corrosion models used by the HFIR are gefeatures of aluminum-clad plate-fueled
reactors worldwide. The plate deflection modelksdusy the HFIR are specific to the HFIR
geometry, but they are reproduced in this effodllow a code to code comparison between the
new modular subchannel code and the existing Hi¢Rdy State Heat Transfer Code (SSHTC).
This code to code comparison was performed to ihéterthe veracity of the new reduced order
subchannel code, and that activity proved valuableproving the quality of both the new

3



subchannel code and the existing SSHTC.



Chapter 2. Aluminum-Clad Plate-Fueled
Research Reactor History and an Example

Aluminum-clad plate-fueled research reactors weigirally operated to support testing
of fuel designs and materials for power reactand,\@aere commonly called materials testing
reactors (MTR). Figure 2-1 shows an example afeh &ssembly for a MTR and how the fuel
plates are arranged. Some of these reactorsextgedsto produce isotopes. The Oak Ridge
Research Reactor (ORR) was an early example ofyiésof machine that used boxes of 19
curved fuel plates arranged in a square arrayiussrated in Fig. 2-2 [6]. There are currently 67
plate-fueled reactors in service worldwide, acaogdp the World Nuclear Association [7].
While most MTRs were commissioned in the 1960sXE9uDs, new ones are being built. The
plate-fueled FRM Il research reactor in Garching wammissioned in 2004, while the Open
Pool Australian Lightwater (OPAL) reactor was corasimned in 2006 [8, 9]. Brazil is
developing a MTR with similar capabilities to OPAdnd other MTRs are likely to be built as
new research projects, or replacements to older Mds$tgns, as time goes forward [10, 11].
While the models developed in this dissertationaameed at plate-fueled reactors, reactor
designs that use concentric annuli may also be haddesing outcomes of this research. The
TRIGA (Training, Research, Isotopes, General Atgmeactors and some of the now
decommissioned weapons material production reaag®duel and target geometries of
concentric cylinders that create cooling channérilar geometry to those in the MTR
designs.

The HFIR is a water-cooled flux-trap type react@ttoperates at 85 MW at ORNL [12].
The flux trap is surrounded by two concentric aan@iiel elements that contain aluminum-clad
involute-geometry fuel plates, as shown in Fig.. 2&urrently, the HFIR is used to support
isotope production, neutron scattering experimeartd, materials irradiation research [12].
Figure 2-4 shows the cross sectional view of théRHEel elements, which contain HEU fuel
plates. Each plate has 93% enrichg®4.that is metallurgically sealed by Al 6061 [13]hel
inner annulus contains 171 fuel plates, while thieoelement has 369 plates [1]. In both
elements, the plates are separated from each lmgtfeaw channels. Water flows downward

through these channels to cool the plates by mafliesced convection [14].
5



2% (s

e

FUEL PLATE

—

CHANNELS BETWEEN PLATES
FOR COOLANT FLOW

END VIEW OF FUEL PLATES IN ASSEMBLY. : /
241n. Ve
e
/

COMPLETE FUEL ASSEMBLY

Fig. 2-1.Fuel plates and arrangement into MTR fuel assemitlyarray [15].



ﬂ@@@@

B qﬂ *ﬂ_

“‘.
@

U@ﬂ

@ L*

uﬁ

ﬁ@j jj@

ﬁb@ TE

@

T~

HS

10

INCHES

EXPERIMENT FACILITES: HN AND HS-LARGE FACILITIES HB-BEAM HOLES

LATTICE PATTERM: F-FUEL S-5HIM ROD OTHERS-REFLECTORS

Fig. 2-2.Horizontal section through ORR centerline [6].



INNER AMMULUS, \T) PLATES

QUTER ANNULUS, 3659 FLATES

17158 =w DI&

1.250-in D

— P ——

wY e =
= \._.“\ e L T I T T I I
— e e I T T T L L T T T L T e T T T LT T L T L L T L LTy

L[]

- |

mm &

e m _ . |

. 02 HIINTY 13N JANLDY 1

(=]

o F

;1

= T —fu . —

o 3 Ui w2 HIONIT 31vid 303 “ %2
-

UV 041 WIONIT TwB3AD

0.030-in-THICH PLATES
0080=in-THICK COOLANT GAPS

Fig. 2-3.HFIR fuel assembly [1].



INWOLUTE FUEL PLATE

ji':‘ i/ F @ ’.__,..D .05-in TYPICAL COOLANT

i _ WATER CHANNEL
,i 1 " ﬁ

‘n. -\‘i":l\_ -\.\
-‘-;\L.r o .ﬁ\'.r :ll;:l e =
'\r\‘:};\:‘ "

Ix{x

o

FILLER CONTAINING
BEURNABLE POISCN
' rd

Fig. 2-4.Schematic cross section of the HFIR fuel assenly [



Chapter 3. Current State of the Art for MTR
Core and Subchannel Modeling

Nuclear reactors and power plants initially resédiccomputer based systems to
applications with low safety significance to avpithblems of demonstrating software integrity
[16]. This gradually changed as pressure for ecdfunctionality and reliability increased. In
order to properly demonstrate the performanceparticular software system, it must undergo
V&V.

It is possible for the developers of a computetesysto make errors that cause
undetected faults in the system [16]. The systeay then be installed with these faults,
potentially causing dangerous failures. Verifioatis used to identify and correct these errors as
early as possible, while validation provides demi@ti®n and assurance that the system meets
all specified requirements. To be successfulpiatie must be given to the output products of a
V&V process to ensure that they can be used byrathEnere must also be clear documentary
evidence that the in-service performance will beeatable [16].

The HFIR SSHTC was originally developed by Hilvatyd Chapman [14] to assure that
the HFIR could safely operate at a nominal poweellef 100 MW and nominal pressure of 600
psia. This initial analysis included critical neal data from Cheverton and Sims [13], fuel plate
deflection data from Lyon [17], and heat transfatadfor rectangular channels from Gambill and
Bundy [18]. McLain [1] created a new heat transfealysis that included many of the
assumptions and equations used by Hilvety and Chapit#], but also had several
modifications. This new SSHTC incorporated datarfiCheverton and Kelley [19] used to
model the thermal deflections in the fuel plates] eonsidered power and flow distributions
over the entire fuel assembly. Cole et al. [20]Her modified the SSHTC by expanding its
capability to analyze both a light and heavy wagaictor, using a more current version of the
single phase heat transfer coefficient model piteselny Hausen [21], and replacing the burnout
heat flux correlation with one recommended by Gdnf2]. Cole et al. [20] also wrote the
SSHTC in an older version of FORTRAN called VS-FGEIN. The SSHTC is used in this
form today to analyze the HFIR at a nominal poweMW and nominal pressure of 350 psia,

and it calculates the HFIR’s maximum allowable apieg power under specified conditions
10



[23].

McLain [1] created the SSHTC as an integral therhyalraulic model that
simultaneously considered plant operating condstiggower density distributions during the
reactor fuel cycle, oxide film buildup on the fysthtes, fuel plate deflections, fuel segregation
and cladding-fuel nonbonds, and heat transfer andooit characteristics. The SSHTC
calculates the thermal-hydraulic history of thel element at a specified power level for all time
increments. This includes the burnup of the fulich causes changes in the fuel plate power
distribution, and the oxide buildup on the surfaténe fuel plates. The hot streak flow rates,
hot spot heat fluxes and surface temperaturesinaiment boiling temperatures or burnout heat
fluxes are all calculated for the final time incremh. The SSHTC has the flexibility to make
these calculations for partial to full burnup byiming through a user-defined number of time
increments. The maximum power level is determimgderative solution within the final time
interval such that these limits are explored olierdntire fuel burn. The power is updated until
one of the local hot spot surface temperaturesledfo@ corresponding incipient boiling
temperature. If burnout is the limiting criterthen the power is updated until one of the local
hot spot heat fluxes equals the corresponding hutrimeat flux [1].

In the SSHTC, the fuel elements are divided inthaleand axial space increments, as
shown in Fig. 3-1. This allows simulation of thewer density distribution in the radial and
axial directions [13]. The increments are indiddbgi in the radial direction across the plate
span and in the axial direction. Each spatial incremerg hgpower density multiplier, and is
analyzed with the momentum and energy balances.fifidt two and final two mesh points in
the radial and axial directions represent the nelrfortion of the fuel plate [1]. The radial mesh
point data are used to calculate the incrementaisplong the involute arc, and the fuel plate
channel is treated as a rectangular channel wsffaa equal to the length of the involute arc. An
applied fuel element pressure drop is used to oéerthe mass flow in each channel. The total
core flow is balanced with bypass flows throughrféector and target regions. Flow in those
regions is based on empirical models fit to datarnan the reactor [1].

The SSHTC was a cutting edge multiphysics core lsitauwhen it was introduced in
1967, and it was purposefully designed for the HE®Re at steady state [1]. It was designed to

run on computers available in the 1960s and detiwezly detailed assessment of the HFIR core
11
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thermal limits, including effects of oxide growfiagl swelling, and thermo-mechanical fuel

plate deflections. The SSHTC has served as thm#idydraulic modeling tool for the HFIR
from 1967 through today. The fluid flow is assuntede one-dimensional in the axial

direction. Thermal conduction in the fuel or caoules not considered along the span of the
channel, nor is diffusion and shear in the fluidgsidered across the span of the cooling channel.
The water is treated as incompressible for theeatalysis [1]. These are rather standard
assumptions for a flow of this type, but they divaduce some bias and uncertainty not
addressed in the McClain development.

Thermophysical properties for water are embeddedearSSHTC FORTRAN equations
as temperature-dependent functions, making dineetdy line code verification very difficult.
The embedded thermophysical property representatsmnmakes the use of standard
thermophysical property databases impossible. efioations used in the fluid flow and heat
transfer for the SSHTC are not derived and marth@fassumptions are not explicitly stated.
This makes assessment of the biases and uncessaimtioduced by the modeling assumptions
difficult. The SSHTC remains a very sophisticatealtiphysics assessment of the HFIR core
thermal fluid performance limits, but it predatesrent quality assurance and software V&V

standards, and is cumbersome for use in code ® @muparisons with HRMP simulations.
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Chapter 4. Pertinent Thermal-Hydraulic
Equations

A plate-fueled reactor subchannel steady statetreafer code (PFSC) is developed
that duplicates the major features of the SSHT@e thermal-hydraulic equations in the PFSC
are derived from various forms of the Reynolds $pmnt Theorem (RTT). Approximations
made to reduce the dimensionality of the systenslaogvn, and terms are scaled to show the size
of neglected terms for the flow and thermal cowdisiin the MTR core. Uncertainties
associated with neglected terms are evaluatedantiy precision in the one-dimensional code.
This will serve as a basis for assessing the figefi extension of MTR simulations to
multiphysics and multidimensionality.

V&V of simulations related to high value or highnsquence infrastructure has received
much attention in the last 20 years as computdta@ability has escalated, and reliance on
simulations to assess risk and consequences has.githe escalation of complexity in HRMP
simulations has made a disciplined procedure essémt establishing the true confidence and
uncertainty in predicted outcomes. One commonaamr to testing a complex code for fidelity
to physics and system attributes is to run the ¢exngode for a simplified case. The outcomes
from the complex model are then compared to outsdnoen simpler models. This builds
confidence in the accuracy of the complex code,ddfeds information supporting V&V. The
PFSC can be used in parametric code to code casoparibuilding confidence in HRMP
simulations for the HFIR and other plate-fueledcctendesigns going forward. For example, the
PFSC allows use of standard fluid properties, am$tant coolant channel cross section, with no
oxide growth, and constant axial applied channelgyo This simple case is discussed further in
Section 5.4 and compared to an analytical solutiboan also be compared to a HRMP
simulation to determine if mass balances, momeintal@ances, energy balances, and wall to
fluid heat transfer modeling are going forward adaag to expectations.

The fluid flow and heat transfer equations usethenfuel plate coolant channels are
derived from the RTT for use of the PFSC for therthal-hydraulic analysis of a MTR core. In
this chapter, the conservations of mass, momerdauthgnergy are derived from the integral

form of the RTT. The differential form of the RT3 then applied to simplified momentum and
14



energy equations to derive the mechanistic basiswémlels for the wall to fluid friction and wall
to fluid heat transfer used in the PFSC and SSHEQuations for the side plate temperatures
and limiting criteria are discussed as well. Fulate deflections and oxide buildup are not
considered in this initial derivation of the thelrhgdraulic equations for the PFSC.
4.1. Derivations from the Integral RTT

Figure 4-1 shows a single control volume elemaetuor the subchannel analysis, and
how it relates to other elements in a plate-fuegatttor coolant channel. Several assumed
boundary conditions are used on this element ®irttegral RTT analysis and development of
the PFSC. First, flow is assumed to travel throtighelement’s top and bottom surfaces inzhe
direction. Secondly, heat transfer and shearstaieson the element’s surfaces in he
direction, which touch the surfaces of the fuetgda Finally, it is assumed that the element does
not interact with other elements in the spanwiskrection. These standard subchannel
assumptions each come with some loss of fidelityiclvis evaluated later, based on values
generated from the PFSC simulation outcomes. Auxfdit loss of fidelity comes with
movement from distributed flow parameters to omaatisional flow approximations which are
treated in the development that follows.

For a control volume that encompasses a fluid itianpthe general form for the integral

Reynolds Transport Theorem (RTT) is given by:

%fff(pc)dV + #(pc)(ﬁ — V) ndS = fff ppdVv + #i-ﬁdé’ (4-1)

wherec is a specific property per unit magsis the mass density,is the mass velocity at the
boundary of the control volumé, is the velocity of the surface of the volume, @nig the unit

normal vector [24]. On the right hand side of E31), ¢ is the rate of introduction efper unit

mass within the volumg, whilef- n is the rate of loss af due to surface effects. When the
body force is due only to gravity, Eq. (4-1) canspecified for mass, momentum, and energy.

For the mass equation:

-

c=1 /=0 $=0 (4-2)
For the momentum equation:
c=7 J=%—pl ¢=7 (4-3)

For the energy equation:
15
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c=u+v7 J=-G"+(Z-PI) v ¢>—q7 D (4-4)
whereT is a stress tensarjs a unity tensofg is the gravitational accelerationjs the internal
energy per unit masg,’ is the surface heat flux, agd’ is the volumetric heat generation [24].
4.1.1. Conservation of Mass

The infinitesimal control volume from Fig. 4-1 is@vn in Fig. 4-2 with the components
of mass flow in the vertical direction. Substitgtifrom Eq. (4-2) into Eq. (4-1), the mass

balance form of the RTT is written for this voluae

;tfffpdv+#p(ﬁ—ﬁs)-ﬁd5=0 (4-5)

If the flow is assumed to be steady state, thertréresient term is neglected. Therefore:

#p(ﬁ _$,)-7dS =0 (4-6)
A nondeformable control volume with stationary seds is used, such that= 0 [24]:

# p¥ - 7idS = (4-7)
If k represents a localized opening at the boundaty thatv, # 0, then

§h pv - iids, = - (4-8)

The actual flow velocity profile in the MTR fuel aling channel deserves some
guantification to help readers appreciate the safadgadients in the area integral. Figure 4-3a
shows the actual velocity profile to scale for logv conditions in HFIR. This fully developed
turbulent velocity profile model is approximatedngsa logarithmic law profile. The scale of
the near wall region is expanded in Fig. 4-3b, Wwhshows the majority of the velocity gradient
is within one thousandth of an inch of the fuebddig. Near the wall, the velocity is
approximated with a linear profile. Both profilese discussed further in Section 4.2.1. The
one-dimensional assumption uses an axial singls flas, which is then associated with a
single velocity in each axial segment. In reahfllome of the fluid near the wall is moving very
slowly and does not actually flow into the nextadxihannel segment, causing axial diffusion of
the coolant. This phenomenon will be discussethéurin Section 5.5. The single mass flow is

defined as
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My = ppUAy (4-92)
_dx [ p(y)v(y)dy
B PrAk

where it is assumed that the variables in the nateaye strictlyy dependent ang is the density

- (4-9b)

of the fluid at an average bulk temperature, whsctiefined later with the energy balance. The
temperature profile across the channel thicknesffesed in Fig. 4-4, while the density profile
p(y) corresponding to those temperatures is showngnd=b. This analysis assumes an
incompressible liquid, which means thermophysicapprties such as the density only change
with temperature and are held at a constant pressilie momentum equation, which is
discussed in the next section, can be used tolatdcihe pressure of the subchannel, but these
pressures were not fed back in to thermophysiaggaty correlations to predict new property
values.

For steady flow in the one-dimensional assessntiemtsum of mass flows into the

volume must equal zero:

—Z iy = 0 (4-10)
k
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Fig. 4-4. Temperature profile for HFIR subchannelimirection.
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If there is only a single inlet and outlet for h@ume, the conservation of mass then becomes
Mip — Moy = 0 (4-11a)
Mip = Moy =M (4-11b)

If the mass flow rate is divided by the differeh8pandx, then Eq. (4-11b) can be written in
terms of the mass flow rate per unit span:

m
==

4.1.2. Conservation of Momentum

w (4-12)

The momentum equation expresses the rate of cleingementum in the control
volume. Both body and surface forces are includsghown in Fig. 4-6. In Todreas and
Kazimi [24], the momentum form of the RTT is givieythe following:

%W BV + #(pﬁ)(ﬁ —B,)-dS = fff PGV + #(f— PT) - 7ids (4-13)

Because of steady state and a nondeformable couaitohe:

#(pﬁ)ﬁ -71dS = fff pgdv + # T-1dS — # PI-7dS (4-14)
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The shear stress is applied to the wetted areaeketthe coolant and the cladding, and pressure
terms are applied across the channel cross sekcticafor flow.

The turbulent velocity profile in the liquid acrage thickness between the fuel plates
may be approximated using the logarithmic law peaghown in Fig. 4-3. It should be noted
that the minimum Reynolds number observed for dlaeekt flow HFIR case was still greater
than 9,000, which is typically in the transitiomi@n between laminar and turbulent flow.
However, many of the turbulent correlations usethis analysis can still be applied to this
region. If the representative velocity profileused, there is a bias of within -2% introduced by
using the mass averaged flow velocity in the mommanbalance. This can be assessed by

comparing the product of the velocity distributiwith the product of the mass averaged

velocity:
ZA—d 2dy  0.95511b;— 0.97121b
pvicAx — dx [ p)Iv()]*dy _ f f_ 179 (4-15)
dx [ p(V)[v(y)]2dy 0.9712 by

The details of this calculation are shown in Apperifor a full flow HFIR case. While this
momentum is normally passed through the contralwe, this bias will emerge when
evaluating momentum flux from a HRMP simulatioth& velocity profile product is integrated
across the flow cross section to derive the truemerdum flux. This may cause bias when flow
losses at inlets and exist are compared unlegdiffeeence in evaluation method is appreciated.
It should also be noted that empirical models lmwvflosses and heat transfer are based on the
use of the mass averaged velocity in the asseswhtre flow dynamic pressure, so the bias
associated with using this approximation to theaadynamic pressure of the flow is accounted
for in the empirical coefficients.

For a system with a single inlet and outlet:

Pout (ﬁout ! A)out)vout — Pin (ﬁin ! A)in)vin
= fff pﬁdV + # T -1dS — PoutAour + PinAin (4-16)

In this analysis, the flow cross sectional areassumed to be constant and the pressure stresses
are acting normal to this area. It should alsoded that the shear stress acts opposite of the

flow, giving it a negative value. Therefore, Eq:1@) can be written as

23



A Ve inAcvf
poutgc out pmgc in _ pggACdZ _ f TyPwdz — PoytAe + PA, (4-17a)
c c ¢

which with some manipulation reduces to

(poutvgut _ pinvi2n>A — (poutgzout _ Pin9Zin
9. 9. /¢ 9 9

In Egs. (4-17)g, is a unit conversion factor,, is the shear stress of the fluid at the wall, apd

)Ac - f TWdeZ + (Pin - Pout)Ac (4"17b)

is the wetted perimeter of the element. Dividing equation byl and leaving the pressure
difference on one side of the equation by itsbK, ¢conservation of momentum becomes:

poutvgut _ pinvi2n> _ (poutgzout _ pingzin> + j 4’TW
gc gc gc gC De

Py — Pyt = < dz (4-18)

D, is the hydraulic diameter and is equal%fé.

The wall shear stress is correlated to the Daiictidn factor by the following [25]:

ffric .0772
Ty = Tz—gc (4-19)
Substituting this into the friction term of Eq. {8), the pressure drop becomes
Pin _ Pout — (poutvgut _ pinvi2n> _ (poutgzout _ pingZin> + pffricv2 dz (4_20)
9 9. 9 9 29.D.

The friction factor is keyed to the flow dynamiepsure, which is conventionally assessed using
the velocity that produces the correct mass flotheaxchannel. The integral dynamic pressure,
as evaluated in a HRMP simulation by taking thegnal across the flow cross section of the
density times the square of the local axial velgaitill be higher than the dynamic pressure
offered in EqQ. (4-20). The integral for the lastnh in this equation is applied only to the wetted
area where shear is applied, with the velocitynak®the mass averaged velocity. This is
consistent with the origins of the Darcy fricticaactor engineering model [25]. Equation (4-20)
can be further modified in terms of the mass flatew per unit span, which is related to the

velocity by the following [1]:
_ w
"o dy
Using this definition, Eq. (4-20) becomes

(4-21)
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2

b _p w < 1 1 ) g ( )
J— = — —_ [E——— p VA _p Z:
o G @t P, g, oo T Pinn

w? ffric
+ dz 4-22
29D, (dy)? f p (4-22)

4.1.3. Conservation of Energy

Figure 4-7 shows the components of the rate ofggriéux in a control volume. The
energy equation expresses the rate of change af\eimethe volume due to mass flow, heat
transported diffusively or generated, and work doner by the volume [24]. The energy form

of the RTT is written as

dﬂf +v2 dv+# +v2 (¥ — ) - 1idS

i plu > plu > V—10)'n
=fffp<q7+§-a>dv+#[—q”+(%—p1‘3-ﬁ]-ﬁds (4-23)

Due to steady state and a nondeformable contrahvel

#p<u+%2>ﬁ-ﬁd5=ﬂfp(%+§-ﬁ>dv+#[—c7”+(?—Pﬂ-ﬁ]-ﬁdS (4-24)

The heat flux, shear stress, and pressure ternsepegated from each other, as well as the heat

generation and gravity terms:

vz
#p<u+7>ﬁ-ﬁds+#Pﬁ-ﬁdS
=ﬂf q”’dV+fffp§j-ﬁdV—#c7”-ﬁd5+#rwﬁ-ﬁd5 (4-25)

If the heat generation is assumed to be constemighout the channel, the flow and stress act
normal to the cross sectional area, and the h@aidlcoming into the channel solely from the
fuel plates, then

Vout vizn
Uout + E poutvoutAc — | Uin + E pinvinAc + PoutvoutAc - PinvinAc
c c
nr gZ t gZ n
=q"A. f dz + poutivoutAc - pinivinAc + pwf q dz
— DPw f T, vdz (4-26)
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The flow of kinetic energy is shown in Fig. 4-8.ohe approximates the internal energy
ascy T then the flow of internal energyyc, T, can be represented across the channel thickness
in Fig. 4-9. The ratio of the kinetic energy te internal energy flow is offered in Fig. 4-10.

The internal energy flow is most important, andkhretic energy flow is often neglected for

low Mach number liquid flows. The warmest fluidnsxt to the wall and flowing most slowly.
This causes a bias in the internal energy flowrm@aas evaluated using the integral of the real
distributed temperature and velocity values reéattvusing the product of the area averaged
temperature, subchannel averaged mass flow vel@rity heat capacity. The so-called bulk
temperature accounts for this bias by satisfyirgethergy balance as represented in the reduced
order subchannel model that will be shown in EeR$% However, the bulk temperature is not
the area averaged temperature that would giverdeeaveraged internal energies of Eq. (4-26).
The bias introduced by transitioning from Eq. (4-85Eq. (4-26) may be evaluated for the
energy inflow term using typical HFIR flow conditis:

v T T + 32 T vine = dx [ {pve T + ) B2 ay
ax [ {powma o) + o) 2 4y
383,021 Btu/hr — 374,817 Btu/hr — 2.0 (427)

374,817 Btu/hr
It should be noted that the velocity and tempeeapuofiles are using constant properties. This
outcome is likely £10%. The details of this caltidn are shown in Appendix B. The energy
flowing through an axial segment is well represdriig the terms in Eq. (4-26), but the
comparison with outcomes of a HRMP code must be aath understanding of the bias
associated with using the one-dimensional appraximaand the method for reducing the
velocity and temperature profiles to single scatdues. The HRMP flow cross section area
averaged temperature is not the bulk temperafline. square of the mass flow averaged velocity
is not equal to the integral across the flow csesgion of the actual square of the flow velocity.
Comparison of HRMP outcomes with these reducedramdelels requires that the terms in the
reduced order models be extracted from the HRM#Pritanner consistent with the reduced
order construction.

SincepvA = m, EQ. (4-26) can be rewritten as
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v2 v2 P p;
M (uout + —2‘;“> —mh (uin + ﬁ) +mh (p"“t — p#>
c c out in

= mgg(zout —ziy) +q'" A, J- dz + p,, f q''dz — p,, f T, vdz (4-28a)

c

Rearranging several terms, this becomes

P P;
m (uout + Out) —m (um + ;)

out in

. g m 2 2 " "
= mg_(zout - Zin) + E(vin - vout) +q Ac dz + Pw | 4 dz

c c
— DPw f Ty vdz (4-28b)

Using the definition of enthalpy, = u + %, the left hand side of Eq. (4-28b) becomes

P P,
m (uout + out) —-m (uin + pﬂ) = m(hout - hin) (4"29)

out in

For an incompressible liquid such as water, thbapy difference is typically assumed to be

equal tocp AT, wherec, is the average isobaric heat capacity in the safoodl [24]. Therefore,
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mEP (Tout - Tin)

. g m nr n
= mg_(zout - Zin) + E(vizn - vgut) +q Ac(zout - Zin) + Dw j q'dz

c c

—pwfrwvdz (4-30)

If both sides of Eq. (4-30) are divided By, then the energy equation is written in termg/of

the mass flow rate per unit span:

WEP (Tout - Tin)

g W 224 4dy n
=w— (Zout - Zin) + (vizn - vgut) +q (Zout - Zin) dy + f q'dz
g 29 D,

c c

4d
i f r,vdz (4-31)
D,

The definition of the shear stress from Eq. (44&%®ubstituted into the friction term of Eq. (4-
31):

WEP (Tout - Tin)

— g w 2 2 " 4dy 17
=w— (Zout - Zin) + 5 (vin - vout) +q (Zout - Zin) dy + q dz
§ 29, D,
dy 3
Y e 3y 4-32
ZQCDe f ffrlcpv Z ( )

At this point, Eq. (4-21) is used to convert théoedies into mass flow rates:

WEP (Tout - Tin)

=w—(Zout — % - Zout — Zi
gc out n ch (pdy)lzn (pdy)gut q out n y
4dyf W3 fffric
+ "dz — dz 4-33a
D, ) T 2g (@D, ) (#-332)
Dividing both sides of the equation ¢, and addind,,, the following is obtained:
g WZ 1 1 l qm(zout - Zin)
T =T, + —_(Z — Z; ) + — l - + — d
owtTm g e M T 29,6 |(pdy)E, (pdy)2y, wip Y
4dy f WZ fffric
+ — "dz — — dz 4-33b
weD, ) © Y " 29.5,(@yD, | 7 (#355)

The energy balance omits the convection of theulent kinetic energy,; in the flow,
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which is usually denoted as
ew =5 [ D7 + () + W)Y (4-34)
The primed components of the velocity componentgn(4-34) denote the magnitude of
turbulent fluctuations. The turbulent kinetic emefor a fully developed channel flow with a
Reynolds number of $0typical of HFIR and other MTR designs, is lesantii0% of the mean
flow kinetic energy. Since the mean flow kinetieeagy is not a significant contributor to the
energy flow during heat addition at normal opematibis may be safely neglected. However,
performance comparisons of the energy balancéHRMP simulation with the reduced order
subchannel model in flow without heat addition magd to consider this omission.
4.2. Derivations from the Differential RTT

The RTT can also be analyzed via a differentiara@gh, which provides balance
equations for each point in the subchannel angusbfor an entire region [24]. For the
purposes of a subchannel, this allows for preansdyaes to be done close to the wall, where the
subchannel is adjacent to the fuel plate surf@&tehis location, wall to fluid friction and heat
transfer can be modeled and predicted using thereiftial RTT. This particular assessment is
important because it provides the theory and backgt for the friction factor used in the
momentum and energy equations, and the heat transfgels used to calculate the surface
temperature at the wall. It also shows how thetiém factor and heat transfer models are
connected.

The differential form for the local instantaneorensport equation can be written as
9] . S
5 (PO + V- (pcd) = V-] + pgp (4-35)

In this equationc,f, andg are specified from Egs. (4-2), (4-3), and (4-#he differential
formulations are derived by considering an infigiibeal control volume. This volume is small
enough that the variables can be considered unidwen the control surfaces that bound it [24].
4.2.1. Mass & Momentum

The differential equation of continuity is [26]

dp d(pvy)  d(pvy) d(pv,) _
E+ax+ay+02_0

If steady state and an incompressible liquid asemagd, then
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T2 + 3y + P 0 (4-37)
For turbulent flow, the velocity components andsgtege components are written as
v, =V, + 1, (4-38a)
Uy = Uy + Uy (4-38b)
vy = 7, + v (4-380)
P=P+P (4-38d)

By definition, the quantities with an overbar reggst the mean values obtained by time-

averaging the components over a long enough timedét [24]:

At
1 (7

U, = A7 t_% v,dt (4-39)

The fluctuating components denoted with a primeaye to zero during the perida:

j_g‘%dtz() (4-40)
2

Several rules of this algebra are given as [26]

v, + vy, =V, + 7y (4-41a)
v, =0 4-41b
ZYZ
U, Uy = U, Uy + Vy0y (4-41¢)
V2 = 2 + v}? (4-41d)
v, 0,
E = E (4-416)
v,

=0 4-41
5t (4-41f)
av,

=0 4-41
5t (4-41g)

The conservation of mass is rewritten as
v, N v, N U, N vy N av, dvy _
dz 0z O0x Odx 0dy dy

If each term is integrated over time, the equatiecomes

(4-42)
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ov, 0D, 0,

0z + dx  dy (4-43)
The differential form of the conservation of momentis
av, av, av, av,
p(at UGy Yy, T 62)
_ aP 0 2 ov, 2 <6vx v, N avz>l N 9 [H <6vZ N 6&)}
9z az 0z dx dy 0z dx dx 0z
+ 9 m (avz + aﬁ)l + pg (4-44a)
dy dy 0z
0V, 0V, 0V, 0V,
p(at gy T, T 62)
%9 ZM%—E#C%]X $ 2 avZ)l +i[u (avz +a&)]
dx 0x 0x dx dy 0z 0z dx 0z
3hit2)

vy vy, avy vy,
p<6t Fog Gt az>

o°P 0 ovy, 2 (dv, OJv, OJv, 0 avy vy
=——+—|2u==>-=u +—+ +=— +—
dy dy dy 3" \dx 0dy 0z ax |“\ox dy

—[ (avz oy )l (4-44c)

The different forces from Eqs. (4-44) are showRim 4-11 acting in the direction on a two-

dimensional control volume. One diagram showdrtigact and reaction forces due to the flow
of momentum through the control volume, while thigeo shows forces represented by shear
stress, pressure change, and the body force dyraviy. If steady state and an incompressible

liquid are assumed, and the body force is negldatethis analysis, then

( ov, N v, N avZ> _ 0P N 0%v, N 0%v, N 0%v, e

P\ g% ™% dy V27 ) T "oz TH\ a2 0y2 = 0z2 (4-453)
0V, 0V, 0V, oP 0%v, 0%v, 0%y,

P(”xa”y@”zz)—‘a”(axz T Yo (4-45b)
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Fig. 4-11.Two-dimensional force balance in thelirection on a control volume.
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vy, vy, v, opP d*v, 0%y, 0%y,
p<vxa+vya—+vzg> = —E ﬂ(axz + 3y? + 572 (4-45¢)

Figure 4-12 shows developing flow in the entranica parallel-plates duct. The flow is
initially uniform, but then changes in the ductvatocity boundary layers form along the two
walls. In the fully developed region, where th@tioundary layers merge, the scaleg,oand
v, are negligible due to the proximity of the waldamear constant liquid density [26]. The

continuity equation thus requires that

av,

-~ 0 (4-46)
The momentum equations then reduce to

oP 0 oP 0 dp  (9%v, N 0%, 147
ax 9y dz M\axz T ay2 (4-47)

Before neglecting all of the terms completely, zhmomentum equation in Eq. (4-45a)

can be rewritten as

1dP <62vz 0%, 62v2> (4-48)

d 0
— (p? hasll
( )+ (vxvz) + y(vyvz) p dZ +v azz + axz + ayz
For turbulent flow, Eg. (4-48) becomes:

0 9]
g(ﬁzz + 2v,v, + vZ’Z) + a(ﬁxﬁz + U, v, + U0y + VyV,) + (vva + 7y v, + Vv + vj’,vz’)

1d _ , 62 ~ ) 02 ~ , 02 ~ ,
=—EE(P+P)+V ﬁ(vz+vz)+ﬁ(vz+vz)+a—yz(vz+vz) (4-49)

Each term is then averaged over time. Using tlesfuom Eg. (4-41) and rearranging certain
terms yields:

d
_( 2) + (vxvz) + (vaz)

1dP 0%v, 0%*v, 0°7, 0 —\ 0 —
v<azz o7t ay2>_ (vZ )—a(vxvz)

pdz

0
-2 ) (4-50)

0z

Using the conservation of mass from Eq. (4-43) Jeéfiehand side can be simplified to read
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Fig. 4-12.Developing flow in the entrance of a vertical duct
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av, av, v,

1dP 0%v, 0%p, 0%y, 01— o
= —;E +v < 922 + 9x2 + ay2> _E(UZ ) —a(vxvz)
a Y
— @ (vyvz) (4-51)

As mentioned before, the velocities in thandy directions can be neglected in fully
developed flow. However, ify, vy, andv,, are thought of as velocity fluctuations causediby
eddy, then they are of comparable orders of madaif26]. Recent measurements of these
components in a narrow channel by Schultz and Hckverify this for the bulk flow, but
significant non-isotropic turbulence is presentrriea wall. HRMP models will need to be
careful to consider these effects for some congifatt transfer simulations, such as flow and
heat transfer over a hot spot as the nonisotropbutence will cause directional variation in
effective fluid conductivity. The turbulent equais of continuity and motion are reduced to

0w,
oz " (4-52)
1dP (9?9, 09%*%,\ 0 ,— 0 — O ___

;z”(ww—yz) 2 () ~ 3 D) — 35, (%) (#53)

Figure 4-13 shows the cross sectional views of s@tiangular ducts. A duct with an
aspect ratio of about 3.5:1 is shown in Fig. 4-0&h some isovels. Looking at these isovels, it
can be seen that the contours are more widely dpadhex direction than in thg direction.

This means that changes in the velocity are mongpaln they direction, making thé@/dx
terms small compared to thgdy terms. This is especially true of narrow rectdagaohannels
such as the HFIR, which are shown in Figs. 4-13b%@3c for comparison. The scale of the
spanwise velocity variation in HFIR is examinecetab quantify the degree of smallnesx in
derivatives, but for now the velocity derivativdsray the spam are neglected, reducing the
momentum equation to

_ ”
%i—i Y %yvz - ;—Z (v?) - % 5v0) (4-54)

In the channel, the thickness is much smaller tharvertical length in the direction, which
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Fig. 4-13.Cross sectional views of rectangular ducts.
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means(d/0z) (E) can be neglected relative @/dy)(vyv;). Therefore,

1dP 0%v, 0 0 [ 07,
A ICEIE G ) e
The time-averaged product of the velocity fluctoas is approximated as
R o,
—Vyv; = EMW (4-56)

wheree,, is a concept known as the momentum eddy diffugiuitroduced by Prandtl [29] with
early turbulent boundary layer theory. Substitytinis into the momentum equation yields

dP 0 0w,
i @[P(V + €m) 3y
If  is described as the distance from the wall amgithe channel thickness, as shown in

Fig. 4-14, then

] (4-57)

e
n=--—y 0n=-0y (4-58)

2
The apparent shear stress in the turbulent fladeimed as
v,
Tapp = p(v + €x) an (4-59)

The eddy diffusivity appears as an additional tiebae-induced viscosity caused by the
momentum transfer of turbulent eddies. This cohiepimilar to the source of molecular
viscosity in gases caused by the momentum tramesfdéry the movement of gas molecules across
a mean velocity profile. In the boundary layethiére is a ball of fluid in a turbulent eddy at
distancep from the wall then it will have a mean velociiy(n). If this ball migrates toward the
wall at a distancg — [, the mean velocity will bé,(n — 1). The quantity is the mixing length
along which the ball of fluid maintains its idegtitThev, fluctuation produced by the ball’s
movement is on the order 8f(n) — v,(n — 1) [29]. In other words,

av,

o) =1 o (4-60)
Becausey, is on the same order of magnitudevas

. v,
0(vy) =1 o (4-61)
Therefore,

39



L v (Thickness)

lii

Ty

1__’ h
Vg

=

-~

ef2

!
!
!
!
!
!
!
!
!
!
!
|
i{—}

Fig. 4-14. Geometry of rectangular duct.
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2

Y
P ~ 12 ( anz> (4-62)

From the definition of the momentum eddy diffuspinh Eq. (4-56),

5|97,
ey =1 o (4-63)
An upper bound for the mixing length is set at
l=kKn (4-64)

wherek is an empirical constant of ord@(1) [29]. Prandtl’s [29] mixing length model for
momentum eddy diffusivity is

o,
an
Going back to Eq. (4-57), the left hand side casudestituted using a force balance.

2,2

€y = K°7 (4-65)

Figure 4-15 shows a control volume force balancefiectangular duct, with the duct being
regarded as a black box without looking insidede the actual flow. The momentum theorem
in the axial direction yields

APA, = T,,py,L (4-66)
where the cross sectional arais equal tee - s and the wetted perimetgy, is equal to

2e + 25 [26]. In a plate-fueled reactor channel, thekh&ss is narrow enough ( s) that the

AP

l
Ttw

| |
|

£

7

Fig. 4-15.Force balance of the rectangular channel contiime.
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perimeter can be approximated2as corresponding to flow between parallel plates.

Rearranging terms and using a differential, Eco@#becomes

AP _ TwPw 4-67
L~ A (4-672)
dP 21, 4.67b

dz e (4-67b)
When this is substituted into Eq. (4-57),
er_a[( N )6172] 468
e oyl tengy (4-68a)
2T av.
Tway =—0 [p(v + €n) a_yz] (4-68b)
Integrating, Eq. (4-68b) becomes
2yt av,
—=—plv+ eM)a—yZ (4-69)
Sincey =~ -1,
e
2|{5—1])T 0w
2 w V.
% = p(v + €y) 6_772 (4-70)
Using the definition from Eq. (4-59) yields
e
2(z—n) 7w
—E T = Tapp (4-71a)
T 2
app _ 4 _ N (4-71b)
Tw e

This shear stress distribution is shown in Fig64-1

Looking at Eq. (4-71b) and Fig. 4-16, it can bensémat close to the wall, gt= 0, the
apparent shear stress is equal to the wall shemsstRecalling the velocity profile in Fig. 4-3,
one can see the velocity goes from zero at thetevaVer half the nominal value in less than 1
mil. This means that the wall shear is nearly tamtsin this entire region. Therefore,

TW—( + )6vz 4-72
p =\ GM a_r’ IT]=0 ( ) )

In the viscous sublayer, wheve> €,,, Eq. (4-72) becomes
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Fig. 4-16.Distribution of apparent shear stress in turbuflent in a duct.

Tw av,
Y=y (4-73)
p on
This leads to a linear profile for the velocity $oto the wall:
v*?
7, =1 . (4-74)

where the shear velocity is defined ag/t,,/p [26]. If the flow is fully turbulent, them,, >

v, in which case Eq. (4-72) reduces to

v,
gy = V7 (4-75)
Using the mixing length model from Eq. (4-65),
av,\°
K2n? (6_77Z> = p*? (4-76a)
05, v (4-76b)
o Kkn
Fitting this expression to experimental measuresjenhas been found that= 0.4 [30],
meaning
v, 2.5v" 4-77)
an n
On integration this equation becomes
v, = 2.5v"In <l> = 5.76v" log (l) (4-78)
M M
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Sincev, = 0 whenn = n,, n, represents a plane where the turbulent disturlsssree
theoretically as great as the actual ones at tlie &g. (4-78) can only work wheip > n;. The
profiles presented in Eqs. (4-73) and (4-78) aezlus Fig. 4-3.

Colebrook [31] has shown thatrat= 0.113D, in adiabatic flow, is numerically equal

ffric ,017z2

to the mean velocity. The mean velocity is importaecause in the definition of, = P

v, refers to the mean velocity. Using this defimtio

Tw_ * _ = ffric
/p_v _”2/8 (4-79)

Substituting this and the value @fi13D, into Eq. (4-78),

f . (0113D
7, = 5767, ffg‘c 10g< . e) (4-80a)
1

1 0.113D,
— 21og (—) (4-80b)
vV ffric M

For rough pipes;; has been experimentally determined to be equai3id, wheree is
the absolute roughness of the channel material [Biderting this value into the above, Eq. (4-

80b) becomes

D,
= 2log (3.7 ?> (4-81)

1
vV ffric
For smooth pipes,

1 u 1 U V8 u

N =-— _——— = ——— (4-82)
10\/ Twp 10 ffric ,021722 10 pvzx/ffric
NZ 2
When this is inserted into Eq. (4-80b), it becomes
1 pﬁzDe\/ ffric ReD\/ ffric
——=2log| ————— ) = 2log| ————— (4-83)
/fm.c 2.51u 2.51

whereRej, is the Reynolds number, equaﬁ%&.

The value ofy; can be regarded as having two extremes whichsé#tis smooth and

rough flow regimes. In the transition regipnexceeds both of these values due to a
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combination of mechanical and viscous mixing atwladl [31]. Therefore,

m=f (e, ) (4-84a)

U
JTwp

This can be nondimensionalized by dividing bottesidyD,:

M € U
D_e = f< ) (4-84b)

D_e, DoyJTywp

Analytically, Eqg. (4-84b) can be written as a surtioraof the two extremes:

&
n—lza—+,8 s
De De De TywpP

(4-85)

wherea andf are determined from experiment. These values haga determined to be 1/33
and 1/10, respectively [31]. Substituting into E485),

1 _ 0.113 \ - l 1 (1 e, 1 >l (4-86)
= og = — og _— —_— -
[frric 1 e +% u 0.113\33D, 10D,./7,p
DeJTwp

33D,
which can be rewritten as

(4-87)

1 _ —210g< € 4 2.51 )
m 3.7D, Reum
This is the friction factor used in Eq. (4-22).

The early turbulence theory offered by Prandtl [29hains the basis for the law of the

wall in many modern HRMP codes because of the ceatipnal expense of resolving the steep
gradients in the boundary layer. More modern netal near wall flow exist, but the data
supporting the wall shear values in real flows muliginately be duplicated before the newer
HRMP representations can be offered as more aectoals. The development above shows the
direct connection between the engineering wall shremlels and Prandtl’s [29] eddy diffusivity
concepts. These simple concepts Prandtl offerediéficult to use when large thermophysical
property variations occur across the near wallaegiHRMP models should offer improved

modeling capability for those situations.
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4.2.2. Energy

The differential equation of energy is given by][24

<ah+ oh ok ah>
P ot T ax T ey T V2o,

d (k6T> 9] (k6T> d (k 6T)_6q;’_6q;’ aq,

“ox\ax) Ty \"ay) Y az\"5z) Tax "oy ez 9 Yo
+ 6P+ 6P+ 6P+ 4-88
Vxox T Wy dy Yz 9z ¢ (4-88)

Energy flow diagrams are shown in Fig. 4-17, adiagfo a two-dimensional control volume in
thez direction. In Eq. (4-88)p represents viscous dissipation in the fluid flewd is given as
p=V-Tv)—-v-(V-T) (4-89)
For a steady state, incompressible liquid with igggle radiation heat transfer loss and no
internal heat generation, the energy equation eanriiten as

( oh ok ah>_k 0°T 0T 9T\ 0P 0P 0P 490
P ax oy Tva,) T o Yoy T a2 T T gy T, TP (490

_, <6vx>2 N vy, 2 N <6vz)2 N 1/0v, N vy, 2 N 1 <6vx N avZ>2
¢=2u 0x dy 0z 2\ dy Ox 2\ 0z 0x

(0, 0 2 4-90b
2\ 0z 0dy (4-90b)
On the left hand side of Eq. (4-90a), the enthdifferential can be equated to
1
oh = cpdT + ;(1 — BT)0P (4-91)

wheref, the volumetric coefficient of expansion, is asedrno be zero for an incompressible
liquid [26]. Therefore, the left hand side of E4-90a) is rewritten as

oh oh oh oT oT oT oP oP oP
p(vxa+ vya+ v2£> = pcp (vxa+ vy@+ UZ£> + Uxa+ vy@+ V252 (4-92)
Substituting Eq. (4-92) into (4-90a), and furthien@ifying the analysis by neglecting viscous
dissipation, the conservation of energy becomes

oT ~ aT 6T>_ <6ZT 9T 62T>

pCp (vxa+ vya+ vzg %2 + 32 + 572

(4-93)

If both sides of Eq. (4-91) are divided py,, then the equation can be written as
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Fig. 4-17.Energy and heat balance on a two-dimensional covtume.
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oT oT oT 0%T 09°T 0°T
vxa-l_vy@-l_vzgza(aﬂ+6y2+622> (4-94)
wherea is the thermal diffusivity of the liquid, and igwal tok/pcp.

Before progressing further, the reasoning behwedaissumption of negligible viscous
dissipation will be shown. I, andv, are still assumed to be equal to zero and Eq6)44ll

holds, then Eq. (4-90b) reduces to

=] + 2]

This can be approximated as a product of the Stezss and velocity gradient in thelirection.

A profile of this viscous dissipation term using trelocity profile from Fig. 4-3 is shown in Fig.
4-18 across the thickness of a HFIR subchannel.cémparison, heat dissipation in the
direction due to conductiok(d%T/dy?), is shown in Fig. 4-19. The ratio of the viscous
dissipation to conduction heat dissipation is @tein Fig. 4-20 across the subchannel thickness.
The numerical equations used to produce thesdgsaie discussed in Appendix C. As can be
seen, the viscous dissipation is extremely minategared to the heat dissipation in the
direction. Neglecting viscous dissipation in thigedential energy equation is acceptable for full
power simulations. However, a HRMP code shouldlide to predict the temperature profile in
the core flow with no applied thermal power in gresence of viscous energy dissipation only.
The viscous dissipation is conversion of the pulow £nergy to flow thermal energy. Accurate
modeling of turbulent diffusivity, which is centred HRMP success in modeling this kind of
flow, will coincide with accurate modeling of turdleat kinetic energy dissipation and viscous
dissipation.

For turbulent flow,

T=T+T' (4-96)
Equation (4-94) can be expressed for turbulent thsw
oT or' oT oT' oT or' oT oT' oT oT'

ﬁxaﬁ'Uxa-}'vxa-}'v,’cgﬁ'Uy@-}'vyﬁﬁ'vy@-}'vjl,ﬁ‘}"laz*‘ﬁzg

+ ’6T+ T _ |2 (T+T’)+a2 (T+T’)+a2 (T+T" 4-97
V257 T V297 T %z dy? 922 (4-97)

If each term in EqQ. (4-97) is averaged over tirhentthe turbulent energy equation is expressed
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Fig. 4-18.Viscous dissipation in HFIR subchannelimirection.
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Fig. 4-19.Conduction heat dissipation in HFIR subchannel direction.
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Fig. 4-20.Ratio of viscous dissipation to conduction heasitiation in HFIR subchannel.

as
T LT 0T (T 0T T\ 0 oo
Ve Ty dy V257 = “\oxz dy%  09z%2) 0Ox Ve

9
dy

I R
(vyT7) —E(vZ’T’) (4-98)

Similar to the momentum equation analysisandv, are both neglected for fully developed

flow. Furthermore, the scales @/dx) and(d/0z) are neglected relative (@/dy). Equation
(4-98) is then simplified to

_oT B 02T 0 ) = 0 oT K 4.99

Y29z~ M\ayz) oy Toay\Yoy (4-99)
The time-averaged product is notated as

—v,T' = EHE (4-100)

whereey is the thermal eddy diffusivity [26]. Substitugithis into Eq. (4-99) yields

_67_‘_6 6T+ oT 0 @+ )67_‘ 4101
V2oz Tay\%ay T Moy ) Tay |t T Gy (4-101)
Using the previous definition af, an apparent heat flux and wall heat flux arerdfiby

. oT
—Yapp = pcp(a + €y) % (4-102)
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aT
—qw = |pcp(a + €y) 5= (4-103)
an n=0

Equations (4-103) and (4-102) can both be substitirito Eq. (4-101), and then integrated from
Otoyand 0 toz—:

., y_oT
Qapp = pCPf Uzgdy (4-104)
0
/2 _oT
qQw = pcpf V25, 4 (4-105)
0

Dividing Egs. (4-104) and (4-105) side by side asuhg the distribution of,,,,,, as a guide, the
following is obtained:

_ aT 1.y_0T
N B Lk el 2
app _ Jo V257 %Y _ 52 Yy (1 _ _’7) (4-106a)
quw e/2 _ OT e/2 e e
fo Uzgdy _f Uy aZ

y yﬁzgzdy
M = (4-106b)
2 re/2 _ aTd
Efo UZ% y

In many practical cases, the functit#nis not a strong function gf and is approximately
equal to 1 [26]. Therefore, an acceptable appration for the distribution of;,, over the
cross section of the channel is

iﬁpgl_z_n
Aw e

The apparent heat flux follows a distribution vemilar to the apparent shear stress, and is

(4-107)

shown in Fig. 4-21. While Figs. 4-16 and 4-21 stsawple linear distributions of shear stress
and heat flux, the actual velocity gradient andgerature gradients are quite nonlinear. This is
because the turbulent diffusivity escalates theaegaqt fluid viscosity and apparent fluid
conductivity as one moves away from the wall, foilog the model due to Prandtl [29] offered
in EQ. (4-65). The escalation in diffusivity leamsthe velocity and temperature profiles offered
earlier in Figs. 4-3 and 4-6 during the developna#rithe RTT equations. The actual velocity
and temperature profiles make it apparent thatrtéan velocity and temperature gradients are

steep near the wall. The constant wall shearstaed heat flux assumptions that Prandtl [29]
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Fig. 4-21.Distribution of apparent heat flux in turbulentvion a duct.

made are nearly correct for the region where patenmiéransition from the wall values to local

temperature near the bulk temperature and locatitglnear the mass flow velocity.
According to Eq. (4-107), the apparent heat feixearly equal to the wall heat flux at

the wall, where) = 0. Therefore,

perla+en) = ab (4-1082)

The derivativedT /dn can also be written asd (Ts — T)/dn, whereT is the wall surface

temperature and is a constant value. The abowatiegican then be written as

d = qw
—(Ts—T) =——F—— 4-108b
a77( g ) pep(a + €y) ( )
Multiplying both sides of Eq. (4-108b) by the kinatic viscosityv and integrating,
—_ qw (" dn
v(Ts—T) = pcpfo T e (4-109a)
v v
—  Qw f” dn

Te—T = 4-109b

s = pes )y T/Pr + (7P en/v) (4-1090)

In this equationPr is the Prandtl number, equivalenttba, andPr; is the turbulent Prandtl
number equal te,, /ey [26]. Similar to the shear stress analysis, tieeeconduction sublayer
of thickness) s, in which the molecular mechanism outweighs theyddthsport of heat [26].
In this sublayer(e,, /v)/Pr; < 1/Pr, while outside of the sublayer, fpr> ns,, the term
(ep/v)/Prywill outweigh the terml/Pr. This results in a two-part integration of E:1(@9b):
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T = qw j"“L dn N qw f” dn
- — v
0

“vpepJy  1/Pr T vpcs by, (/PR (En /)
q” NcsL n v
w
= {f Prdn + f Pry (—) dn} (4-110)
vpep o ncsL €m
In the fully turbulent region, Egs. (4-75) and @bJ can be combined to show that
v vaoy, v1 LT
ey v20n Kkv'p (4-111)
Substituting Eq. (4-111) into Eq. (4-110) and im&gong yields the following:
{ q”PT
_ |75~ vafc n ifn <nese
T = 4 e (4-112)
T qw[Pr +Pnl<n>] >
-—|— n(— ifn >
l S oy L v McsL - Nes N = TNcst

This is the temperature profile used in Fig. 4A&cording to Kays and Crawford [32], good
agreement with temperature measurements is achie?ed= 0.9, k = 0.41, andn g, =
13.2v/v".

The similarity between the apparent shear stressapparent heat flux distributions
shown in Egs. (4-71) and (4-107) becomes the stppdint in an analysis that ties the
nondimensional Stanton number to the friction faf26]. Dividing the apparent shear stress
distribution by Eq. (4-107) yields

T 144
Tapp _ qa# (4-113a)

Tw qw

which, using the definitions af;,,,, andqg,, from Egs. (4-59) and (4-102), can be rewritten as

vV+e€ cpla+ € _
Mdﬁz — P( _ H) dT
Tw —qw

It is assumed that there is a laminar sublayenéncbolant close to the w&ld < n < n,) where

(4-113b)

v > €y anda > ey, and a fully turbulent region throughout the m@fsthe channel cross section
(n1 <n < e/2) whereey, > v andey > a. Neglectings,, andey, Eq. (4-103) is integrated

fromn = 0 ton = n, to obtain

Vv o_ cpa -

—Vz1 = — (T1 = Ts) (4-114)
Tw —qw

where?, ; andT; are the time-averaged quantitieg at n,, which is equal to about 0.005 mil
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for the HFIR.

Equation (4-113b) is then integrated frgmto n, such thaf (1,) is equal to the mean
temperaturd,,, andv,(n,) is approximately the same as the mean velocitiggrchannel flow.
If this second integration is done in the fullyldulent region, them anda are neglected and the
integration yields

€M, _ Cp€y — _
(5, ~ 7,1) =~ (T — T) (4-115)
Tw —qw

wherew, simply refers to the mean velocity. Tif is eliminated between Egs. (4-114) and (4-

115), the following is obtained:

= _ m w V _ = Aw €M ,_  _
Ty =Ts— Q)_Waavm =T+ CP‘;/H; Uy, —Vz1 (4-116a)
dw [Prﬁz,l + Prt(ﬁz - 17z,1)] = TS - Tm (4-116b)
CpTw
dw Tw
— = — — (4-1160¢)
T )
z VA
12 T
i N (4-116d)

cp(Ts — Tp) - U, [Prt + (ﬁz,1/77z)(PT - Prt)]
At this point, other definitions are used to sirhpkq. (4-116d). According to Newton’s

Law of Cooling,q,, = h(T; — T,,,), Whereh is the heat transfer coefficient. Using this tiela,

. _ ffric PT_?zZ
and recalling that,, = 5 Eqg. (4-116d) becomes
h icPV,/8
ro JyricPs/ (4-117a)
cp Pr.+ (vz,l/vz)(Pr — Pry)
h ic/8
fleC/ (4-117b)

pcp, Pry + (ﬁz,l/ﬁz)(Pr — Pry)
The definition of the Stanton numbgit = h/pcp7,) is then used to simplify the equation even

further:

ffric/8

St = — —
Pry + (vz,l/vz)(Pr — Pry)

(4-118)

This formula agrees with measurements involvingliwith Prandtl numbers greater than 0.5 if
Pr; is taken as unity ang, , /v, is replaced by Hofman’s empirical correlation, /v, =
54



1.5Re51/8Pr‘1/6 [33]. However, more consistent agreement withsueaments is achieved by

using Colburn’s [34] empirical correlation:

St Pr2/3 = (4-119)

ffric

8
This analogy holds for Prandtl numbers greater th&nand can be applied to ducts of various
cross sectional shapes with surfaces of varyinghoess values [34].

Equation (4-119) is commonly used in conjunctiothwihe friction factor for a duct with

smooth internal surfacg,.;. = 0.184Re51/5 [26]. This substitution yields

St Pr2/3 = 0.023Re, /" (4-120)
Another definition for the Stanton numbeSis= Nuj/Re,Pr, where the Nusselt numbBi,
is equal tahD, /k. If this is substituted into Eq. (4-120), thee following is obtained:

Nup
RepPri/3

= 0.023Re, /" (4-121a)
Nu,, = 0.023Re}/*pr/3 (4-121b)
Many formulas have been used that improve on theracy with which Eq. (4-121b) predicts
actual measurements, such as the correlation ysBdths and Boelter [35]:
Nup = 0.023Ref/prn (4-122)
wheren = 0.4 when the fluid is being heated and= 0.3 when the fluid is being cooled.
Sieder and Tate [36] modified the Nusselt numberetation by incorporating the
temperature difference between the channel sudiadéulk fluid:

U 0.14
Nup = 0.027Rep/pr1/3 (—) (4-123)

Us
In this equationyg is the viscosity of the fluid at the surface tengpareTs. Hausen [21]

generated a Nusselt number formula based on Saaderate’s [36] correlation and is also a
function of the axial position in the duct from theginning of flow:
U 0.14
)

In EQ. (4-124), all of the properties are takethatbulk fluid temperature, with the exception of

1/D,\?*3
Nup(z) = 0.0235(Re® — 230)(1.8Pr%3 — 0.8) [1 +3 (7) l ( (4-124)

Hs-
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4.3. RTT for a Plate-Fueled Reactor Channel

In the PFSC, the RTT is applied to flow in the @oglchannel of a plate-fueled reactor.
Figure 4-22 shows a diagram of a channel. Theralas divided spatially and vertically into
discrete elements, where@lenotes an arbitrary spatial increment pdenotes the vertical
position. The conservation equations for mass, erdom, and energy are solved for each
individual element using the RTT.
4.3.1. Mass Equation

An element is shown in Fig. 4-23 with the components of nfass in the vertical
direction. The inlet and outlet of the element@aditions denoted By— 1 andj. Equation (4-
12) can be solved farby using the mass flow rate calculated, @ind dividing by the
incremental spans; instead otix:
m,
A =W (4-125)
As; is constant for eagh therefore the mass flow rate is constant througtice vertical length
of the channel for eadh Each value ofv; is calculated via the momentum equation.
4.3.2. Momentum Equation

The momentum equation, as described by Eq. (4€22)pe written for each eleméant
The components of momentum are showni farFig. 4-24. The channel is thin, therefore the
elementdy is expressed by the average channel thickeyes&urthermore, it was assumed that
the hydraulic diameter is equal to twice the thes®at any given point in the channel. Equation
(4-22) is written fori as

2 2 .

P, —Pj;= Vg—lc <Pi,j1€j — Pi,j_11€,§> _ggc(pi’jzi’j — Pi,j—lZi,j—l) + 4‘:;:33 ff;tic'l dz (4-126)

Equation (4-126) is ultimately used to find the silew rate, which is constant for each

i down the lengtii of the channel. Therefore, the equation is evatiibetween the inlet and
exit of the channel:

W; 2 1 1 W.2 L .

AP = <_) ( _ ) - (E> Pexitil +—— Iprici dz (4-127)
gcpexit,i gcpln gc 4gCeA 0 pl

APg, the pressure drop across the length of the clhasraedso assumed to be constant foi.all

McLain [1] assumed there were pressure losses iassoavith the inlet and exit of the channels,
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Fig. 4-22.Spatial and vertical increments of a plate-fueksattor channel.
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2 2 2 .
equal t00.04p;,, % and(l — %) Dexit v;”gt". The upper edges of the fuel plates are rounded

for the HFIR, which is why a loss coefficient 008.was used at the inlet [37]. Other MTR

designs may need to use different inlet loss modEle pressure loss coefficient of the fluid

2
2 ) . The fuel plate thicknessgsand this exit
eaptt

leaving the channel was estimated t((be—

loss coefficient is equal to 0.25 using nominal elrsions for the HFIR. These loss terms can be

written in terms of the mass flow rate using thérdigon of Eq. (4-21):

0.04p; ﬁ= 0.04 <%>2 (4-128)
™20, 200 \e4
es \2 ve ... e, \2 1 wi\ 2
(1= ) peieiet = (1- =) () (4-129)
eqtt 29, eq +t/ 20_Pexiti \ea

With these two additional terms, the total pressoss through the coolant channels is:

1 1 0.04 eq \2 1 win2 (g
APp = - + + (1 - ) (_> — | = ) PexitiL
gcpexit,i gcpin chpin eqtt chpexit,i €4 gc

2
+ fleC,l i . L
4gcpave,ieA
where the average channel conditions are usethédrittion term.
The PFSC has the option of including fuel platdestions and oxide buildup in the

(4-130)

channel, resulting in varying channel thicknesse=aahi,j. If this is the case thdp, anddy
remain in the integral in Eq. (4-22), since they mow dependent an Substituting the channel

thickness for these two terms, Eq. (4-130) is thatten as

1 1 0.04 eq \2 1 w2 (g
AP = -+ (1o ) (2) = () pesest
gcpexit,i gcpin ZQCpin eqgtt ZQCpexit,i €a gc

2 L
ffric,iWi dz
3
4gcpave,i o €

For the integral, a mean channel thickness is usedch axial increment to break the cooling

(4-131)

channel into several shorter segments of diffecbanhnel thicknesses and they are all summed
up down the length of the channel. The integréhis replaced by a numerical summation. The

final form of the momentum equation as it is ugethe PFSC is written as:
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1 1 0.04 eq \2 1 win2 (g
APp = - + + (1 - ) (_> — | = ) PexitiL
gcpexit,i gcpin chpin eqtt chpexit,i €4 gc
n

iciWE Az;
g Jrrieit E — (4-132)
49, Pave,i & (91,1—1 + 91,1)
O

The friction factorfs,.; is determined from the Colebrook equation showiadn(4-87), with

Rep = 2w,/ lqye,; for the rectangular channel.

A similar equation is used to calculate the presstiany pointj in the channel:

1 004 \/wn2 1 (w\> (g
Pi,j = PF + - (_) - — + | — pi,ij
9.Pin  29.Pin) \€s 9.Pij \€i; 9.

]
2
_ ffric,iWi AZj'

(4-133)
49, Pave,i &= (ei,j'—l + ei,j')3
=2 ——F—=
2
P is the pressure at the inlet to the fuel assenggn as
-8 g 2 1 2
Pp=P—(7-107°) g_c pinVas + mpinVAs (4-134)

whereP is the pressure of the reactor veskgl,is the volumetric flow rate through the fuel
assembly, and; is the flow area upstream of the fuel plates. 3éeond term in Eq. (4-134) is
the pressure difference through the core inletiasgecific to the HFIR, while the third term is
the dynamic pressure just above the fuel platesThe HFIR core inlet pressure difference term
is written into the PFSC, therefore this line ofleanay need to be modified when the PFSC is
applied to a different plate-fueled reactor.
4.3.3. Energy Equation

Figure 4-25 shows the components of the rate afggrfkix in the elemenit Equation
(4-33b) can be written for the channel elenidny the following:

w 1 1 e
Ty =Ty + —— Az + — ( >+MA2+

”d
- - z
= j 2\ 72 2 j _]- q
0,.Cpij 20.cpijea \Pij-1  Pij 100w;cp;; WiCpi

ffric,iWi2

o 2 3
4gcpave,i CPi.]' €4

z (4-135)

whereQy, o is the heat generation in the coolant. The vakeal forQy,, in the SSHTC was
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determined at a reactor power of 100 MW, which iy @, , is multiplied by a factor o /100
[1]. If the plate-fueled reactor operates at a @olevel ofQ, then the local heat flux at eagh

within the fuel element is given by the following:

o Qf¢i,j
4ij = A
In this definition,A is the nominal heat transfer area of the fuelrab$g f is the fraction of

(4-136)

heat deposited in the fuel, agg is the normalized power density in the fuel pktgj [1]. The
values forg;; have been estimated by Cheverton and Sims [1@st8uting Eq. (4-136) into
Eq. (4-135), the energy equation becomes:

w 1 e 2
Ti' = Ti,j—l + LAZ] + . ( p ) + — QHZOQ 4 — Az + Qf j¢idz
ij

J 2\ 2 j
9.€pij 29 cpijey Pij-1 100w;cp;; Awicpi;

f fric,i Wi2

— > 3 Az
4gcpave,i CPi,j €4

j

(4-137)

If Ty, is substituted fof;;_,, the energy equation can be correlated to thé coleditions
by evaluating Eq. (4-137) across the length ofctennel up to the vertical positipn The inlet

loss term is then included since the energy eqguaioow being solved from the inlet:

g N Wi2 < 1 1 004>+ QHZOQeA 2 ZQf f ¢1

=T + z -
) 2 2 2 2
9 Cpij 29.chijes \Pin Pl P ) 100wice;; aw iCPij

2
f fric,i Wi
2 3
4gcpave,i CPi,j €4

If channel variations due to fuel plate deflectiamsl oxidation are considered, then Eq. (4-138)

z (4-138)

is expressed as

w 1 1 0.04
Ti' — Tin + g 7 + i < _ _ ) QHZOQ j dZ

’ gCCPiJ : zgcCPi.] pizne/% pizjeizj piznej 100W16P1]
Zdz
f ¢pidz Spriei — (4-139)
AW iCPij 4g pave 1CP1] €

The integrals in Eg. (4-139) are approximated asnsations of the average channel thicknesses

and power densities across each axial incredgnt
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j
g w2 ( 1 1 0.04 ) + QH20Q z €ij'—1 + ei'j'AZ

1
=Tt g8t 29 \02ez p2ez p2e7 ) T T00wic, 2 i
9.Cpij O.CPij \Pin€a  Pij€; Pin€a iCPij =

T

j
ZQf d)i,j'—l + ¢i,j' Az fleCl

j
Zy —
AWCP]]]_2 2 4’9 pave1CP1 ]:2( ij' 1+31])

(4-140)

Because this equation depends on the propertithe dfuid, the solution of the bulk fluid
temperature is an iterative process. Equation@)-tan be used to solve the temperature
difference across the channel for eably taking the summations across the entire chansilg

the average heat capacity in the channel and imgutie exit loss term:

9 w2 1 1 0.04 e, \2 1
AT, = L+ 20z T2 Tz (1 - ) 2
9.Cpave,i 2gCCPave,ieA Pin Pexit,i Pin egt+t Pexit,i
n
QHZOQ ei,j—l + ei,j ¢1] 1 + ¢1]
+ Az Az
100Wi CPave,i =2 2 AchPave 1
ciWZ . Az
_ ffZT‘lC,l i Z j (4_141)
4gcpave,icPave,i i

— (91,1—1 + ei,j>3
2

With the bulk fluid temperature and heat flux, Hugface temperature is calculated at

each position using Newton’s Law of Cooling:
Ty =Ty + 2 (4-142)

The heat transfer coefficient is calculated from Husselt number correlation given in Eq. (4-
124), withD, = 2e;;.
4.4. Side Plate Temperature Equations
The side plate temperatures play a very smallipadhte PFSC. They are used in the

calculation of one of the deflection mechanismsmiuel plate deflections are considered in the
analysis [1]. However, there are many assumpiosequations used in calculating the side
plate temperatures, which are germane to platedugactors, including using the RTT on the
coolant adjacent to both sides of the side platdgerefore, this section goes over the derivations

and reasoning for these equations.
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The so-called side plates are the aluminum tuteshibid the ends of the fuel plate
spans, shown in Fig. 2-4. While the models preskimt this section are specific to the HFIR,
they are reproduced here to allow code to code aasgn between the PFSC and the SSHTC.
Most MTR fuel plates are supported differently frtme HFIR fuel plates. For simple heat
transfer calculations, the side plates were andlggeslabs with a thicknesstgf, thermal
conductivityksp, and volumetric heat generation@fy [1]. Because the value f@sp in the
SSHTC was measured at a power level of 100 MWh#ad generation is multiplied by a factor
of /100, similar toQy,,. The temperature profile of the slab can be aalyassuming one-
dimensional, steady state heat transfer. Figuzé dhows the orientation of the side plate as a
slab. Ifx = 0 denotes the side next to the fuel plates withadas temperature df and heat
transfer coefficient ok, andx = tgp denotes the other side with coolant temperafurad heat

transfer coefficienk, then the temperature distribution is

Qsprz
T =——+4+C C 4-143
(x) 200ksp + (1x + C; ( a)

QSPQ%sP n QSPthSZP LT_T

_T100h T 200ksp

C, = — (4-143b)
sp =3t

2kepCy
C, = S}_fl+T (4-143c¢)

In the second term in the denominatoCpfand the first term i, there is a factor of 2 because
only half of the normal fuel element coolant chdrreat transfer coefficient was used, as
recommended by Hilvety and Chapman [14]. The pld&e temperature was regarded as the

average temperature in the slab, which is equal to

1 [fsP QspQtip . Citsp
Top=— | T()dx=-—
P = ter ) (dx = =00k, T 2

+C, (4-144)

The temperatureB andT are found via heat balances on both sides ofltte.pStarting
with the fuel plate side, a heat balance is donaromcremental volume with spdus;, thickness
e,, and lengthiz;, as shown in Fig. 4-27. Figure 4-28 shows whigieeregion is located at in
the HFIR fuel assembly. The heat flux term is embmation of heat coming from the side plate

and both fuel plates in the nonfuel region. It wasumed that for both side plates of the inner
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fuel element and for the inner side plate of theepfuel element that 70% of the heat is
transferred to the fuel plate coolant, while th&t ie transferred to the coolant on the other side.
This heat is calculated by multiplying the matehaht generation by the appropriate volume,
which isO.7t5P(t + e]-)Az]-. Similarly, the volume used in the heat trangf@rfrom the nonfuel
portions of the fuel plates tds;Az;. Incorporating these heat transfers, the suftageerm of

the energy equation is written as

Az
farsias = [07650(¢ + ) + tas) kel (4-145)

When this term is divided by;cp;As;, it is substituted into a form of the energy eguasimilar

to EqQ. (4-140):

j
— w{ 1 1 0.04 + e
Ty =T + g—ZJ'+ 1—(2 2 52,2 2 2) Jay0¢ 11
9.:Cpj chCPj Pin€a  Pj € Pin€a 100W1CP] =
QspQ Z 0. 7tSP(t + = 1+e]) +ela
t| Az
100wlcpl %
fleCl Z AZj' (4-146)
4‘gcpaveCP] i

(et ey 3
2

The fluid properties used in this equation depermtl_fj otherefore this becomes an iterative
process similar to the solution of Eq. (4-140).

Becausd_‘j is the bulk fluid temperature in the entire sidggregion, the mass flow rate

Wiyt

and channel thickness are taken as averages dlceosErementis;, and written as— and

€i+1,jt€ij

. For the inner side plates of the inner and olutelrelementj = 1, while for the outer
side platesi = m. Furthermore, a factor of 0.5 is used in plac8.@ffor the outer side plate of
the outer fuel element because it was assumed@tyof this side plate’s heat is transferred to
the fuel element coolant. The heat transfer C(ZiEfﬁ”_lj is found using the Hausen correlation
with properties af;.

The temperaturel on the nonfuel plate side of the side plates awed similarly toT‘j,

with the exception of the outer side plate of theeofuel element. But for the other three side
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plates, the heat generation of the coolant on dméuel side is multiplied by the volume of the
region. This volume is taken dg,,Az;, whered,,, is the cross sectional area of the annular
region of the nonfuel sided,,,, is equal to the minimum flow area for the coolpassing

between the inner fuel element and the target [fdsFor the outer side plate of the inner
element and the inner side plate of the outer ai¢me,,,, is the flow area in the labyrinth
between the fuel elements. The heat flux intodhregions is a result of the heat leaving the side
plate. This heat is determined by multiplying beat generation by 30% of the incremental
volumeAspAz;, whereAgp is the cross sectional area of the side platee hEat balance of the

coolant becomes:

ticpy(T; = Tia)
.9 m QAz
= mg_CAZJ + 2_gc(v]2_1 - vjz) + (O'BASPQSP + AaanHZO)TO]
ffric pjvj3
_Jrie Pwlz (4-147)
4 29 "
The mass flow rate is rewritten in terms of theuvoétric flow rate through the annular region:
M = PinVann = PinfAannVin (4-148)
The mass flow rate is then divided by both sidestti@in:
2 2
g Vi1 — 7 QAz;
T.=T_ Az 0.34 A —_—
i -1 T a.ch z+ 29,cr + ( spQsp + aanHZO) 10000 Varmry
3
_ ffrlcp] j (4_149)
chpinvinchDe
whereD, = 4Aq,n/pw-. The velocityy; is found by the following:
V .
p, = nn Pin (4-150)
Aann pj

This temperature can be related to the inlet teatpeg by summing up the heat through the

corresponding length:

2 2

g Vin — U]- QZ]

T.=T;, + 4 + (0.34 +4 —_—
j i 9.¢r, Z ( spUsp aanHZO) 100 Varn o

ZgCCPj

3
ffricpave Vave z
j
chpin VinCpj De

(4-151)
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The heat transfer coefficient associated with émegerature in these regions was determined
using the Dittus-Boelter correlation expresseddn #-122), with the Prandtl number exponent
set equal to 0.4 for heating and the fluid proesrtaken af; [35].

For the outer side plate of the outer fuel elenigrendh; are determined differently.
The region outside of this plate, called the cdnigion, removes some of the heat generated in
the plate. McLain [1] assumed that the temperaigeeof the coolant from the plate is 15°F for
a 1,000 gpm control region flow rate when the relaist operating at 100 MW. Therefore, the
temperature of the coolant at any point in the m@méegion is given as

T.=T +<1’000)< Q ) 4-152
= Tt (V) \T00) % (#152)

In a number of control rod studies, the heat tmsbefficient in the control region was assumed
to be 4,600 Btu/hr-ft°F for an 800 gpm flow rate ard104 — 0.104 — 0.104 in control rod

coolant channel thicknesses [1]. These thicknds®es since been redesigned b4 —

0.17 — 0.095 in. Therefore, the heat transfer coefficient wagmated to be

, 4600 <o.104 +0.104 + 0.104)0-8
)7 80008\ 0.104 + 0.17 + 0.095

whereV, is the volume flow rate in the control region. elvalues foffj, h

o8 (4-153)

i, T;, andh; are used
in Egs. (4-143) and (4-144) to calculdlg;.
4.5. Limiting Criteria

The primary purpose of the PFSC is to calculatentaximum allowable reactor power
level. This approach is similar to that in the S&Hand consistent with design and safety
objectives for reactor core design and operatidrigs maximum power is determined by using
limiting criteria on the local surface heat fluxasd/or surface temperatures of the fuel plates.
The PFSC has the ability to use any one of seveargpfor the limiting criterion. Two of these
are for burnout heat flux, while the other optiomdude incipient boiling temperature, flow
excursion heat flux, critical heat flux, and themmf net vapor generation. The PFSC also has
the most limiting case of saturation, when any ofhe local surface temperatures is equal to
the corresponding saturation temperature of théaobo When one of the local heat fluxes

reaches the corresponding values for the seleictetihlg heat flux, or when one of the local
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surface temperatures reaches the correspondirgantboiling or saturation temperature, then
the maximum power has been obtained.
4.5.1.Burnout Heat Flux

Burnout is the phenomenon that occurs when thefluieabecomes sufficiently large that
vapor bubbles formed from boiling coalesce intapor film that covers the surface,
dramatically dropping the heat transfer efficieaoyl causing a large increase in the surface
temperature [38]. Gambill [22] used a superpositiorrelation to calculate burnout heat fluxes
in subcooled water systems. In this method, thradau heat flux is the sum of a term
representing forced convection in the absence iihigand a term characterizing the boiling

contribution in the absence of forced convectidhe burnout correlation is given as

q;),o = q;),o,nb + q;),o,boil (4'154)
The nonboiling term of Eq. (4-154) was solved ud\eyton’s Law of Cooling:
q;),o,nb =h(T, —T) (4-155)

where (T,, — T) is the sum of the wall superheat and the subogalirthe burnout site [22].

The heat transfer coefficient in Eq. (4-155) watedained using a typical forced convection

form of K’ ( )ReD Pr™. The boiling term of Eq. (4-154) was expressed as

qll)’o,boil = qgool,sathub (4-156)
In this equationy,,,, <4 IS @ saturated pool term afg,, is a subcooling factor. Gambill [22]

evaluated the saturated pool term with the KutdidaZuber equation:

Qoorsat = Kvopouthrapt 2 [00,9(ps — pg)] " (4-157)
wherehs is the heat of vaporization of the wateris the surface tensiop, andpy are the
saturated liquid and vapor densities, &pd,;; is an empirical constant. Substituting Egs. (4-
155) through (4-157) into (4-154), the followingabtained:

"o k mp.un 1/2
dpo = K (D_> Rep'Pr™(T,, — T) + Kpopoithropg’ “[09,9(pr — Pg)] Fsup (4-158)
e

Gambill [22] used a variety of data to determine toefficients in Eq. (4-158). The

subcooling factor was correlated with the following

pf) [CP f(Tsat T)l

(4-159)
9.8hy4

Foup =1 +C(Pg

72



wherec, f is the saturated liquid heat capacity. For theboding convection termn = 0.8
andn = 1/3. K’ = 0.023, K, 50i; = 0.18, andC = 1 if the mean curve for the superheat is
used. If the curve with the associated uncertdanttor is used, thek’ = 0.019, K;, 05 =
0.15, andC = 0.8.

As mentioned before, the temperature differgfie— T) is a sum of the excess
superhealT,, — T,,;) and the subcooling temperature differer@,; — T). The superheat was
correlated with respect to the saturated temperatsing data from Refs. [39] and [40]. Gambill
[22] constructed a composite design curve combibinity data sets, as shown in Fig. 4-29. The
two curves intersect at a saturation temperatugbdfF, therefore the recommended curve for
the superheat changes at 254°F and has an unteftaitor of 0.8 of the two data curves.
Incorporating the uncertainty factor, the equatmmthe superheat becomes:

—127.04 + 929.94X + 89.266X?% — 3714.4X3 if Ty, < 254°F
165.51 — 700.49X + 1259.4X% — 837.21X3  if Ty, = 254°F

whereX = T,,;/1,000, andTy,; is in °F [1].

This burnout correlation is applicable to watesteyns where the pressure ranges from 15

Ty —Tsqr = { (4-160)

to 3,000 psia, the velocity ranges from 10 to 1) &nd the subcooling varies from 100°F to
400°F [22].
4.5.2. Incipient Boiling

Incipient boiling is often defined based on coiadis where the wall superheat is first
adequate to support vapor growth in bubbles oftealrradius [41]. Superheat is required since
the vapor pressure exceeds the liquid pressure lynmunt equal tdo /r, wherer is the radius
of the vapor bubble. The saturated vapor in tHebhaiis at a higher pressure than the
surrounding liquid, requiring that the liquid bgpsuheated to support thermodynamic
equilibrium. These models for boiling incipienaegict vapor in the heated wall before
significant changes in heat transfer or flow resise are observed in practical engineering
systems.

Incipient boiling is defined in the SSHTC when raatke boiling bubbles start to
significantly affect the heat transfer rate or emdlflow rate in the channel [1]. It is the
transition point between nonboiling convection andleate boiling. Bergles and Rohsenhow

[41] ran a series of experiments with a boilingddo analyze the point of incipient boiling and
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develop a relationship for it.

Figure 4-30 shows subcooled forced convection fiteita variety of different velocities.
These data are in relatively close agreement \WwetDittus-Boelter correlation dfu, =
0.023Red8Pr%4 [41]. Heat transfer data with a positive wall etheat are shown Fig. 4-31 for
the same velocities, and compared to the correspgmittus-Boelter correlations. This figure
shows the boiling data diverging from the valuesdjoted for forced convection at a definite
wall superheat.

Bergles and Rohsenhow [41] used a graphical soluticalculate the wall heat flux

required for the incipience of boiling. The hdakfis given as

2.3
qip = 15.6P156(Ty — Ty, )POOZ3% (4-161)

where g/, is in Btu/hr-ff, P is in psia, and the temperatures are in °F. Gigelation is plotted
in Fig. 4-31 and agrees well with the points ofedlgence for the boiling data. If the surface heat

flux is already known, then the incipient boilingrface temperature can be written as

P0.0234

qII 2.3
Tsip = Tsae + (W) (4-162)

Eq. (4-162) works well for pressures between 153000 psia [41]. Although the data used to
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Fig. 4-30.Correlation of forced convection data [41].
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develop this model were correlated using the DiBaslter correlation to predict the surface
temperature, the goodness of fit in Fig. 4-31 mayifferent when alternative models for the
forced convection heat transfer coefficient areduse

4.5.3. Flow Excursion

Flow excursion can occur in a plate-fueled reaatioen vapor generation in one of the
channels, usually a hot channel or a channel \etlricted flow, results in increased flow
resistance in that channel. The flow redistribtitethe other channels where less or no vapor is
being generated [42]. The redistribution of flexadls to less flow in the hot channel, more
vapor generation, and additional resistance to.fldWwis can lead to flow starvation in the hot
channel, causing a local burnout at flow lower ttt@nominal core flow rate.

Figure 4-32 shows the pressure demand curvegarallel channel system, which
illustrates the mechanism of flow excursion. Tloavfis single phase at high enough velocities,
where the demand pressure drop is dependent dlothéhrough the channel [43]. But the
supply pressure differential that drives the flewonly a function of the pressure in the common
inlet and outlet plena. The plenum pressure dsagantical for all of the channels and is not
affected by boiling or flow excursion in the hotacimel, which is why the supply pressure drop
is shown as a horizontal line in Fig. 4-32 [43].h&x the supply pressure drop is slowly
decreased fromPg,,;,1, (1) 10 AP0, (2), the coolant velocity is reduced from operatingnpo
A to where incipient boiling occurs in the flow lfmved by the onset of significant vapor
(OSV). The resistance to flow continues to inceeagh vapor generation following OSV, and
the flow rate continues to decrease to the minimuthe heated channel demand curve. The
vapor generation following OSV causes a sharp as#en the channel flow resistance such that
the next available equilibrium for the heated ctemperating point is B, after the supply

pressure drop is reducéds,,,,,;,(2). No operating intersection is available for tlo¢ ¢hannel

until it reaches position B in Fig. 4-32, whichnsthe vapor flow regime. A situation like this
forces the flow to redistribute to the adjacentfial channels, so the mass flow in the hot
channel is greatly reduced [43]. A local burnoutmtical heat flux (CHF) occurs in the hot
channel well before the system reaches point Bad@ions that cause a flow excursion can arise
from a decrease in the available supply pressue, @n upward shift of the demand curve

minimum due to system depressurization, or a p@xeursion [43].
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Siman-Tov et al. [42] performed a series of flow@sion experiments using a Thermal-
Hydraulic Test Loop (THTL) to better predict theah@ux at which flow excursion could occur
in a parallel channel system. It was found thedmelation for the point of net vapor generation
developed by Saha and Zuber [44] predicted a ntgjofithe THTL flow excursion data. This
correlation is given as

no_

k
455 (—) (Tsae —T)  if Pe < 70,000
CIfe - De

(4-163)
0.0065Gcp ¢ (Tsqe — T) if Pe > 70,000

In EQ. (4-163)( is the mass flux anBle is the Peclet number, equalRe, Pr. Siman-Tov et

al. [42] made a modification to the Saha-Zuberaation to improve its accuracy by

incorporating a subcooling correction factgy;,:

k
4550 ( )(Tsat —T)  ifPe < 70,000

qf, = D, (4-164a)
0.006575y,Gcp s (Tsqe — T) if Pe > 70,000
= 0.55 + 1121 4-164b
T’Sub - . Tsat _ T ( - )

This subcooling factor also correlates with highelocities and Reynolds numbers for THTL
data. The temperature difference used in Eq. @)L in units of °C. In order for it to be in
°F, it has to include the conversion factor fromtGPC:

11.21 20.178
0.55 +

5°C Toue — T
(Tsat - T) W sat
Figure 4-33 shows the THTL data, as well as theeAcan Nuclear Society database,

compared to both Egs. (4-163) and (4-164a). Theghlows the Stanton number, equal to

Nsup = 0.55 + (4-164c)

qre/Gepr(Tsqr — T), vS. the exit subcooling of the channel. Botmbtes of the modified and
unmodified forms of the Saha-Zuber correlationsrewn on the graph, a& = q}’e/Die(Tsat —
T). As can be seen in the figure, the modified dati@n is in better agreement with the data
than the original. However, there are a lot ofartainties associated with the Nusselt number
part of the correlation used at lower Peclet nusbdiherefore, Siman-Tov et al. [42]
recommend using incipient boiling criteria in theggion. The range of THTL data for which the

flow excursion correlation was applied covered lecdt heat fluxes from 0.7 to 18 MW/mexit
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velocities from 2.8 to 28.4 m/s, exit pressuresnfi@17 to 1.7 MPa, and inlet temperatures from
40°C to 50°C.
4.5.4. Critical Heat Flux

The critical heat flux (CHF) is the heat trandferit that causes a sharp increase in
surface temperature and burnout of a system inhwinddling is occurring. A large amount of
experimental and theoretical studies on the CHRpimenon have been carried out by many
researchers, resulting in various empirical cotrahes [45]. Unfortunately, many of these CHF
correlations have been developed using a small eupfldata points that cover a very limited
range of operating conditions.

Hall and Mudawar [46] conducted a thorough literatteview to identify all CHF
correlations applicable to internal subcooled waystems, and compiled all data sets and
models into the Purdue University Boiling and TwieaBe Flow Laboratory CHF database. A
functional form for the CHF in duct flow based autlet conditions was then used, which had
been ascertained from a parametric study perfotmeRiefs. [47] and [48]. This parametric
study had revealed that the CHF is proportiondl to@f the duct to a negative power,
proportional toG to a positive power, and it decreases linearlywitreasinge,,;;, which is the
thermal equilibrium quality of the water at the teaxit.

Hall and Mudawar [45] wrote the functional deperctenf the CHF in nondimensional
form:

Bo=f (WeD,';—f,xexl-t> (4-165)
9

In this equationBo is the boiling number and is equalgg,, /G hsq, the Weber numbét/e,
equalsG2D, [pro, andxeyir = (Nexit — Rfexit)/Nrgexic- The saturated density ratio was chosen

as a dimensionless group to represent the effgmtesure. The trends mentioned above led to
an outlet conditions correlation for the CHF thatsvexpressed as

pr\” pr\°
BO == Clwegz (p_f> [1 - C4 <_f> xexit

(4-166)
9 Py

Hall and Mudawar [45] were able to transform Eq166) into an inlet conditions correlation

based on the independent variaklg®, andx;,:
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C C
CiWet (ps/pg) " |1~ Calor/pg) “in]
0= C3+C
1+4C,CWe?(pr/pg) ° °(L/D,)
The pseudo-inlet quality;,, . is equal ta(h;, — hf exit) /Rrgexit-

(4-167)

The constants appearing in Egs. (4-166) and (4-4@ve originally determined from
parametric trends that were observed in a subgeedubcooled CHF data [48]. This subset
only contained data with mass fluxes greater th@A®kg/ni-s and in tubes with diameters
smaller than 0.002 m, which was not representatitbe entire CHF database. Therefore, Hall
and Mudawar [45] utilized a nonlinear regressiothvaioth the inlet and outlet conditions
correlations to determine a new set of constamiisrttinimized the root mean square error with
the data. The optimized values for the constaeteviound to b&; = 0.0722, C, = —0.312,

C; = —0.644, C, = 0.9, andCs = 0.724. Figure 4-34 shows the mean error and standard
deviation of the 25 most accurate subcooled CHFetadrons acquired by Hall and Mudawar
[45], including their own inlet and outlet conditi® correlations. The inlet conditions correlation
shown in Eq. (4-167) has the smallest deviatioRign 4-34.

Hall and Mudawar [45] recommend using the intatditions correlation for CHF since
it was found to be the most accurate. Howeverafduct with nonuniform heat where the local
conditions are important, it is recommended thatdahtlet conditions correlation be used instead
[45]. The outlet CHF correlation can be writterdimensional format as

17 GZD C2 pf G pf e
Aeric = Clthg< e> <_> 1- C4 (,0_> Xexit (4'168)

Pro9. Py 9

This is the correlation used in the PFSC when GiHelected as the limiting criterion. It is
applicable to a parametric range208 - 10~* to 0.015 m foD,,, 300 to 30,000 kg/fes forG, 1
to 200 kPa foP, and—1 to —0.05 for x,,;: [45].
4.5.5. Point of Net Vapor Generation

Costa [49] developed a correlation for the pofmet vapor generation, which is
phenomenologically identical to OSV, in order tateeunderstand the momentum pressure drop
in subcooled boiling at a low pressure. Costa pEformed experiments on a test section with
a heated length followed by a nonheated lengthegasure the pressure recovery that

accompanies the condensation of the vapor in thbeaied part. This allowed the separation of
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the momentum pressure drop from the total presinag@ which was used to study the
conditions of vapor appearance and change in thiefraction in subcooled boiling.

Values of the measured momentum pressure droghaken in Fig. 4-35 in relation to the
surface temperature at the end of the heated leridgta pressure drop appears suddenly, along
with the vapor, at the point of net vapor generati@his point is defined as the intersection of
the temperature axis and the line that represkatmbmentum pressure drop [49]. After several
different tests, Costa [49] determined that thesap@nce of vapor in subcooled boiling depends
on the flow velocity, surface heat flux, and sudoap

The temperature difference between the wall and flequired for vapor generation was
found to be inversely proportional to the squax ajf the velocity [49]. This relationship is
shown in comparison to data in Fig. 4-36, wheis the subcooled temperature difference @and
is designated as the wall heat flux. Costa [48&meined the following correlation for the point
of vapor generation:

_kqa" _
(Tuwg =T) =7 (4-169)

For a rectangular channdl,is equal to 1.28.

14

The heat flux required for vapor appearance camladsexpressed as
"o (Tsat - T)\/;
Twg = 7128
In this equationg,),q is in units of W/crf, v is in units of cm/s, and the temperatures ar€in °

(4-170)

In order to convert these variables into units tf/Br-ft, ft/s, and °F, the following conversion

factors must be applied:

5°C cm/s
4 W/sz (Tsat - T) ’ gﬁ\/v ) 304‘8%
Anvg” 315510 Btu/hr-ft2 1.28 (4-171a)
" (Tsat - T)\/;
e " 13167 1071 (4-171Db)

Eq. (4-171b) is used in the PFSC when the poinebfvapor generation is selected as the
limiting criterion. The parameters range of datanf which this equation was formed is 175 to
500 kPa for?, 3,000 to 7,000 kg/fs for G, and 1 to 4 MW/rhfor q"' [49].
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Chapter 5. Building and Verifying the PFSC

5.1. Structure of the PFSC

A flow diagram of the subchannel code is showRi 5-1. The steps portrayed in this

process are listed as follows:

A.

Input data are read into the FORTRAN code fromngut file. These data are used

as variables in the thermal-hydraulic equationkhécode.

. Thermal-hydraulic calculations are made for a cleannder prescribed operating

conditions. These calculations involve determirtimg mass flow rate from the
prescribed pressure drop and channel thicknessebutk fluid and fuel plate surface
temperatures, thicknesses of oxide buildup on kieg and the average metal
temperature of the plates. The oxide buildup e&lus calculate new channel
thicknesses, which are then used to calculate nass filow rates, and new
temperatures, etc. This process is repeateduatties for the average clad metal
temperature converge, and is done for both the iane outer fuel elements. If the
oxide buildup is neglected, then the metal tempeeatare the same as the surface

temperatures.

. The mass flow rates calculated from B are totatedHe entire inner and outer

elements and combined to determine total volumétwe rates in the fuel assembly

and reactor core region.

. Average temperature distributions in the cylindrgide plates are calculated for both

elements assuming one-dimensional slab conducttow rates from C are used to
help calculate the heat transfer coefficients anld fiuid temperatures near the side

plates. If fuel plate deflections are neglectbdntthis section is skipped entirely.

. Similar calculations to B, but different channatitmesses are calculated. These

thickness calculations take into account pressadet@mperature differentials, oxide
formation, and the difference in temperature betwieel plates and side plates. The
resulting flow and heat transfer characteristiesaaiculated in the narrow and wide
coolant channels adjacent to the “hot” and “colalfplates. If fuel plate deflections
are neglected, then this section is skipped ewtirel
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F. Steps B through E are repeated for all time incrémenly if oxide buildup is taken
into account. The fuel plate surface temperatatesach increment are used in the
calculation of fictitious times, which are then dge calculate the oxide film
thickness in the next time increment. For thelfinerement, an initial guess for the
maximum power level is used in the equations.xifle buildup is neglected, then the
code automatically starts with the final time inmoent.

G. During the final time increment, the thicknessdswated from E are used to
determine the minimum possible channel thicknes$égse are then used to
calculate the hot streak flow rates, hot spot Haaes, and hot spot surface
temperatures. If deflections and oxide buildupreeglected, then the minimum
thicknesses are equal to the average channel #gaskprior to operation. The
volumetric flow rate calculated in C is used toedetine the inlet pressure to the fuel
elements, which is the starting point to finding #bsolute pressures throughout the
coolant channel. Limiting heat fluxes and/or ineig boiling temperatures are
calculated from saturation properties at thesespires, and compared to the hot spot
heat fluxes/surface temperatures.

H. The minimum difference is found between heat flemperature and limiting
criterion. This difference is the minimum ovetaditween the inner and outer
elements.

|. Steps B-H are repeated with updated guesses fondixenum allowable power until
the minimum difference approaches 0 and the valughe maximum power
converges. At this point the limiting criterionnget and the maximum allowable
power for the reactor is determined.

The PFSC was written in FORTRAN 90 because it Wwasost readily available version
of FORTRAN with compilers. It was run using andnEORTRAN compiler provided by the
University of Tennessee’s Nuclear Engineering @usvhich operates on 64-bit processors
[50]. The PFSC is divided into several files tfrdbow the three parts outlined in McLain [1],
which are called from a main file. Variables aggi@ions are accompanied by comments to
allow the user to easily follow the code. The cddescribed in greater detail in Appendix F,
which goes through all of the files, functions, suliines, and equations used in the PFSC. The
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actual code itself can be seen in Files 1 througtig&hed to this dissertation.
5.2. Comparing the PFSC to the SSHTC

In order to verify that the PFSC is working progeresults for the maximum operating
power level were compared to the original SSHTCRGIRTRAN source code for several case
studies representing a broad range of operatinggoand flow velocities. The input files for
these different case studies were provided by 28k and are briefly described in Table 5-1.
The SSHTC uses more assumptions in its equati@amstiie PFSC does, therefore several terms
and equations in the PFSC were modified and madsistent with the SSHTC.

Several issues were also discovered in the SSHUf€sacode. Most of them pertain to
the calculations of the side plate temperaturesievame affects the narrow channel thicknesses
when including deflections. These issues are dsaaliin detail in Appendix J, and were
duplicated in the PFSC to allow a direct code teccomparison for verification. This version
of the PFSC is denoted as the PESC

Table 5-2 shows the maximum powers calculated Ibly bodes, and the percent
deviation. The values for the SSHTC were takemfawtput files provided by Cook [23], while
the values for the PFSQvere calculated from running the code in FORTRAN Jhe results
are in excellent agreement, as the highest deni#&i0.658%. This shows that the PESC
successfully reproduces HFIR SSHTC outcomes wigaciemodels are duplicated, which
provides some assurance that the conservationdeaysroperly implemented.

The PFSE was also run when the aforementioned issues vegreated, resulting in
another version called the PFSCThe maximum powers calculated from the PE&f@ shown
in Table 5-3. Table 5-3 also shows the deviatmirithese powers from the PFSQvith the
issues included. The highest deviation is 4.11w#éch shows that these issues found in the
VS-FORTRAN source code have a noticeable effectemeral of the input files.

5.3. Significant Differences between the SSHTC arfeFSC

As mentioned previously, the PFSC has severalrdifiges from the SSHTC in its
analyses that affect the calculation of the maxinpawer for the case studies. This section
describes these differences and how the resultgyeldawith them. Each major difference has a
table that shows the maximum powers and how thiggrdiom the PFSEresults shown in
Table 5-3. The tables also show how the powefsrdifom each previous modification to the
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Table 5-1.Description of input files.

Input File Description
BURNL.DAT Runs an end oflcy.clle bur.nup through two time in@ets, using
burnout as the limiting criteria.
Same as BURNL.DAT, but with a higher value forflog peaking
BURNIC.DAT factor U, for the fuel ai = 6 for the inner fuel element.
BURN2 DAT Runs an end oflcy.clle bur.nup through three timesments, using
burnout as the limiting criteria.
Same as BURN2.DAT, but with a higher value forflog peaking
BURN2C.DAT factor U, for the fuel ai = 5 for the inner fuel element.
BURN3.DAT Runs an end of_cy_c_le bur_nup through four time inm@ets, using
burnout as the limiting criteria.
Same as BURN3.DAT, but with a higher value forfilog peaking
BURNSC.DAT factorU,: for the fuel ai = 6 for the inner fuel element.
BURN4.DAT Runs an end of_cy_c_le bur_nup through all five timeréments, using
burnout as the limiting criteria.
BURNAC.DAT Same as BURN4.DAT, but with a higher value forflog peaking

factor U, for the fuel ai = 6 for the inner fuel element.

SL1IFNOMI.DAT

Uses burnout as limiting criteria, but only goeotigh the first time
increment, and has a slightly higher inlet cootentiperature of 140°F.

SL2FNOMI.DAT

Similar to SLIFNOMI.DAT, but with a normal inlet aant
temperature of 135°F.

SL3FNOMI.DAT

Similar to SL2ZFNOMI.DAT, but with an inlet coolaptessure of 325
psia instead of 350 psia.

Uses incipient boiling as limiting criteria, withfael element pressure
drop of 1.45 psia as opposed to 108 psia, andolgiant pressure of

SL1IMD2.DAT | 25.5 psia as opposed to 350 psia, a nominal pavet b6f 2.5 MW
instead of 85 MW, and an inlet coolant temperatirg40°F instead of
135°F.

SL2MD2.DAT Sflrrlwggtlt:o SL1MDZ2.DAT, but with a normal inlet c@olt temperature

SLAMD?.DAT Similar to SL2ZMD2.DAT, but with a fuel element psese drop of 1.2

psia.

SL1VF145.DAT

Uses incipient boiling as limiting criteria, withfael element pressure
drop of 1.45 psia and an inlet coolant temperabfire0°F.

SL2VF145.DAT

Similar to SL1VF145.DAT, but with a normal inletaant temperature
of 135°F.

SL3VF145.DAT

Similar to SL2VF145.DAT, but with an inlet coolgmtessure of 325
psia instead of 350 psia.

SL2VF6IB.DAT

Uses incipient boiling as limiting criteria, withfael element pressure
drop of 6 psia.

SL2V10IB.DAT

Similar to SL2VF6IB.DAT, but with a fuel elementgasure drop of 10
psia.
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Table 5-1.Description of input files (continued).

Input File

Description

SL2V20IB.DAT

Similar to SL2V10IB.DAT, but with a fuel elementgssure drop of 20
psia.

SL4VF1x2.DAT

Similar to SL2V20IB.DAT, but with a fuel elementgasure drop of 1.2

psia.

D

SL210BO.DAT

Uses burnout as limiting criteria, but with a feément pressure drop
of 10 psia.

SL220BO.DAT

Similar to SL210BO.DAT, but with a fuel element gsare drop of 20
psia.

SL235BO.DAT

Similar to SL220BO.DAT, but with a fuel element gsare drop of 35
psia.

SL260BO.DAT

Similar to SL235BO.DAT, but with a fuel element gsare drop of 60
psia.

SL280BO.DAT

Similar to SL260BO.DAT, but with a fuel element gsare drop of 80
psia.

SL2100BN-v.DAT

Similar to SL210BO.DAT, but with a lower value fibre flux peaking
factorU,s for the fuel ai = 3 for the outer fuel element, and 100%
flow with a normal fuel element pressure drop o8 p8ia.

SL2100BO.DAT

Essentially the same as SL2100BN-v.DAT
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Table 5-2.Comparison of maximum allowable power (MW) betweedes.

Input File HFIR SSHTC PFSC* Deviation
BURN1.DAT 135.82 135.61 -0.155%
BURNI1C.DAT 116.15 116.16 0.009%
BURNZ2.DAT 134.23 133.80 -0.320%
BURN2C.DAT 116.27 116.12 -0.129%
BURNGS.DAT 131.65 130.88 -0.585%
BURNS3C.DAT 115.99 115.69 -0.259%
BURN4.DAT 135.25 134.36 -0.658%
BURNA4C.DAT 115.78 115.49 -0.250%
SL1IFNOMI.DAT 111.79 111.78 -0.009%
SL1IMD2.DAT 4.90 4.90 0.000%
SL1VF145.DAT 14.51 14.52 0.069%
SL2FNOMI.DAT 116.17 116.16 -0.009%
SL2MD2.DAT 511 5.11 0.000%
SL2V10IB.DAT 39.19 39.21 0.051%
SL2V20IB.DAT 54.53 54.56 0.055%
SL2VF6IB.DAT 30.49 30.51 0.066%
SL2VF145.DAT 14.74 14.75 0.068%
SL3FNOMI.DAT 111.25 111.23 -0.018%
SL3VF145.DAT 14.37 14.38 0.070%
SLAMD2.DAT 4.62 4.62 0.000%
SLAVF1x2.DAT 13.35 13.35 0.000%
SL210BO.DAT 58.29 58.29 0.000%
SL220BO.DAT 75.23 75.23 0.000%
SL235BO.DAT 91.09 91.09 0.000%
SL260BO.DAT 107.35 107.35 0.000%
SL280BO.DAT 115.77 115.77 0.000%
SL2100BN-v.DAT 123.56 123.55 -0.008%
SL2100BO.DAT 123.54 123.53 -0.008%
Maximum Deviation: -0.658%
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Table 5-3.Maximum powers calculated with corrections madssoes found in SSHTC.

. Deviation from
Input File Power (MW) PESC*
BURN1.DAT 132.78 -2.087%
BURNI1C.DAT 114.43 -1.489%
BURN2.DAT 130.73 -2.294%
BURNZ2C.DAT 115.22 -0.775%
BURNS3.DAT 126.91 -3.033%
BURN3C.DAT 113.12 -2.221%
BURN4.DAT 130.17 -3.118%
BURNA4C.DAT 113.04 -2.121%
SL1FNOMI.DAT 111.86 0.072%
SL1IMD2.DAT 4.89 -0.204%
SL1VF145.DAT 14.26 -1.791%
SL2FNOMI.DAT 116.24 0.069%
SL2MD2.DAT 5.11 0.000%
SL2V10IB.DAT 38.84 -0.944%
SL2V20IB.DAT 54.31 -0.458%
SL2VF6IB.DAT 30.14 -1.213%
SL2VF145.DAT 14.47 -1.898%
SL3FNOMI.DAT 111.31 0.072%
SL3VF145.DAT 14.12 -1.808%
SL4MD2.DAT 4.62 0.000%
SL4VF1x2.DAT 13.08 -2.022%
SL210BO.DAT 55.89 -4.117%
SL220BO.DAT 73.16 -2.752%
SL235BO.DAT 89.48 -1.767%
SL260BO.DAT 106.42 -0.866%
SL280BO.DAT 115.29 -0.415%
SL2100BN-v.DAT 123.59 0.032%
SL2100BO.DAT 123.57 0.032%
Maximum Deviation: -4.117%

94



code, so that the impact of each individual chazagebe seen.
5.3.1. Updated Conversion Factors

Several of the equations in the SSHTC have cormrefactors used to convert units. In
the PFSC, some of these conversion factors werategdising more modern values. For

example, the equation for calculating the locat e is written in the SSHTC as

n Qf
qi,j = 3.413 * 106U1U2 Td)i'j (5_1)

The factor3.413 - 10° converts MW to Btu/hr. In the PFSC, this was gehto3.412 - 10°, as
it is a more modern conversion factor [51]. Thetdes that were changed were not modified by
much, therefore the results of the calculated marinpower changed very slightly. This is
evident in Table 5-4, which shows the powers ferdiferent input files and how they differ
from the results of the PFSC
5.3.2. Heat Capacity in Heat Balances

In all of the heat balance equations used to Gakedhe bulk fluid temperature, the
isobaric heat capacity was left out of the equationthe SSHTC. It is assumed that the reason
for this is because the heat capacity of wateery ¢lose to 1 Btu/lly-°F across a wide range of
pressures and temperatures, including the operatingditions of the HFIR. In the PFSC, the
heat capacity was included in the heat balancetiemsao yield slightly more accurate results
and to produce dimensionally consistent equatidxsshown in Table 5-5, the results did not
change by much since the heat capacity nearly squgtu/Ib,-°F.
5.3.3. Convergence Criteria

When calculating the average metal temperatunesSSHTC uses a convergence
criterion of 0.1%. Because temperatures calculatéide code are in Fahrenheit and not
Rankine, the convergence was changed to an absutoteof 0.1°F in the PFSC. Table 5-6
shows the results of this change.
5.3.4. Colebrook Friction Factor

McLain [1] considered the Colebrook friction factmrrelation, as shown in Eq. (4-87),
to be too complicated for use in the SSHTC. Theeefthe SSHTC uses a different friction
factor in the momentum equations. The SSHTC fastgiven as
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Table 5-4.Maximum powers calculated with updated conversamdrs.

. Deviation from

Input File Power (MW) PESCR
BURN1.DAT 132.81 0.023%
BURNI1C.DAT 114.46 0.026%
BURN2.DAT 130.78 0.038%
BURNZ2C.DAT 115.26 0.035%
BURNS3.DAT 126.97 0.047%
BURN3C.DAT 113.17 0.044%
BURN4.DAT 130.24 0.054%
BURNA4C.DAT 113.09 0.044%
SL1FNOMI.DAT 111.89 0.027%
SL1IMD2.DAT 4.89 0.000%
SL1VF145.DAT 14.26 0.000%
SL2FNOMI.DAT 116.27 0.026%
SL2MD2.DAT 5.11 0.000%
SL2V10IB.DAT 38.85 0.026%
SL2V20IB.DAT 54.32 0.018%
SL2VF6IB.DAT 30.14 0.000%
SL2VF145.DAT 14.47 0.000%
SL3FNOMI.DAT 111.34 0.027%
SL3VF145.DAT 14.12 0.000%
SL4MD2.DAT 4.62 0.000%
SL4AVF1x2.DAT 13.09 0.076%
SL210BO.DAT 55.90 0.018%
SL220BO.DAT 73.18 0.027%
SL235BO.DAT 89.50 0.022%
SL260BO.DAT 106.45 0.028%
SL280BO.DAT 115.32 0.026%
SL2100BN-v.DAT 123.63 0.032%
SL2100BO.DAT 123.60 0.024%

Maximum Deviation: 0.076%
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Table 5-5.Maximum powers calculated with inclusion of hegtagities in heat balances.

. Deviation from Deviation from
Input File Power (MW) PESCR Previous RUN
BURN1.DAT 132.74 -0.030% -0.053%
BURNI1C.DAT 114.41 -0.017% -0.044%
BURN2.DAT 130.71 -0.015% -0.054%
BURNZ2C.DAT 115.20 -0.017% -0.052%
BURNS3.DAT 126.90 -0.008% -0.055%
BURN3C.DAT 113.12 0.000% -0.044%
BURN4.DAT 130.16 -0.008% -0.061%
BURNA4C.DAT 113.04 0.000% -0.044%
SL1FNOMI.DAT 111.85 -0.009% -0.036%
SL1IMD2.DAT 4.89 0.000% 0.000%
SL1VF145.DAT 14.25 -0.070% -0.070%
SL2FNOMI.DAT 116.22 -0.017% -0.043%
SL2MD2.DAT 5.10 -0.196% -0.196%
SL2V10IB.DAT 38.82 -0.051% -0.077%
SL2V20IB.DAT 54.28 -0.055% -0.074%
SL2VF6IB.DAT 30.12 -0.066% -0.066%
SL2VF145.DAT 14.46 -0.069% -0.069%
SL3FNOMI.DAT 111.28 -0.027% -0.054%
SL3VF145.DAT 14.11 -0.071% -0.071%
SL4MD2.DAT 4.61 -0.216% -0.216%
SL4VF1x2.DAT 13.08 0.000% -0.076%
SL210BO.DAT 55.86 -0.054% -0.072%
SL220BO.DAT 73.13 -0.041% -0.068%
SL235BO.DAT 89.44 -0.045% -0.067%
SL260BO.DAT 106.39 -0.028% -0.056%
SL280BO.DAT 115.26 -0.026% -0.052%
SL2100BN-v.DAT 123.57 -0.016% -0.049%
SL2100BO.DAT 123.54 -0.024% -0.049%
Maximum Deviation: -0.216% -0.216%
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Table 5-6.Maximum powers calculated with different convergeoadteria.

Deviation from

Deviation from

Input File Power (MW) PESCR Previous RuN
BURN1.DAT 132.74 -0.030% 0.000%
BURNI1C.DAT 114.41 -0.017% 0.000%
BURN2.DAT 130.71 -0.015% 0.000%
BURN2C.DAT 115.18 -0.035% -0.017%
BURNS3.DAT 126.90 -0.008% 0.000%
BURN3C.DAT 113.11 -0.009% -0.009%
BURNA4.DAT 130.16 -0.008% 0.000%
BURNA4C.DAT 113.03 -0.009% -0.009%

SL1IFNOMI.DAT 111.86 0.000% 0.009%
SL1IMD2.DAT 4.89 0.000% 0.000%
SL1VF145.DAT 14.25 -0.070% 0.000%
SL2FNOMI.DAT 116.22 -0.017% 0.000%
SL2MD2.DAT 5.10 -0.196% 0.000%
SL2V10IB.DAT 38.82 -0.051% 0.000%
SL2V20IB.DAT 54.28 -0.055% 0.000%
SL2VF6IB.DAT 30.12 -0.066% 0.000%
SL2VF145.DAT 14.46 -0.069% 0.000%
SL3FNOMI.DAT 111.29 -0.018% 0.009%
SL3VF145.DAT 14.11 -0.071% 0.000%
SL4MD2.DAT 4.61 -0.216% 0.000%
SL4VF1x2.DAT 13.07 -0.076% -0.076%
SL210BO.DAT 55.86 -0.054% 0.000%
SL220BO.DAT 73.12 -0.055% -0.014%
SL235BO.DAT 89.44 -0.045% 0.000%
SL260BO.DAT 106.39 -0.028% 0.000%
SL280BO.DAT 115.26 -0.026% 0.000%
SL2100BN-v.DAT 123.57 -0.016% 0.000%
SL2100BO.DAT 123.54 -0.024% 0.000%
Maximum Deviation: -0.216% -0.076%
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frric = 0.235Re; ™ (5-2)
It is unclear as to where Eqg. (5-2) originated.isTéguation is similar to the relatigp.;,. =

0.184Re51/5 often used for smooth ducts, albeit with a differeoefficient [26]. The PFSC

uses the Colebrook relation because it is morerate{d]. Both factors are shown in Fig. 5-2 as
a function of the Reynolds number. In the PFSE€ Gblebrook factor uses a constant value of
0.0012 fore/D, because McLain [1] used that value in fluid flomwdies. Colebrook [31]
developed the friction factor formula from Eq. (4}&sing data from pipes with valueseg®D,

that ranged fron8.333 - 107> to 0.024. Therefore, it was assumed that Eq7{4s8valid for a
relative roughness value of 0.0012.

Table 5-7 shows the maximum powers calculated fusmg the Colebrook friction
factor in the momentum equations. This changeahasre significant effect on the results than
the previous modifications. This is especiallyetfar the low power/flow cases, as the highest
deviation from the previous modification is 9.684%gure 5.2 shows that the approximation
McLain [1] used converges with Colebrook [31] ndee HFIR operating Reynolds number, but
there is significant departure for lower Reynoldsnber values where higher predicted power

deviations are observed.
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Fig. 5-2.Friction factor for duct flow.
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Table 5-7.Maximum powers calculated with the Colebrook foatifactor.

Deviation from

Deviation from

Input File Power (MW) PESCR Previous RuN
BURN1.DAT 136.46 2.772% 2.802%
BURNI1C.DAT 117.45 2.639% 2.657%
BURN2.DAT 134.76 3.083% 3.098%
BURN2C.DAT 118.65 2.977% 3.013%
BURNS3.DAT 131.07 3.278% 3.286%
BURN3C.DAT 116.51 2.997% 3.006%
BURNA4.DAT 134.51 3.334% 3.342%
BURNA4C.DAT 116.40 2.972% 2.982%

SL1IFNOMI.DAT 114.40 2.271% 2.271%
SL1IMD2.DAT 5.36 9.611% 9.611%
SL1VF145.DAT 15.63 9.607% 9.684%
SL2FNOMI.DAT 118.94 2.323% 2.340%
SL2MD2.DAT 5.59 9.393% 9.608%
SL2V10IB.DAT 42.28 8.857% 8.913%
SL2V20IB.DAT 58.41 7.549% 7.609%
SL2VF6IB.DAT 32.97 9.390% 9.462%
SL2VF145.DAT 15.85 9.537% 9.613%
SL3FNOMI.DAT 113.92 2.345% 2.363%
SL3VF145.DAT 15.47 9.561% 9.639%
SL4MD2.DAT 5.04 9.091% 9.328%
SL4VF1x2.DAT 14.32 9.480% 9.564%
SL210BO.DAT 59.79 6.978% 7.035%
SL220BO.DAT 77.51 5.946% 6.004%
SL235BO.DAT 93.92 4.962% 5.009%
SL260BO.DAT 110.57 3.900% 3.929%
SL280BO.DAT 119.07 3.279% 3.306%
SL2100BN-v.DAT 126.52 2.371% 2.387%
SL2100BO.DAT 126.50 2.371% 2.396%

Maximum Deviation: 9.611% 9.684%
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5.3.5. Hausen Equation and Newton’s Law of Cooling
The SSHTC calculates the heat transfer coeffiaieiitg the modified Hausen equation

in two parts. First off, the Hausen correlatiosed without the viscosity ratio, as shown

2/3
T (5-3)
3 Z]'

The heat transfer coefficient is then found ugifyg= Nu;;k;;/2e;;. The viscosity ratio is added

below:

Nu;; = 0.0235(Re? — 230)(1.8Pr0% — 0.8)

to Newton’s Law of Cooling, which takes the followjiform:
ai

h TSi,j 0.163
i\,

TSi,j = Ti + (5'4’)

)

The temperature ratio in Eq. (5-4) comes from tiseosity correlation used in SSHTC, which is
u = 35271162 (5-5)
When Eqg. (5-5) is substituted into the viscosityor&om the Hausen correlation, the following

results:

0.14 - 0.14 - 0.163
(ﬂ) _ (35271” 1.162 > _ Tl] 0.163 _ (h) (5-6)
.uSi,j 352TSI]_1.162 TS;,jOI163 Tl,]

Rather than iterate both the Hausen equation amddwés Law of Cooling at once to find the
value ofTg;;, the SSHTC uses only its modified form of Newtolzsv of Cooling. It iterates
through Eq. (5-4) alone to firl;;.

In the PFSC, the viscosity ratio is left in the Han equation. The code iterates through
both equations to calculate values for the fueeptairface temperature. This was done because
the viscosity is not strictly dependent on tempeetvhen more accurate correlations from the
International Association for the Properties of @and Steam (IAPWS) are used.
Furthermore, leaving the viscosity ratio out of News Law of Cooling allows for the ability to
swap out heat transfer coefficients that are detexthfrom different models. This is desirable if
a correlation other than that due to Hausen [2liked or tested. The changes in predicted
power caused by keeping the heat transfer coetti@gied Newton’s Law of Cooling separate are
shown in Table 5-8. The deviations are extremalyute, indicating this improvement is
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Table 5-8.Maximum powers calculated with the proper Hausaragqgn.

Deviation from

Deviation from

Input File Power (MW) PESCR Previous RunN
BURN1.DAT 136.46 2.772% 0.000%
BURNI1C.DAT 117.45 2.639% 0.000%
BURN2.DAT 134.77 3.090% 0.007%
BURN2C.DAT 118.66 2.986% 0.008%
BURNS3.DAT 131.07 3.278% 0.000%
BURN3C.DAT 116.51 2.997% 0.000%
BURNA4.DAT 134.51 3.334% 0.000%
BURNA4C.DAT 116.41 2.981% 0.009%

SL1IFNOMI.DAT 114.40 2.271% 0.000%
SL1IMD2.DAT 5.36 9.611% 0.000%
SL1VF145.DAT 15.63 9.607% 0.000%
SL2FNOMI.DAT 118.94 2.323% 0.000%
SL2MD2.DAT 5.59 9.393% 0.000%
SL2V10IB.DAT 42.28 8.857% 0.000%
SL2V20IB.DAT 58.41 7.549% 0.000%
SL2VF6IB.DAT 32.97 9.390% 0.000%
SL2VF145.DAT 15.85 9.537% 0.000%
SL3FNOMI.DAT 113.92 2.345% 0.000%
SL3VF145.DAT 15.47 9.561% 0.000%
SL4MD2.DAT 5.04 9.091% 0.000%
SL4VF1x2.DAT 14.32 9.480% 0.000%
SL210BO.DAT 59.79 6.978% 0.000%
SL220BO.DAT 77.51 5.946% 0.000%
SL235BO.DAT 93.92 4.962% 0.000%
SL260BO.DAT 110.57 3.900% 0.000%
SL280BO.DAT 119.07 3.279% 0.000%
SL2100BN-v.DAT 126.53 2.379% 0.008%
SL2100BO.DAT 126.50 2.371% 0.000%

Maximum Deviation: 9.611% 0.009%
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implemented properly.
5.3.6. Full Momentum Equation

In the SSHTC, the density and elevation changees weglected from the momentum
equation shown in Eg. (4-132). The momentum equoaitsed to calculate the mass flow rate is
given in the SSHTC as

n

0.04 eq \2 1 Wi\ 2 WP Az;
AP = [ + (1 - ) l(_1> 4 Jpriea¥ z L (5-7)
chpin eqtt chpexit,i €4 4gcpave,i =2 <ei,j—1 + ei,j)
2

Sincefyyi; = 0.235Re; /% = 0.235(2w;/pave;) - in the SSHTC, Eq. (5-7) is displayed as

Dave,i

0.04 es \2 1 w2 0.235wl8u02 o Az
APy =l +(1-2) l(—) F el ) (5-8)
chpin eqtt chpexit,i €4 4(2) ' gcpave,i €ij—1 + €

= (Tf

When calculating the pressure along the coolamrélathe density and elevation changes are

neglected. The momentum equation used to calctilatpressure in the SSHTC is written as

j

0.04 /w2 1 (w\® 0.235wl8,02 Az,

Pl,] = Pln — (—1> _—<_1> _ 021 -uave,lz ] = (5_9)
20 pin \€y 29.pij \eij 4(2)°29_pave,i — (ei,j._l + ei,]-.)

2

The elevation and density changes were includéaih of these equations in the PFSC to yield
more accurate results.

According to McLain [1], the HFIR vessel is fittedth several pressure taps to permit
measurement of the coolant flow distribution anel phessure drops within the vessel, as shown
in Fig. 5-3. These taps are connected to the shifieeential pressure gauge for the readout of
the pressure drops. If the water density is tiheesia the water between the pressure taps as in
the pressure transfer lines, then two taps witledfnt vertical positions will not reflect the
gravity pressure contribution in the gauge readingss believed that this is the reason that the
elevation change is left out of the momentum eguati the SSHTC. The pressure drop
calculated by Eq. (5-8) is the pressure drop dyguldy the pressure gauge. AR is defined as
the pressure drop on the gauge, then the eleveliange should be removed from the
momentum equation in the PSFC during verificatiomparisons with the SSHTC.

The flow rates through the target bundle, labyrisghween the inner and outer fuel
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Fig. 5-3.HFIR vessel pressure taps and associated insttatiean[1].

104




elements, and control region are also determineyysessure drops determined by the
differential pressure gauges connected to theaeadth water-filled pressure transfer lines.
These pressure drop models relate the volume #bes1to the pressure drop data from the
differential pressure gauges [1]. The bypass fioedels in the SSHTC also do not reflect the
pressure changes due to tap elevation.

Another change made to Eq. (5-9) involvs The SSHTC uses the volumetric flow
rate through the fuel element4,, as opposed to the flow rate through the entiserably. It is
unclear why this was done, but the PFSC WgesincepP;, is calculated just above the entire
assembly.

As can be seen in Table 5-9, using the full monmmargquation does not affect the
maximum power by much for the high power casest f&uhe low power cases, the full
momentum equation impacts the maximum power magrafgiantly. While the density change
is very minute for incompressible fluid flow forl abses, the elevation change can be a large
value in comparison to the other terms at low ehdigys. This demonstrates why it is
important howAP; is defined—either as the pressure drop througlfiugleelements, or as the
pressure drop read by the differential pressurggau
5.3.7. Full Energy Equation

The only form of energy that the fluid temperatahange takes into account in the

SSHTC is the heat flux from the fuel plates to¢hannel:

j
Qf bij-1 + biy
Ti,j = Tin + AWi. > AZ]" (5'10)
j’=2
Qf O (dij-1 + ¢
_ ij—1 i . )
AT =0 < - >Az] (5-11)

j=2
As mentioned before, the heat capacity is tac#fiydut of the heat balances in the SSHTC. The
PFSC energy balance includes the elevation andtgehsinges, entrance loss, heat generation
in the fluid, and the energy loss due to frictiath shown in Eqgs. (4-140) and (4-141).

Although the additional terms included in the PA&Ip make the energy equation more
accurate, they are minute compared to the surfeaeflux for most applications. This is

demonstrated in Table 5-10, which shows how theimmax powers change with the full energy
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Table 5-9.Maximum powers calculated with the full momentunuaiipn.

Deviation from

Deviation from

Input File Power (MW) PESCR Previous RuN
BURN1.DAT 137.58 3.615% 0.821%
BURNI1C.DAT 118.65 3.688% 1.022%
BURN2.DAT 135.52 3.664% 0.557%
BURN2C.DAT 119.51 3.723% 0.716%
BURNS3.DAT 131.58 3.680% 0.389%
BURN3C.DAT 117.21 3.616% 0.601%
BURNA4.DAT 134.99 3.703% 0.357%
BURNA4C.DAT 117.12 3.609% 0.610%

SL1IFNOMI.DAT 115.94 3.647% 1.346%
SL1IMD2.DAT 6.91 41.309% 28.918%
SL1VF145.DAT 19.46 36.466% 24.504%
SL2FNOMI.DAT 120.49 3.656% 1.303%
SL2MD2.DAT 7.21 41.096% 28.980%
SL2V10IB.DAT 43.54 12.101% 2.980%
SL2V20IB.DAT 59.08 8.783% 1.147%
SL2VF6IB.DAT 34.78 15.395% 5.490%
SL2VF145.DAT 19.75 36.489% 24.606%
SL3FNOMI.DAT 115.64 3.890% 1.510%
SL3VF145.DAT 19.29 36.615% 24.693%
SL4MD2.DAT 6.78 46.753% 34.524%
SL4VF1x2.DAT 18.55 41.820% 29.539%
SL210BO.DAT 60.84 8.857% 1.756%
SL220BO.DAT 77.95 6.547% 0.568%
SL235BO.DAT 94.12 5.186% 0.213%
SL260BO.DAT 110.87 4.182% 0.271%
SL280BO.DAT 119.68 3.808% 0.512%
SL2100BN-v.DAT 128.09 3.641% 1.233%
SL2100BO.DAT 128.06 3.634% 1.233%
Maximum Deviation: 46.753% 34.524%
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Table 5-10.Maximum powers calculated with the full energy dopra

Deviation from

Deviation from

Input File Power (MW) PESCR Previous RuN
BURN1.DAT 138.52 4.323% 0.683%
BURNI1C.DAT 119.02 4.011% 0.312%
BURN2.DAT 136.45 4.375% 0.686%
BURN2C.DAT 119.97 4.123% 0.385%
BURNS3.DAT 132.44 4.357% 0.654%
BURN3C.DAT 117.64 3.996% 0.367%
BURNA4.DAT 135.85 4.364% 0.637%
BURNA4C.DAT 117.46 3.910% 0.290%

SL1IFNOMI.DAT 116.62 4.255% 0.587%
SL1IMD2.DAT 6.90 41.104% -0.145%
SL1VF145.DAT 19.81 38.920% 1.799%
SL2FNOMI.DAT 121.25 4.310% 0.631%
SL2MD2.DAT 7.19 40.705% -0.277%
SL2V10IB.DAT 44.09 13.517% 1.263%
SL2V20IB.DAT 59.84 10.182% 1.286%
SL2VF6IB.DAT 35.27 17.021% 1.409%
SL2VF145.DAT 20.10 38.908% 1.772%
SL3FNOMI.DAT 116.29 4.474% 0.562%
SL3VF145.DAT 19.61 38.881% 1.659%
SL4MD2.DAT 6.77 46.537% -0.147%
SL4VF1x2.DAT 18.89 44.419% 1.833%
SL210BO.DAT 63.26 13.187% 3.978%
SL220BO.DAT 79.96 9.295% 2.579%
SL235BO.DAT 95.73 6.985% 1.711%
SL260BO.DAT 112.04 5.281% 1.055%
SL280BO.DAT 120.62 4.623% 0.785%
SL2100BN-v.DAT 128.80 4.216% 0.554%
SL2100BO.DAT 128.77 4.208% 0.554%
Maximum Deviation: 46.537% 3.978%
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equation. The powers change only slightly fromghevious modification for most of the cases.
The highest deviations occur with SL210BO.DAT ah@&BO.DAT, which use burnout as the
limiting criterion for low fuel element pressureoghs of 10 psia and 20 psia.
5.3.8. Side Plate Temperatures

The side plate temperature equations are greatiylgied for the SSHTC. The elevation
and density changes were neglected in the energtieqs, and the coolant channel was
assumed to be constant along the side. The tetapeet the coolant on the fuel side is given in
the SSHTC as

0.7tsp(t + e4)
o

_ QZ]
T. =T,
ASi

100 (Wi+12+ Wi)

The heat capacity is left out of this equation,ikinto Egs. (5-10) and (5-11). The Hausen

j (5-12)

+ tl Qu,0 + eAQHZO}

correlation is still used to calculaﬁg but there is no viscosity ratio in the equation.
The same assumptions have been made for the toehaperature on the nonfuel side of
the side plates:
Qz;

The heat transfer coefficient associated with tidasperature was determined using a modified

T, =Ty + (O-BASPQSP + AaanHZO) (5-13)

form of the Dittus-Boelter equation that is spexfbir light water:

0.8

A
_ - j

hy = 170(1 + 0.017; — 10 STJ.Z)DQ2
e

(5-14)

In this equationy; has units of ft/sD, has units of in7j is in °F, andh; is in Btu/hr-fé-°F [52].
McLain[1] modified Eq. (5-14) for the SSHTC and weat in terms of the volume flow rate,
which has units of gpm. Substituting Eq. (4-150piEq. (5-14) fow;, the following is

obtained:
0.8
170 :
hy = s (1+0.017; — 107°T2)V,38 (p‘”> (5-15)
0 .
495, (3.1178m/m2) ™ po2 P

For the flow area between the inner fuel elemedtthr target rods},,,, = 7.867 in? and

D, = 1.0181in [1]. Therefore Eq. (5-15) is written for this reg as
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0.8

hy = 13.1(1 + 0.01T; — 107°T?)V, %5 (pﬂ> (5-16)
)

Similarly, for the labyrinth between the inner ander fuel elements),,,,, = 10.98 in? and

D, = 0.64in [1]. The SSHTC writes the heat transfer coefficiequation for this region as

0.8
hy = 11.01(1 + 0.01T, — 10-°T?) V38 <pﬂ> (5-17)
]

The PFSC uses the equations outlined in Sectiofodthe side plate temperatures. The
results for the maximum power are shown in Tabld 5-Despite the differences in the models
between the PFSC and the SSHTC, the maximum pa&ensot affected. This can be expected,
since the side plate power generation is small tdleng conduction lengths from the fuel to the
Plate, as compared to the conduction path to tblanb The side plate temperatures are only
used in the calculation of one of the several meicihas of the fuel plate deflections, which are
used to help calculate the channel thicknessdwimwide and narrow channels. Side plates exist
for all MTR fuel designs, but the treatment hersgscific to the HFIR and useful only to
facilitate code to code comparison between the P&&CQhe SSHTC.

5.3.9. Thermophysical Properties

When calculating thermophysical properties forwraer in the channel, the SSHTC uses
equations that are strictly temperature depend&hése properties include the density, viscosity,
isobaric heat capacity, and thermal conductivisywall as some saturation properties used for
the burnout and incipient boiling equations. THSE uses thermophysical property
correlations created by IAPWS [53-56].

IAPWS [53] developed a simplified equation of st@®©S) for each of the different
regions of water. These EOSs are based on thes@ildrgy, and are dependent on temperature
and pressure. IAPWS [53] recommends using thesesE®calculate thermodynamic
properties of water for industrial applications &ese they are faster to use in computer
programs. The PFSC uses the EOS for water inuibbeosled liquid region, and the EOS for the
vapor region for some saturated properties. Theelations for viscosity and thermal
conductivity, given in Refs. [54] and [55], are éedent on temperature and the density
calculated from the EOS. The surface tension dajyends on temperature [56]. Temperature

and pressure dependent EOSs based on the Giblgy éase not been developed for heavy
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Table 5-11.Maximum powers calculated with the full side plemperature equations.

Deviation from

Deviation from

Input File Power (MW) PESCR Previous RunN
BURN1.DAT 138.52 4.323% 0.000%
BURNI1C.DAT 119.02 4.011% 0.000%
BURN2.DAT 136.45 4.375% 0.000%
BURN2C.DAT 119.97 4.123% 0.000%
BURNS3.DAT 132.44 4.357% 0.000%
BURN3C.DAT 117.64 3.996% 0.000%
BURNA4.DAT 135.85 4.364% 0.000%
BURNA4C.DAT 117.46 3.910% 0.000%

SL1IFNOMI.DAT 116.62 4.255% 0.000%
SL1IMD2.DAT 6.90 41.104% 0.000%
SL1VF145.DAT 19.81 38.920% 0.000%
SL2FNOMI.DAT 121.25 4.310% 0.000%
SL2MD2.DAT 7.19 40.705% 0.000%
SL2V10IB.DAT 44.09 13.517% 0.000%
SL2V20IB.DAT 59.84 10.182% 0.000%
SL2VF6IB.DAT 35.27 17.021% 0.000%
SL2VF145.DAT 20.10 38.908% 0.000%
SL3FNOMI.DAT 116.29 4.474% 0.000%
SL3VF145.DAT 19.61 38.881% 0.000%
SL4MD2.DAT 6.77 46.537% 0.000%
SL4VF1x2.DAT 18.89 44.419% 0.000%
SL210BO.DAT 63.26 13.187% 0.000%
SL220BO.DAT 79.96 9.295% 0.000%
SL235BO.DAT 95.73 6.985% 0.000%
SL260BO.DAT 112.04 5.281% 0.000%
SL280BO.DAT 120.62 4.623% 0.000%
SL2100BN-v.DAT 128.80 4.216% 0.000%
SL2100BO.DAT 128.77 4.208% 0.000%
Maximum Deviation: 46.537% 0.000%
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water. Therefore, the PFSC uses similar correalatto the SSHTC to calculate the
thermophysical properties of heavy water, whichstetly temperature dependent.

When set up in the PFSC, the functions that ard teseall the properties of water are
dependent on both the temperature and pressuhne @ilitd. Table 5-12 shows the results when
using the IAPWS correlations for light water. Whihost of the maximum powers do not
change significantly, there are several low-povesres for which the power changes by about
3%. These particular cases—SL1MD2.DAT, SL2MD2.DAnd SLAMD2.DAT—use a
coolant inlet pressure of 25.5 psia, as oppos@&2%oor 350 psia, which is what all of the other
cases use. This demonstrates the importance ssyreedependence on the thermophysical
properties of water, even in its liquid state.

5.3.10. No Oxide Buildup

The SSHTC takes oxide buildup into account for hesatsfer calculations. The PFSC
does this as well, but it also has the option lewt oxide buildup on the fuel plates. If this
option is selected, then the code will only rurotigh the final time increment to calculate the
maximum power. The only reason why the differeanetincrements are run is because the
surface temperatures in any given increment are ustne calculation of the oxide buildup in
the following increment. For the first time increm, the oxide film thickness is calculated for

eachi,j by the following :

(5-18)

—8,280
Xij = 4436777% exp ( )

Tsij + 459.67°F
In this equationy;; is the oxide thickness in m#; is the time increment in hr, affg; is the

surface temperature in °F [57]. For subsequerd tmarements, the oxide film thickness is

calculated by

—8,280
Xii=443;i1-1 + 6 5-19
i (Wiji-a + 61) exp (Tsm + 459.67°F> (>-192)
10,643(Tsiji-1 — Tsij1)
Yijl-1 = (1/)1,1,1—2 +6_1) exp - - (5-19b)

(Tsiji-1 + 459.67°F)(T;;) + 459.67°F)
wherel denotes the time increment, apg, = 0. By neglecting oxide buildup, there is no need

to run through all of the time increments.

Table 5-13 shows the results of running the PFSBowit oxidation. The only changes
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Table 5-12.Maximum powers calculated with the use of IAPWSelations.

Deviation from

Deviation from

Input File Power (MW) PESCR Previous RuN
BURN1.DAT 139.37 4.963% 0.614%
BURNI1C.DAT 119.74 4.640% 0.605%
BURN2.DAT 137.27 5.003% 0.601%
BURN2C.DAT 120.66 4.721% 0.575%
BURNS3.DAT 133.22 4.972% 0.589%
BURN3C.DAT 118.31 4.588% 0.570%
BURNA4.DAT 136.64 4.970% 0.582%
BURNA4C.DAT 118.13 4.503% 0.570%

SL1IFNOMI.DAT 117.29 4.854% 0.575%
SL1IMD2.DAT 6.68 36.605% -3.188%
SL1VF145.DAT 19.99 40.182% 0.909%
SL2FNOMI.DAT 121.94 4.904% 0.569%
SL2MD2.DAT 6.98 36.595% -2.921%
SL2V10IB.DAT 44 .41 14.341% 0.726%
SL2V20IB.DAT 60.22 10.882% 0.635%
SL2VF6IB.DAT 35.54 17.916% 0.766%
SL2VF145.DAT 20.28 40.152% 0.896%
SL3FNOMI.DAT 116.88 5.004% 0.507%
SL3VF145.DAT 19.79 40.156% 0.918%
SL4MD2.DAT 6.58 42.424% -2.806%
SL4VF1x2.DAT 19.06 45.719% 0.900%
SL210BO.DAT 63.52 13.652% 0.411%
SL220BO.DAT 80.38 9.869% 0.525%
SL235BO.DAT 96.32 7.644% 0.616%
SL260BO.DAT 112.79 5.986% 0.669%
SL280BO.DAT 121.41 5.308% 0.655%
SL2100BN-v.DAT 129.59 4.855% 0.613%
SL2100BO.DAT 129.56 4.847% 0.613%
Maximum Deviation: 45.719% -3.188%
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Table 5-13.Maximum powers calculated without oxide buildup.

Deviation from

Deviation from

Input File Power (MW) PESCR Previous RuN
BURN1.DAT 139.67 5.189% 0.215%
BURNI1C.DAT 119.87 4.754% 0.109%
BURN2.DAT 139.56 6.754% 1.668%
BURN2C.DAT 121.78 5.693% 0.928%
BURNS3.DAT 136.65 7.675% 2.575%
BURN3C.DAT 120.05 6.126% 1.471%
BURNA4.DAT 140.53 7.959% 2.847%
BURNA4C.DAT 119.81 5.989% 1.422%

SL1IFNOMI.DAT 117.27 4.836% -0.017%
SL1IMD2.DAT 6.68 36.605% 0.000%
SL1VF145.DAT 19.99 40.182% 0.000%
SL2FNOMI.DAT 121.90 4.869% -0.033%
SL2MD2.DAT 6.98 36.595% 0.000%
SL2V10IB.DAT 44 .41 14.341% 0.000%
SL2V20IB.DAT 60.22 10.882% 0.000%
SL2VF6IB.DAT 35.54 17.916% 0.000%
SL2VF145.DAT 20.28 40.152% 0.000%
SL3FNOMI.DAT 116.84 4.968% -0.034%
SL3VF145.DAT 19.79 40.156% 0.000%
SL4MD2.DAT 6.58 42.424% 0.000%
SL4VF1x2.DAT 19.06 45.719% 0.000%
SL210BO.DAT 63.52 13.652% 0.000%
SL220BO.DAT 80.38 9.869% 0.000%
SL235BO.DAT 96.32 7.644% 0.000%
SL260BO.DAT 112.79 5.986% 0.000%
SL280BO.DAT 121.41 5.308% 0.000%
SL2100BN-v.DAT 129.59 4.855% 0.000%
SL2100BO.DAT 129.56 4.847% 0.000%
Maximum Deviation: 45.719% 2.847%
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that occur with the maximum power are in the défarBURN input files, which are the only

files that run multiple time increments. For tlestrof the input files, the maximum powers are
not affected at all because there is only one tmeement, and that increment’s value is 0.

Since the time increment is 0, there is no oxithe thickness for these other cases, as Eq. (5-18)
demonstrates.

5.3.11. No Fuel Plate Deflections

In addition to oxide buildup, the PFSC has theoopbdf neglecting all the phenomena
that contribute to deflections in the fuel platdhese include the deflections due to pressure
differentials in the channel, temperature diffeesfrom average fuel plate conditions,
expansion due to heating, radiation swelling, @mdgerature differences from the side plates. If
the deflections are neglected, then parts D armoia Fig. 5-1 are skipped in the code. The
channel thicknesses are assumed to be a constaetoia,, which is equal to 50 mil for the
HFIR, unless the oxide buildup option is used. fdsilts of neglecting the deflections and
oxidation are shown in Table 5-14, and compardtdaesults of using deflections without
oxide buildup. Unlike the oxide buildup, the detiens have a significant effect on calculating
the maximum power, as the maximum deviation froengrevious modification is 30.09%.

Fig. 5-4 shows the narrow channel thicknesses leaémiwith deflections and oxidation
for the spatial positions= 3,1 = 6, andi = 9, which correspond to the inlet, middle, and exit o
the fuel region of the fuel plate in the spanwisedation. These thicknesses are plotted with
respect to axial position and compared to the emtshickness value of 50 mil. Thicknesses
from the inner fuel element are shown in Fig. 5while Fig. 5-4b shows thicknesses from the
outer element. As can be seen, the thicknessegelsignificantly when deflections are
accounted for in the PFSC.

It should be noted in Fig. 5-4 that there is aniobs discontinuity in the fuel plate
thickness about halfway through the channel. Bd88j/noticed a similar discontinuity in the
fuel plate surface temperature profile calculatgedhe SSHTC. These two quantities are related
by Hausen’s [21] heat transfer coefficient, whigesithe hydraulic diameter set equal to twice
the channel thickness. This discontinuity is tsult of two uncertainty factord, andUs, used
in the calculation of the heat flux for a hot amdidcplate. U, andUs are the uncertainty factors

for the average fuel concentration in the hot asld plates. In all of the input files used in this
114



Table 5-14.Maximum powers calculated without fuel plate defilaas.

Deviation from

Deviation from

Input File Power (MW) PESCR Previous RuN
BURN1.DAT 164.23 23.686% 17.584%
BURNI1C.DAT 136.48 19.269% 13.857%
BURN2.DAT 163.51 25.075% 17.161%
BURN2C.DAT 140.24 21.715% 15.158%
BURNS3.DAT 159.04 25.317% 16.385%
BURN3C.DAT 136.22 20.421% 13.469%
BURNA4.DAT 163.52 25.620% 16.359%
BURNA4C.DAT 135.25 19.648% 12.887%
SL1IFNOMI.DAT 135.35 20.999% 15.417%
SL1IMD2.DAT 8.69 77.710% 30.090%
SL1VF145.DAT 25.82 81.066% 29.165%
SL2FNOMI.DAT 141.12 21.404% 15.767%
SL2MD2.DAT 9.06 77.299% 29.799%
SL2V10IB.DAT 55.09 41.838% 24.049%
SL2V20IB.DAT 73.55 35.426% 22.136%
SL2VF6IB.DAT 44.62 48.042% 25.549%
SL2VF145.DAT 26.22 81.202% 29.290%
SL3FNOMI.DAT 135.42 21.660% 15.902%
SL3VF145.DAT 25.56 81.020% 29.156%
SL4MD2.DAT 8.55 85.065% 29.939%
SL4VF1x2.DAT 24.72 88.991% 29.696%
SL210BO.DAT 80.36 43.782% 26.511%
SL220BO.DAT 98.88 35.156% 23.016%
SL235BO.DAT 115.76 29.370% 20.183%
SL260BO.DAT 132.73 24.723% 17.679%
SL280BO.DAT 141.72 22.925% 16.728%
SL2100BN-v.DAT 150.63 21.879% 16.236%
SL2100BO.DAT 150.59 21.866% 16.232%
Maximum Deviation: 88.991% 30.090%
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Fig. 5-4.Channel thicknesses with deflections and oxidatompared to 50 mil.
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analysis, these factors are constant foi,jalintil after halfway down the channel when theyhbot
change abruptly. This change for both values éniniput files causes the discontinuity in the
fuel plate thicknesses, as well as in the surfesgeratures observed by Bodey [58].
5.3.12. No Hot Spot Factor

When performing thermal-hydraulic calculations tlee maximum possible local heat
fluxes, or hot spots, the heat balances are maddifialifferent positions on the surface of the
fuel plate in the SSHTC. The heat fluxes are medifising a couple of uncertainty factors.
One of them, designated &g, accounts for the extension of the fuel bearingenn in the
fuel plate beyond the nominal boundaries and imatfon of the spanwise location on the fuel
plate’s surface [1]. The hot spot heat flux alsesuanother uncertainty factor that considers both
the maximum local fuel segregation and the nonladrite fuel plates. Values of this factor
were determined by Hilvety and Chapman [14] usimg@ant with a heat transfer coefficient of

15,000 Btu/hr-ft-°F. The correlation derived is given as

U=1+T-1) (5-20)

15,000 Btu/hr-ft2-°F
whereU is the product of the local segregation factor #nredlocal nonbond factor of the fuel
plates.

The PFSC uses these factors when calculatingahgplot heat fluxes, but it also has the
option to omit them. If they are neglected frora gmalysis, then all the valueslbf; andU are
set equal to 1. Without these factors magnifyimgdurface heat flux, the maximum allowable
power increases. This is shown in Table 5-15. |&#mg these factors causes a huge increase
in the maximum power for several of the case studie
5.3.13. Additional Limiting Criteria Options

Of the different limiting criteria mentioned in Sem 4.5, the SSHTC only uses the
burnout and incipient boiling options, using theretations from Refs. [22] and [41]. The PFSC
has the ability to use both of these options intamdto flow excursion, critical heat flux, the
point of net vapor generation, and saturation adithiting criteria for determining the
maximum power. This allows for comparison of theximum power, plate surface temperature,
channel pressure drop, or channel mass flow farigty of selected conditions.

Figure 5-5 shows the maximum powers calculatedhf@input files SL210BO.DAT,
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Table 5-15.Maximum powers calculated without hot spot factors.

Deviation from

Deviation from

Input File Power (MW) PESCR Previous RuN
BURN1.DAT 247.67 86.527% 50.807%
BURNI1C.DAT 247.67 116.438% 81.470%
BURN2.DAT 258.73 97.912% 58.235%
BURN2C.DAT 258.73 124.553% 84.491%
BURNS3.DAT 254.03 100.165% 59.727%
BURN3C.DAT 254.03 124.567% 86.485%
BURNA4.DAT 248.86 91.181% 52.189%
BURNA4C.DAT 248.86 120.152% 84.000%
SL1IFNOMI.DAT 223.55 99.848% 65.164%
SL1IMD2.DAT 9.78 100.000% 12.543%
SL1VF145.DAT 29.09 103.997% 12.665%
SL2FNOMI.DAT 226.60 94.942% 60.573%
SL2MD2.DAT 10.22 100.000% 12.804%
SL2V10IB.DAT 65.79 69.387% 19.423%
SL2V20IB.DAT 91.02 67.593% 23.753%
SL2VF6IB.DAT 52.20 73.192% 16.988%
SL2VF145.DAT 29.55 104.216% 12.700%
SL3FNOMI.DAT 220.48 98.077% 62.812%
SL3VF145.DAT 28.81 104.037% 12.715%
SL4MD2.DAT 9.61 108.009% 12.398%
SL4VF1x2.DAT 27.77 112.309% 12.338%
SL210BO.DAT 95.37 70.639% 18.678%
SL220BO.DAT 122.88 67.961% 24.272%
SL235BO.DAT 151.30 69.088% 30.701%
SL260BO.DAT 184.50 73.370% 39.004%
SL280BO.DAT 204.48 77.361% 44.285%
SL2100BN-v.DAT 226.71 83.437% 50.508%
SL2100BO.DAT 226.60 83.378% 50.475%
Maximum Deviation: 124.567% 86.485%
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Fig. 5-5.Comparison of maximum powers using different lingtcriteria.

SL220BO.DAT, SL235BO.DAT, SL260BO.DAT, SL280BO.DAdnd SL2100BO.DAT.

These files are very similar except that they uferént fuel element pressure drops, as
explained in Table 5-2. This results in differfiotv rates between the input files. The
maximum power was calculated for these six filsthg each of the limiting criteria, and plotted
in Fig. 5-5 with respect to the total fuel elemeolume flow rate/;. The saturation criteria
option shows how much superheat occurs in the H#iBn using any of the other limiting
criteria. These results were all taken using axida deflections, and the hot spot factors.
5.3.14. Differences in the Input Files

The input files contain data that are used inttieemal-hydraulic equations. The PFSC
uses the same type of input files as the SSHT®, satne minor differences. First, there are
several flags that have been taken out of the ifilestfor the PFSC. These include the variables
ITYPE, MTD, LTD, MSC, and JUMP. The PFSC leavessthvariables out of the input files
because they are specific to the HFIR with regarithé¢ type of deflection model used and
number of output options.

In addition to removing several variables from itguts, others were added for the
PFSC. Since the oxide buildup, fuel plate deftetdj and hot spot factors can be neglected,
three flags were added that can be used to tuse thigtions on or off. These flags are called
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OXD for the oxide buildup option, DFN for the dedt®ns option, and HSF for the hot spot
factors option. When either of these flags is étjud, then the corresponding phenomenon is
neglected. If they are set equal to 2, then #reyincluded in the heat transfer analysis.

The other variables that have been added to the filgs are the thermal conductivity
for the aluminum oxide that builds up on the fuleltgs, which has a value of 1.3 Btu/hr-ft-°F,
and the roughness to diameter rati®, with a value of 0.0012 [1]. In the SSHTC, thed=xi
conductivity is embedded in the plate metal tempeeaequations angl/D, is not important
since a custom correlation for the friction fadg®used. These two variables were included in
the PFSC input files so that they could be modifeethore updated values if needed.

The variable LCO, which controls the limiting criteoption, was slightly modified. In
the SSHTC, this variable is actually called IBO¢ avhen it equals 1, the burnout heat flux is
used with recommended uncertainty factors. Whenai incipient boiling is used, and burnout
with mean uncertainty factors is used when it egj@alIn the PFSC, it was found to be more
convenient to number the two burnout correlatiamssecutively. When LCO is 2, the burnout
with mean uncertainty factors is used, and whe&n3t incipient boiling is used.

A change was also made involving the valuesforThis variable is a factor for
selecting different geometry cases in the deflestiof the fuel plates, and its values are equal to
either 0 or 1. In the SSHTC, this variable is desil as an array of real numbers. Therefore, the
values are written with a period in the input fjles. as ‘0.” or ‘1.”. In the PFSC, it was foutal
be more convenient to declafeas an array of integers. Since the values aggens, the period
was left out of the values in the input files.

Finally, several time dependent variables weredeftof the input files as well. For each
time increment, the power density distributionadwed by the length of the time step in the
input files. On the same line as the time stepfiths contain values for the ratio of fuel plate
densities before and after irradiation, and vafoesn uncertainty factdv,,. This ratio and
uncertainty factor were not mentioned in Refs.diJ20], and they are equal to 1 in all of the
different cases, therefore these values were lgfobthe input files for the PFSC. The time step

value is the only variable that appears right afierpower densities for each time increment.
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5.4. Comparison of PFSC to Analytical Solution

In addition to comparison with the SSHTC, resfridsn the PFSC were also compared to
analytical solutions obtained usi&ggineering Equation SolvéEES. This program can solve
multiple equations simultaneously and has thermsighi/property correlations built into it [51].
In order to compare PFSC results to an analytmatisn, a simplified case of SL2100BN-
v.DAT was run through the PFSC without oxidatiarelfplate deflections, and hot spot factors.
Furthermore, all uncertainty factors from the infilgt were set equal to 1, as well as the
normalized power density values. Setting the palessity distribution to unity resulted in a
uniform heat flux throughout the entire cooling chal, including the nonfuel region. This also
eliminated the difference in values in the spanwlisection, which means temperature
distributions were only dependent on the axial jpmsi

The results for the total mass flow rate, bulkdltemperature, and surface temperature
were compared to calculations rurBRS For simplicity, the thermophysical propertiesrave
assumed to be constant for the momentum and eegrgtions, and were taken at the inlet
conditions. As a result, the density change wki®ld of the momentum and energy equations.
Property values were taken at different bulk fitachperatures when calculating the local surface
temperatures. The details of these calculationdeaseen in Appendix D.

Comparison between the PFSC &ttBs analytical solution for the total mass flow rate
can be expressed by the following:

Wan — Wprsc _ 3.735 Iby/s — 3.7421by /s _ —0.186% (5-21)
— 3.742 b, /s '

This error is most likely the result of using cargtproperties iEES Nevertheless, this error is

very minute, which shows the simplified PFSC reshlve been successfully reproduced.
Figure 5-6a shows the bulk fluid temperature distion in thez direction as calculated
by the PFSC anBES Similarly, the surface temperature distributi®ishown in Fig. 5-6b.
Both sets of results are in excellent agreementfese distributions, with very little error. This
reinforces the idea that the PFSC can be comparadimpler analytical solution, even when

constant properties are used in the momentum agrdjgequations.
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5.5. Fidelity of One-Dimensional Assessment

The subchannel assumption neglects transverse massgentum, and energy transport.
The loss of fidelity associated with this is exaedrusing the outcomes of the converged PFSC
solution, the details of which can be seen in Apipek.

Figure 5-7 shows the velocity profile across tharttel in the spanwise direction for the

full flow case SL2100BN-v.DAT. The velocity valuesrrespond to this case without using
deflections or oxidation, but still including thethspot factors. The maximum transverse
velocity gradient is between subchannels 1 ana@ can be evaluated as the velocity difference
divided by the distance between the subchanneéderds as 5.97&—{;{1—5. The turbulent viscosity
for the subchannel is nearly 516/tt-hr, resulting in a shear stress of 0.0022 pdihis shear
stress applies along the intersection of the tvibzlsannels, an area of 0.05 in by 24 in. This
shear force is 0.0026:/land would change the channel pressure drop op&iadby 0.002%.
This is the maximum shear force observed for thsecand confirms the subchannel assumption
is adequate for this reactor core flow distribution

The temperature distribution across the bottonmefftieled region is shown in Fig. 5-8.

Following the strategy taken for velocity, but omlyalyzing the fueled region where thermal
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Fig. 5-7.Velocities in a HFIR subchannel in the spanwisedion.
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limits are most critical, the maximum lateral temgiare gradient is between channels 2 and 3.
This gradient is evaluated as the temperaturerdiiifee divided by the distance between the
subchannel centerlines as 24.46 °F/in. The turbwenductivity of the water flow in the
subchannel is nearly 222 Btu/hr-ft-°F, and the a@ecting the adjacent subchannels is £.2 in
as evaluated earlier, resulting in a lateral enéayy of 544.5 Btu/hr. The average energy flow
to the subchannel from the fuel plates is 271,3d8H8, so the transverse energy flow is 0.2% of
the energy added to the subchannel by the fuek a3sessment justifies the subchannel analysis
approach for the thermal energy distribution in¢bee coolant.

An ongoing project is modeling the three-dimensiaonaltiphysics analysis of the HFIR
core using COMSOL, as was done by Refs. [59] af{l [ one-dimensional analysis in
COMSOL was also compared to the one-dimensionalboues of the SSHTC. These
comparisons can be very complex, due to the masyngstions made in the SSHTC that are not
present in COMSOL. This section outlines the ¢ff@t making these assumptions, and how the

results change when certain terms are includeldermhe-dimensional models.
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Chapter 6. Conclusions

A subchannel heat transfer code was developedptate-fueled reactor. One-
dimensional thermal-hydraulic equations were derivem various forms of the Reynolds
Transport Theorem and applied to a subchanneltreetfer analysis. A code to code
comparison was then made with the Steady State Haasfer Code for the HFIR, using a
variety of different case studies. In additioritie SSHTC, results from the PFSC were
compared to an analytical solution doné&mgineering Equation Solvéor a simplified case
without oxidation, fuel plate deflections, hot sfettors, and with a uniform heat flux. The
agreement in the results further enforced the tyuafisurance of the PSFC. Through this
development, several major contributions were nveittethe PFSC development.

New features were added to the subchannel andhaigacilitate quality assurance and
code to code comparisons. Flags are includedatltat for activation of fluid flow and heat
transfer models without plate surface oxidation plade deflections. Oxidation and plate
deflection models may be independently activateeveral limiting criteria models were also
added for calculating the maximum power level asded with different acceptance criteria.
These include the most limiting case of the surtacgperature equal to saturation, as well as the
models developed by Siman-Tov et al. [42] for flewcursion, Hall and Mudawar [45] for
critical heat flux, and Costa [49] for the pointradt vapor generation.

The uncertainty of using a one-dimensional analysitee subchannel model is evaluated
based on channel averaged momentum and thermaldotkeddy diffusivities. This assessment
demonstrates that even with a fluid turbulent tredroonductivity of about 222 Btu/hr-ft-°F,
lateral energy transport is less than a percetiteofixial value. The momentum diffusivity
escalates viscosity, but the lateral shear steestllionly a couple thousandths of a percent of
the channel pressure drop. It should be notedhleatesidence time of a fluid element in the
HFIR cooling channel is less than 0.01 secondss&luncertainties will be different for other
fuel designs.

The PFSC was written in FORTRAN 90, which is atreéy recent version of
FORTRAN. It was also written in a way that is essyollow and understand. The SSHTC was
written in VS-FORTRAN in many different files thate hard to follow. This makes equation
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checks very difficult, and does not allow for easplementation of newer models. Inthe PFSC
FORTRAN files, equations can be conveniently rewdwne for line. This allows for easier
separation of phenomena and for different modeksetonplemented for the limiting criteria,
friction factor, heat transfer coefficient, oxidati etc.

An inspection of the SSHTC was done via the codmtie comparison, which also led to
the discovery of several issues found in the VS-FRRN source code. A significant
improvement to the heat transfer analysis from3B8eiTC was the presence of certain terms in
the momentum and energy equations. These teruglanelevation and density changes in both
equations, as well as the friction loss and intelneat generation terms for the energy equation.
This enhances the accuracy of the one-dimensioi@hsinnel analysis.

Another major improvement from the SSHTC was theeafdAPWS correlations for the
thermophysical properties of water. The SSHTC wsedirical correlations that were strictly
temperature dependent, whereas the IAPWS corretatiepend on temperature and pressure.
This provides properties that are more accuratecandsharpen the precision of the thermal-
hydraulic equations used.

Thorough comprehensive documentation of the PF®Chsunnel model was also
provided in this dissertation. This offers a cleaderstanding of the derivation the thermal-
hydraulic equations used in the PFSC, as wellaassumptions used in the one-dimensional
assessment. The impact of some of these assumptEsemphasized when showing the bias
associated with using averaged quantities in pddegea integrals in the conservations of
momentum and energy.

Mass, momentum, and energy balance assessmergs aoroputational domains should
always be done for HRMP simulations since convetggt resolution solutions often still
reflect several percent of error in these quastigen for fully converged solutions. The one-
dimensional PFSC predicts pressure and surfacestatupe on the fuel plate for undistorted
clean fuel, allowing comparison with HRMP solutidos the simplified case. This further
allows isolation of regions where comparison digareies are most prevalent. The PFSC
serves as a bridge between channel level assesasiegtsimple analyses, such as hand
calculations with constant properties and unifopplieed heat flux, and the full three-
dimensional core multiphysics analysis.
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HRMP models come in various forms, and the appré@acomparison with the PFSC
must be constructed based on the type of HRMP stsegs. If the HRMP assessment is using a
law of the wall model, then the basic groundingha&f near wall phenomena that control heat
transfer and wall shear is the same for the HRMPthe PFSC. A comparison should focus on
examination of the law of the wall implementatioraissure the HRMP outcomes are consistent
with the legacy models in the PFSC, which are in tonsistent with available experimental
data. Bulk flow modeling in the HRMP is likely gnimportant to the extent the bulk diffusivity
matrix is correct, so that thermal diffusion norrtathe wall and in the spanwise and axial flow
directions is properly modeled. Some data receattjed to the literature are available to test
these models [27].

A HRMP model with direct simulation of the nearllwagion offers opportunity to
model physical behavior presently treated withdestn the SSHTC and PFSC. The proper
treatment of the conjugate heat transfer and thewall diffusivity in the fluid cannot be tested
using comparison with the PFSC. However, the dvpeaformance of the HRMP can be tested
to assure the HRMP can reproduce the current @rfermance as resolved using simplified
conservation laws and engineering models tunegéoadional data.

The HRMP model creates data fields for velocityygiy, and temperature across the
thickness and span of the cooling channel. ThedPk®s single scalar values for each location
in a subchannel. The transformation from the ithgted fields to the single scalar values is a
blend of traditional approaches and RTT integrHedential equation solving. This
transformation was discussed during the developwiethie subchannel equations used in the
PFSC, and the rules for transformation must bewsd when comparing a HRMP code
outcome to the PFSC. If these rules are follovileeh the fidelity of the PFSC to the core
performance has been developed in this dissertaimhthe uncertainty in the PFSC outcomes

should overlap comparisons with HRMP results.
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Appendix A. Details of Bias Associated with
Averaged Momentum

This appendix goes over the bias associated witlyuike mass averaged velocity in
place of the area integral in the momentum equatidre detailed calculations leading up to the
results in Eq. (4-15) were donelES Several results calculated from the PFSC wesd,us
including the shear velocity, kinematic viscosgyrface temperature, bulk fluid temperature,
flow velocity, density, isobaric heat capacity, it number, span increment, and heat flux.
These were all calculated in the hot streak atriuelle of the channel, at= 6 andj = 16,
using the input file SL2100BN-v.DAT with oxidatiodeflections, and hot spot factors all
included. The velocity and temperature profiles @alled from functions defined at the top of
theEESfile, and used in the main program. From the npaggram, they can be used to
produce the profiles shown in Figs. 4-3 and 4-#ie T'emperature profile is used to determine the
density profile for the liquid displayed in Fig.54- Shown below are the formatted equations

from EES as well as the solutions to the program.

Velocity profile using Eqs. (4-74) & (4-T8):

Function wvelocity (v*, v, 51, 1. €]
If [r'. = 1]1] Then

Lingar profile close fo the wall

mn - ‘U.UDDDBSSBBS il
velocity =

v

Else

If [1] <

Logarithmic profile

rJ|..1.

] Then

velocity = 5.76 - v* - log [L]
14
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Else
If [n =& - ] Then

Logarithmic profile, reflected across channel centerfine

i
velocity = 576 - v* - log [u]
1

Elze

Linear profile close fo the wall

. ft w2
velocity = [e — y ] - |0.0000833333 - |
v
EndIf
EndIf
EndlIf
End wvelocity
Temperature profile using Eq. (4-112):
Functiom temp {n, ncaw, T2 Dns. PTov, pre Cp, 8 PTy &, V0D
If [n < o ] Then
Linear profile close to the wall
s - P ft
temp = To — Gne _ 7T - n - |D.0000833333 - —
fhr mil
v - [3B00 - s x - Cp
Elze
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Logarithmic profile

Pr ft
temp = Ty — —am . Mo - ‘ﬂ.nnnuaaaae.s L
pr - Gp v - |as0o - fteihr mil
fiis
f i
. Pry - In | ]
K-\"'-‘Eﬁl}ﬂ-ﬂ (U= T
fii's
Else
If [n =& — nea | Then
Logarithmic profile, reflected across channel centerline
s P ft
temp = Te — — 2 . r T Mex - ‘n.umnamae«a-ﬁ
Pe - Cp v - |3800 - —
ftl=
B e — g |
. Ty - In n
K-W-‘Sﬁﬂﬂ-ﬂ'ﬂ“ L
ft's
Elee
Lingar profile close to the wall
- Pr ft
temp =Tz - q"‘ﬂzm : [& - 11] - |0.0000833333 - i
r i
\f-‘ﬂﬁﬂﬂ- s e - T
Endif
EndIf
EndIf
End temp

Values calculated from PESC in ot streak af i=6, j=16;

Shear velocily, equal fo square root of (shear
sfress divided by density):

v = 2776 [ftis]
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Kinematic viscosity:

v = 0.000003425 [ftls]
Surface temperafure:

Tz = 35269 [F]

Builk fluid temperatura:

The = 19801 [F]

Flow velocity:

Whs = 52.24  [it's]

Density af bulk fiuid temperature;
pr = 60235 [Ib,fit]
Isobaric heal capacily at bulk Auid femperature:
c, = 1.004 [Biulb.-F]

Prandtl number at bulk fluid temperature:

Pr = 1911
Span widgth:
Ag = 0541 [in]
Hot streak heat flux:

O = 2.831x10% [Btuhrit]

Constants used in the velocity and temperature profiles:

Distance from wall where velocity profile transifions from linear fo logarithmic:

ny = 0.00312 [mil]
Channel thickness:

e = 50 [mil]
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Distance from wall:

rI=2——‘.-'

Conduction sublayer thickness:

v mil
= 132 - —- (12000 - —
fcaL v ‘ 7

Turbulent Prandtl number:

Pr, = 0.9
Constant:
Kk = 041

Conversion constant:
ge = 32174 [lb,-ftbe-s7)

Constant cross sectional area of subchannel:

ft ft
Ay = As - 00083333333 - —‘ o - ‘U.DDDDESSBSS =
in mi

FProfiles across the thickness of the subchannel:

viy), as shown in Fig. 4-3-
v o= velocity[v", v, M, N, e]

Tiy), as shown in Fig. 4-4:

T = temp[n, Meaw , T2, Qns, Pr, v, pe, cp, 8, Pn, K, '-"’]

rhofy), as shown in Fig. 4-3:

p o= p[Steamuens ,T=T,P=350 [psia]]
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Mass averaged velocity from Eg. (4-5b):

& il "
as - Do -v]ay. ‘u.nuuma%m-t- T ‘

- Imn in—mil

Vg =
e - Ay
Average momentum:
25 [mif]
ft =2
as - |oosaaaaszs - | [[p - v2] dy . |o.ooo0sazazs - B
Wom ml T 1B r-milft—s?
Mom =
Qe

Momentum at bulk fluid temperaturs:

ft ft
Pro- Vel - AS - ‘0.053333333 : _—‘ e - |n.nnt1t1533333 : —I‘
in il

Mom =
Qc
Devation of momentum, Eg. (4-15);
Mom — M
Mom = | ———| - 100 [%
= (Mo

SOLUTION
Unit Settings: Eng F psia mass deg
Ax =0D.0001878 [t

cp = 1.004 [Btuli,F]

As = 0.541 [in] e =50 [mil]
n =0 [mil] pt = 0.00512 [mil]
nes. =0.1954 [mil] ge = 3217 [loy i)
x =0.41 Mom = 0.9551 [l

Mom = 0.9712 [l
v =0.000003425 [ft%=]

Momosv = -1.651 [%)]
Pr =191

Pr=08 grs = 2.331E+06 [Btushr-itd
p = 5556 [byft] pi = 60.24 [Tt

T =352.7 [F] Tre = 198 [F]

Tz =3527[F] v =0 [ft's]

vhe = 52.24 [ftis] vk = 52.11 [ftig]

v* = 2776 [ftie] y =25 [mil]

Mo unit problems were detected.

EES suggested units (gshown in purple) for A_Kk eta eta_CSL rho T v .



Appendix B. Details of Bias Associated with
Averaged Energy Flow

This appendix is similar to Appendix A, except thatovers the bias associated with
using averaged quantities for the energy equatigoiace of the area integral. The detailed
calculations leading up to the results in Eq. (3&% shown below in the formattetES
equations. This file uses the same functions &f#lPvalues as Appendix A, but has some
additional profiles. These include the flow of &t and internal energies and the ratio between
them, shown in Figs. 4-8 through 4-10. A new fioitivas created for the ratio, which was
necessary to use an IF THEN statement for whede¢heminator of the ratio is equal to zero.
The formatted equations and solutions fromEESprogram are shown below.

Veelocity profile using Egs. (4-74) & (4-T8):

Function wvelocity (v, v, 11, 1. €)
if [n <mn:] Then

Linsar profile close fo the wall

M - ‘U.DDDDBSSBBS - — - v
mil

velocity =
v

Elze
If [n < i—] Then

Logarithmic profile

velocity = 576 - v* - log [L]
UE

Elze

If [n<e - ni] Then
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Logarithmic profile, reflected across channel centerline

i
velocity = 576 - v* - log [L
M1

Elze

Linear profile close fo the wall

ft
velocity = [e — 1] - ‘UﬂﬂDDESBBSS- Fﬁf"

Endif
EndIf

EndIf

End wvelocity

b
£ ;:|

l“d‘

2
W

Temperature profile using Eq. (4-T12);

Function temp (1, ez, Ta Ons P v, pr. Co. € PTL i, ¥
I [n < TMeaw ] Then

Linear profile close fo the wall

.
temp =Ty — q"‘ﬂzjhrr - -
Vo ‘EEDU- i ‘-p,‘ - g
Elza
e
If —| Th
<] e
Logarithmic profile
F:l
temp =Ty — pqh;c . ! e
kot - 3600 -
Y ‘ s
f i
. Pr, - In | 1
K-W-‘m-ﬂ L Moes )
fi's
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Else
If [n<e - nesw | Then

Logarithmic profile, reflected across channel canterline

. P fi
temp = Te — —3r2 S Cfes - ‘n.umnae.aaaa L
Pro | . |3600 - TEX i
ft'is
Pr, e —q |
s t - In | 1 |
eI R
fii's
Else
Linear profile close to the wall
- P ft
temp = T — Gre * 7T [e - n] - |o0000833333 - —
ftrhr ] mil
\f"aﬁnﬂ'ﬁ '|J|;'{:p.
EndlIf
EndIf
EndIf
End temp

Function that divides a by b

Funciion ratio (a, b)

lf [b=0] Then

ratio = 0
Elza
ratio = —
4]
EndIf
End ratio
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Valves calculated from PFSC in hot streak af i=6, j=16:

Shear velocity, equal fo square root of (shear
sfress divided by density):

v = 2776 [fs]

Kinematic viscosity:

v = 0.000003425 [ff/s]

Surface femperature:

T. = 35269 [F]

Bulk fluid temperature:

T = 19801 [F]

Flaw velocity-

Ve = 52.24 [ftig]

Density at bulk fluid temperature:

pe = 60235 [Ibit)

Isobarc heat capacity at bulk fuid femperature:
¢, = 1.004 [Btulb.F]

Prandtl number at bulk fuid temperafure:

Pr = 1911
Span width:
As = D541 [in]
Hot streak heat flux:

Gne = 2.831x10° [Btuhrf

Constants used in the velocity and temperature profiles:
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Distance from wall wiere velocily profile transitions from linear fo logarithmic:

ny = 0.00312  [mil]
Channel thickness:
e = 50 [mil]

Distance from wall:

rI=2——‘.-'

Conduction sublayer thickness:

v mil
= 13.2 - — - (12000 - —
MesL v ‘ Tt

Turbulent Prandtl number:

Pr. = 0.9
Constant:
K = 0.41

Conversion constant:
9. = 32174 [lb ks

Constant cross sectional area of subchannel:

ft ft
Ay = As - (0082333333 - —‘ - ‘u_mnna33333 —
n mi

Profles across the thickness of the subchamnel:

viyl, as shown in Fig. 4-3-

v = velocity[v*, v, n1, . €]

Tiv), as shown in Fig. 4-4:

T = temp[n, nea ., Ta, Gns. PrLov, px, 6, 8, P, x, v ]
rhafy), as shown in Fig. 4-5;

p = p[Steamuews ,T=T,P=350 [psia]]
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vy

Btull
o, = C'H'[Steﬁmm% , T=T,F =350 [psia]] - ‘1 ﬁ‘

Epir (¥, a5 shown in Fig. 4-8:

. p vt Biuft—hr
Eyn = — - |4626 - ——
Hn 2 . g. ‘ |b.HFﬂ_S
Ejns (v), as shown in Fig. 4-9:
ft'hr
B =op - v - |3600 - e, - T
m P fifs

E\E (y), as shown in Fig. 4-10:

EE = ratio[Ey, , Ep ]

Evaluating bias in one-dimensional energy assumplion, Eg. (4-27):

Mass averaged velocity from Eq. (4-9b):

|
As -.[[P'V]d'f- 0.00000694444 - —— ‘
- 2E mA in—mil

Wy =

pr - Ay
Isochoric heat capacity af bulk fluid femperaiure:

Btu/lb.—F

Cox = Cv | 5SteamMpews ., T =Ths , P =350 ia]l - |1 -
+ = Cv[Steamupns |, T=T, s - |1 - S

Flow of energy at bulk fluid temperature:

Vi ? - ‘n.umzasus? : E_; n
. r
E = | ey To + T : -pu-vhs-ﬁ.h-‘%ﬂﬂ-ﬂzm
Average flow of energy:
& 25 Imil &
E.c = Az - |n_053333333 : __‘ ) [Ew + En] dy - ‘n.nnnu&33333 R
n | mil

Deviation of energy, Eq. (4-27):

B = [E EE ] . 100 [%]
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SOLUTION
Unit Settings: Eng F psia mass deg
Ax =0.0001878 [t

cv=0.8124 [Btufb,F]

As = 0.541 [in]

n =0 [mil]

ncsl = 0.1954 [mil]

E = 383021 [Btuhr]

Eosv = 2.189 [%]

Ewn =0 [Btuf-hr)

K =041

Pr =1.911

gns = 2.831E+06 [Btu/hr-fty

pk = 60.24 [Ib /ft)

Tre =198 [F]

v =0 [fi's]

vk = 5211 [ftig]

y =25 [mil]

Mo unit problems were detected.

cp = 1.004 [Btu/lo,-F]
cvk =0.9088 [Btully,,F]
e =50 [mil]

1 =0.00512 [mil]

EE =0

Eave = 374817 [Btwhr]
Ent =0 [Btwft-hr

g = 3217 [lg-itlbe-z]
v = 0.000003425 [ft%s]
Pr =09

p = 55.56 [loy/ft]

T =3527[F]

Tz =3527 [F]

vhe = 5224 [itis]

vt =2 776 [ftis]

EES suggested units (shown in purple) for A_k c_v ¢_v_k eta eta CSL E_dot_int .
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Appendix C. Detalls of Viscous and
Conduction Heat Dissipation Profiles

The calculations used to produce the viscous anduwsion heat dissipations are
covered in this appendix. Similar to the previappendicedzESis used with the same
functions and PFSC values. The velocity functi@swsed to calculate the velocity at different
values ofy in a parametric table, which were then copied antaokup table. AfEESbuilt in
DIFFERENTIATE function was then used to determinenerical derivatives of the velocity
with respect tgy from the values in the Lookup table. This velpgtadient was used to
calculate the viscous dissipation profile showfrign 4-18. Issues arose when trying to do a
similar procedure for the second derivative oftdraperature profile with respectyotherefore
this second derivative was hand calculated andteadvn function created IBES The second
derivative was used to produce the heat dissipatiofile shown in Fig. 4-19. The formatted

EESequations that produced these profiles and théo are shown below.

Velocity profile using Eqgs. (474) & (4-78):

Function wvelocity (v*, v, 51, 1. €]
If [r'. = 1]1] Then

Lingar profile close fo the wall

mn - ‘U.UDDDBSSBBS il Ui
velocity =

v
Elze
€
If [n = T] Then

Logarithmic profile

velocity = 5.76 - v* - log [L]
g
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Else
If [n =& - ] Then

Logarithmic profile, reflected across channel centerfine

i
velocity = 576 - v* - log [u]
1

Elze

Linear profile close fo the wall

. ft w2
velocity = [e — y ] - |0.0000833333 - |
v
EndIf
EndIf
EndlIf
End wvelocity
Temperature profile using Eq. (4-112):
Functiom temp {n, ncaw, T2 Dns. PTov, pre Cp, 8 PTy &, V0D
If [n < o ] Then
Linear profile close to the wall
s - P ft
temp = To — Gne _ 7T - n - |D.0000833333 - —
fhr mil
v - [3B00 - s x - Cp
Elze
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Logarithmic profile

. Pr ft
temp = Ty — —am . Mo - ‘ﬂ.nnnuaaaae.s L
pr - Gp v - |as0o - ftoih mil
fiis
f i
. Pry - In | ]
K-\"'-‘Eﬁl}ﬂ-ﬂ (U= T
fii's
Else
If [n =& — nea | Then
Logarithmic profile, reflected across channel centerline
s P ft
temp = Te — — 2 . r T Mex - ‘n.umnamae«a-ﬁ
Pe - Cp v - |3800 - —
fils
B e — g |
. Ty - In n
K-W-‘Sﬁﬂﬂ-ﬂ'ﬂ“ L
fi's
Else
Lingar profile close to the wall
s - Pr ft
temp =Tz - q"‘fﬁh : [& - 11] - |0.0000833333 - e
r i
xr-‘BEDD-fﬁS e - Cp
Endif
EndIf
EndIf
End temp

Second temperature gradient of Eq. (4-112):

Function tempgrad2 (v, ncze Qe Pre Cpo 8 Py 6, V)

e
If —| Th
["{2] en
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e - Pry

: ‘6_94444110'5

tempgrad? =
ftihr 2
K - w' - (3600 - TPr - Cp oM
Elze
. - P
tempgrad2 = Py Grs It
KW - ‘SEUH -
EndlIf

End tempgrad2

e g - [e -] - ‘5.944“:10‘9 :

Furnction that divides a by b:

Function ratio (a, b)

If [b=0] Then

ratic = 0
Else
ratio = —
b
EndlIf
End ratio

Values calculated from PFESC in hot sireak at i=6, j=16:

Shear velocity, equal fo square root of (shear

sfress divided by density):
Vi = 2776 [it's]
Kinematic viscosity:-

v = 0.000003425 [fts]
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Swurface temperaturs:

T= = 35269 [F]

Builk fluid temperature:

Th: = 18801 [F]

Flow velocity-

Wpe = 95224 [fiis]

Density aft bulk fluid temperaturs:

pr = 60235 [Ib,,fft3)

Isobaric heat capacity at bu'k fluid femperature:
c, = 1.004 [Biulb.-F]

FPrandtl number at bulk fluid temperature;

Pr = 1.911
Span width:
Az = D541 [in]
Hot streak heat A

Qee = 2.831210°% [Btuhrft]

Constants used in the velocity and temperature profiles:

Distance from wall where velocity profile transitions from linear fo logarithmic:
m = 000312 [mil]

Channel thickness:

e = 50 [mil]

Distance from wall:
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Conduction sublayer thickness:
v mil ‘

= 132 - —- (12000 - —
necsL ” ‘ a

Turbulent Prandtl number:

Pr. = 0.9
Constant:
Kk = 0.41

Conversion constant.
g. = 32474 [l ftlke-s?)

Constant cross sectional area of subchannel:

ft ft
A, = AS - |0.083333333 -_—‘ e - ‘u.mnnaaasu —
In mil

Profiles across the thickness of the subchannel:

viyl, as shown in Fig. 4-3-

v = velocity[v*. v. 1, n, e]

Tiy), as shown in Fig. 4-4:

T = temp['ﬂ, Mecaw , T2, Qns, Pr, v, pe, 6, 8, Pn, x, '-"’]
oy}, @s shown in Fig. 4-5:

p = p[Steamumewz ,T=T,P=350 [psig]]

Second femperature gradient, had to be hand calculated

because EES does not hanadle 2nd derivatives well:

d2Tidy2 = tempgrad2[n, nes , G, pr. G, 8, Pr, x, V']
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Viscous dissipation, as shown in Fig. 4-18. Values for the velocity were calculated with respect to y

and tabulated info a Lookup fable called ‘Profiles’, which is used in the following numerical differential”

4 = Visc [Steamyeys ,T=T,P=350 [psia]] - Differentiatet ['Profiles’, 'y, ¥,y =y ]°

3
5753 . E'Itu.fhr—ft _
b r—fthr—s"—mil
Conduction heatf dissipation, as shown in Fig. 4-15-

Btu/hr—ft—F
E = k| Steam T=T,P=350 gig]| - [1 - ————— | - d2Tidy2
rend [ = WFWE s , [p ]] Bh—R ¥

Ratio of viscous fo heat, as shown in Fig. 4-20:

PlEcees = Fatio [, Econs |
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Appendix D. Detalils of PFSC Comparison to
Analytical Solution

In this appendix, calculations involving the analgt solution are shown that were
compared to results from the PFSC. As Sectiorseussed, the momentum and energy
equations were used EESwith constant thermophysical properties to cakeuthe mass flow
rate and bulk fluid temperature distribution. SeVv@roperties were allowed to vary with
temperature when calculating the surface tempexalistribution. The PFSC was run for this
analysis using SL2100BN-v.DAT without oxidationefylate deflections, and hot spot factors,
and also had the uncertainty factors and poweritienset equal to 1. The PFSC values were
tabulated in a Lookup table and then called intays. The temperature distributions calculated
in EESwere also put into arrays, allowing for a direatnparison in the plots shown in Fig. 5-6.

The formatted equations, solutions, and arrayslaog/n below.

Periinent constants:

Fuel element pressure drop:
AP= = 108 [psig]
Acceleration of gravity:

g = 32174 [frs?
Conwersion constant:

g. = 32174 [lbp-fib-s?)
Average channel thickness:
e, = 350 [mil]

Fuel plate thickness:

t = 50 [mil]

Inlet coolant temperaiure:
Tw = 135 [F]
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Reactor vessel pressure:

P = 350 [psia]

Nominal reactor power level;

Q = B5 [MW]

Internal heat generation of the coolant:
Quze = 4475 [Btwhr-ind]

Nominal heat fransfer area:

A = 4288 [t

Fraction of heat deposited in the fusl:

f = 0875

Ratio of surface roughness fo diameter:
epsilomD = 0.0012

Number of axial increments:

n = 3

Length of span of channel:

s = 33061 [in]

Surface heat fiux, assumed to be constant throughout entire channel:

Btuh
Q-f- |341214x10° - !

Jow =

Solving the momentum eguation:

Coolant density:
p = p[Steampey: ,T=T, P=P]
Coolant wiscosify:

U = Visc [Steamusaz ,T=Tn,P=P]
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Coolant isobaric heat capacity:

Btulb —F
Ce = ':Fl [St&am,...p,m ,T=Th,P=p] - ‘1 'm
Reynolds number in the channel:
3]
2 W - |432m] : Ib“‘m—‘"r
Re = =5
Tl
Colebrook friction factor, Eq. (4-87);
1 - _2 - log epsilon\D . 2.51
:."fm: a7 Re - 4 fye
Momentum equation, Eq. (4-132);
i 1| 2 Y Ir 2
AP. _ IIL+|:1_| Egtl] . 1 | W, - 1'I| _
. . + - -
12 -3 p LB / 2-9-PJ |g, . |00000B33333 - ——
\ mil | )
2 ﬁ
|b|-|-|_|r||'|!' fm: - Wa R T I 0.083333333 - F IJSiﬂ
0000578704 - ———| - 2314 + 1 —
bt f [ Ib4in®

A

fit
4-49.-p - le,. : ‘u.umnawaaa —
mi

Total mass flow rafte calewlated from the PFEC:

Wppze = 3.742 [lb./s]
Analytical total mass flow rafe:
Wy, = Wu - 8

Percent deviation between the flow rafes:

Woey = [m] - 100 [

We=ac

Fulling tabuwlated PFSC values from Lookup table:

Axial position:

z; = Lookup['PFSC Values', j, Z'] for j=1ton
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Bulk fluid temperature calcwated from the PFSC:
Terze; = Lookup [ PFSC Values', |, Tene | for j=1ton
Surface temperature calculated from the PFSC:

Teeese;, = Lookup [ PFSC Values', |, Tone | for j=1ton

Solving the energy equation.

Analytical bulk fiuid temperature, Eq. (4-140):

ft [
g -z - (0083333333 - — we - |12 - Deffics
: in Ib~fin—s
Tay = T + b b - -
9c - Cr - |W‘3-2 S 2 -g.-cp - |T782 - ——| - |es - |0.0000833333 - —
Btu Bitu mil
i Biu/s
Qo - Q - &s - 0001 - | 2 2.0 9478 —2|. .z
D4 . mil ' . MW
: b mfin—hr in”
P 100 [MW]- w, - [3600 - ——| - ¢ A - 144 - — | - w. - ©
T s ‘ I fin—s | F ‘ 2 ‘ A e
13 : f
fae - [w_ﬁ : ‘12 : % } -z - ‘n.m3333333 : F|
- L for j =1 ton

fi-lb ft
4 -g.-p° -cp- |7782 - —| - |es - |0.0DDDS33333 - —
Btu mil

|

Solving Newton's Law of Cooling:

Local viscosity of coolant:
U = Visc [SteaMmusne , T=Tan, P=P] for j=1+ton
Local Reynolds number:

by . t—
2wy - 4320ﬂ.ﬂ
lBmin-=

Re, = for j=1ton
Hy

Local Prandtl number;

Pr, = Pr[StEﬂ.mw.,.E :T=TanJ-P=P] for j=11tn
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Local thermal conductivity:

Btw/hr—ft—F
k, = k| Steam T=Tg,P=P]- |1 - —— for i=1ton
] [ INPWE an] :l Btuhr—fR ]
Viscosity at surface femperafure;
nzy = Visc[SteaMuewe . T=Tzany, P =P ] for j=11ton
Local heat transfer coefiicient:
h, Nusselt, - k for j=1ton

fi
2 - e, - |0.0000833333 - i

Analytical surface temperature:

Tem, =Tw+q:"‘ for j=1ton
1

Hausen correlation at j=1.

=K F
Musselt, = [0.0235 - (Re,"® - 230 )- (18 - Pr,™ - 08)]- [ L ]
[1EX]

Hausen correlation, Eq. (4-124):

i
|

Musselt, = | (0.0235 - [Re,*® — 230] - [18 - Pr,™® - 08])- IL1 +113

H 21 3

2 - ey - ‘U-DLH : L [ A 014
il |-[”’] for j=2ton
z J ey

SOLUTION
Unit Settings: Eng F psia mass deg
& = 428.8 [ft7] ce = 0.998 [Btulb, -F] APF =108 [psia]
epsilomD =0.0012 ea =50 [mil] f=04975
foie = 0.02322 g = 3217 [itsY ge = 3217 [bp-ftlbesT
n = 1.179 [logff-hr] n=3 P =350 [psia]
Q = 85 [MW] giue = 659471 [Btwhr-f] Qoo = 4475 [Btwhr-in’]
Re = 82825 [ p = 61.53 [Ibyyft] s =3.306 [in]
t =50 [mil] Tn =135 [F] wa = 1.13 [logfin-g]
wan = 3.735 [bys] woev = -0.1859 3] WRFSE = 3,742 [lng/2]

Mo unit problems were detected.
EES suggested units (shown in purple) forc_P g flux rho T_an[1] T_an[2] T_an[3] .
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Aurays Table: Main

Z, Tarac, Tany 1] Ky Pr, Re, B, Nusselt,
firi] [Fl F [IE = ft-he] [Btwhrft-F] H M i fi-he] 8]
1 1] 135 135 1.179 0.3771 ing 82823 0.8592 3561
2 2 1396 1396 1.134 0.3786 2.989 38113 0.8458 376
3 2 1396 1396 1.134 0.3786 2.989 38113 0.8458 376
4 2551 1408 1408 1.122 0.379 2.955 87027 0.8381 374.8
o 3.339 1426 1426 1.10% 0.3796 2.907 88339 0.8279 3743
G 4126 144 4 144 4 1.089 0.2801 2.86 BO6ST 0.8184 374 4
T 4913 1462 1463 1.073 0.3806 2815 90981 0.8092 375
8 5701 148 1481 1.057 0.281 2771 92312 0.8003 3758
9 6488 1498 1499 1.042 0.3817 2. 728 93649 0.7917 I7e.T
10 7276 1316 151.7 1.028 0.3821 2636 94902 0.7832 37T .8
11 8.063 1534 1535 1.013 0.3826 2.646 96341 0.775 3789
12 8.85 1552 1553 0.9991 0.3831 2.606 97696 0.7669 3801
13 9.638 157 1571 0.9854 0.3836 2.568 99057 0.759 381.3
14 1043 1588 1589 Dgr2 0.384 253 100424 0.7512 3826
15 1121 1606 1607 0.9589 0.3845 2.493 101797 0.7435 3839
16 12 1624 1625 0.9461 0.3849 2.458 103175 0.736 3gs 2
17 12.79 1642 1643 0.9335 0.3853 2423 104559 0.7287 38B.5
18 13.57 166 166.1 09213 0.3857 2.389 105948 0.7214 3878
19 1436 167.8 1679 0.9093 0.3861 2.356 107343 0.7143 3891
20 1515 1696 1697 0.8976 0.3865 2.324 108743 0.7073 390.5
21 1594 171.3 171.5 0.8862 0.3869 2.292 110148 0.7003 391.8
22 16.72 17341 1733 D.a7s 0.3873 2.261 111558 0.6936 3931
23 17.51 1749 1751 0.864 0.3876 2.2 112974 0.6869 3945
24 183 1767 1769 0.8533 0.388 2.202 114354 0.6803 395 8
25 19.09 1785 1787 0.8428 0.3883 2173 115819 0.6738 3972
26 19.87 1803 1805 0.8325 0.3887 2.145 117249 0.6675 3985
27 2066 1821 1823 0.8224 0.359 2118 118684 0.6612 3999
28 2145 183.8 184.1 0.8126 0.3893 2.091 120124 0.655 401.2
29 2 1851 1854 0.8058 0.3895 2073 121134 0.6508 4021
30 2 1851 1854 0.B058 0.3895 2073 121134 0.6508 4021
Eq 24 1896 180 0.FB2 0.3903 2.009 124819 0.6357 4055
Asrays Table: Main
h, Tz an: Ty preca
[Stwhe412-F] [F] i3]
1 16116 175.9 176
2 17081 178.2 178.2
3 17081 178.2 178.2
4 17046 179.5 179.6
5 17047 181.3 1814
G 17079 183.1 1831
T 17128 184.8 184.8
8 17187 186.4 186.4
9 17254 188.1 188.1
10 17324 18497 189.7
11 17398 191.4 1914
12 17474 193 193
13 17552 194.6 194 6
14 17631 196.3 196.3
15 17710 197.9 197.9
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Arrays Table: Main

hl Ts.m.l Tt.FFEG.I
[Btu'he-H2-F] IF] [F]

16 17790 199.6 1995
17 17870 201.2 2011
18 17930 202.8 2027
19 18031 2045 204 4
20 18111 206.1 206
i 18191 207.8 2076
22 18271 2094 2093
23 18350 211 2109
24 18429 2127 2125
25 18508 214.3 2142
26 18586 216 2158
27 18664 217.7 2174
28 18742 219.3 2191
29 18796 2205 2202
an 18796 2205 2202
3 18990 2247 2244
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Appendix E. Details of Transverse Diffusion

The effects of neglecting transverse diffusionhia spanwise direction are discussed in
this appendix. Values from the PFSC were tabuleteshEESLookup table for the spatial
position, flow velocity, bulk fluid temperature,edr velocity, exit bulk fluid temperature, and
heat flux. These values were all calculated insihetial direction in the middle of the hot streak
channel aj = 16, except for the exit temperature and heat fluxictvivere calculated at the exit
of the fueled region gt= 29. The input file SL2100BN-v.DAT was run withoutidation and
deflections, but still with hot spot factors, taguce these values for the most extreme case.
Arrays were set up iIRESthat call these values from the Lookup table, @inér properties were
calculated into arrays as well that were used limutate the lateral shear stress and heat transfer.
Maximum values were calculated from the arraysgiaiMAX function built intoEES The
values for the spatial position, velocity, and eégimperature were used to produce the plots

shown in Figs. 5-7 and 5-8. The formatted equatmutlining this procedure are shown below.

FPertinent constants:

Channel thickness:

e = 50 [mil]

Channel length:

L = 24 [in]
Constant used for eddy diffusivity:
£ = 04

Pressure drop across channel length:

AP: = 108 [psia]

Values calcuwlated from PFESC in hot sireak af j=16 tabulated in Lookup table:
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Spatial position:
s, = Lookup ['PFSC Values', i, 's'] for i=1te9
Flow velocity, values shown in Fig. 5-7:

v, = Lookup ['PFSC Values', i, V'] for i=1109

Builk fluid temperature:

T, = Lookup ['PFSC Values', i, T ] for i=1t09
Shear velocity:

v* = Lookup ['F’FSC Values', i, ".F'T for i=1to08

Bulk fluid temperature at exit, calculated at j=29 and shown in Fig. 5-8:
Tepy, = Lookup ['PFSC Values', i, Tu ] for i=1to 9

Heat from fuel plates, calculated af j=29:

Qrey = 2 - Lookup ['PFSC Values', i, ‘q,.,;] - g - L - (0006944444 - ﬂ_] for i=11t09
in
Properties calculated from the above properties:
Densify of fluid:
p = p[Steamypys , T=T,, P =350 [psia]] fori=11t9
Kinematic Viscosity:
Visc | Stea T=T,, P=350 [psi it .
_— isc [ Steamusws , T=T, [psia]] 0.000277778 - IS for i=11t0 9
p| ﬁ |"|1r

Momentum eddy diffusivity:

e ft .
gqy = K - V9 - — - |0.0000833333 - — for i=1to 9

2 mil
Turbulent viscosity:

ft'ihr .
= [ew, + w - - (3800 - — for i=11%9

[1ET [I—.M.I '.l:l m ‘ PP
Density of fluid at the exit:
pesms = p[SteaMuepz . T=Tew P =350 [psia]] for i=1t00
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Isobaric heat capacily of fluid at the exit:

. Btulb~—F .
c = Cp | Steam T =Ty, P =350 ig]l - [1 - ——m—— for i=14t09
D= p |:~—1 IAPWE e [p= ]] ‘ T ‘
Thermal conductivity of Awd at the exit
. Btuwhr—fi—F )
Kewey = K [Stf'r'ﬂmmws: o T =T ey, P=350 [DSlﬁ]] - ‘1  Buh—eR for i=1to9
Thermal aiffusivity of uid af the exit:
dow = ——mm g 000277778 - ftis for i =1 to 9
Coeen) = Pesmi ftirhr
Franaf] number of Awid at the exit:
Pram, = PrSteamuews .T=Tem P =350 [psia]] for i=11fo09
Kinematic viscosity of fluid af the exit
. - - _ .
vew = Vinc[Steamyens . T=Tom,P=350 psi] ‘U-Dﬂﬂzfﬁ?ﬁ- s for i=11to 90
Pewt) fEihr
Thermal eddy diffusivity, calculated using correlafion from Haffon and Quarmby [61]:
ft
009 - e - v*, - |0D.0000B33333 - —
1 mil .
Eayny = + -1 Y Wewmy — Dexm for i=11to 89
Preu Vayit)
Turbulent conductivity:
Btuhr—fi—F .
ky = [llzut.l t Ewan) ] T Past) " Cpaem ‘35‘["] : BueiF for i=1t9
Lateral gradients and diffusion:
Lateral velocity gradient-
guds, = 4= — ¥ gri-1we
S — B
Lateral shear sfress:
+ + - i -
g o= [Hem T MU ds - |710486x107 —B22 | fri=1toB
2 1 mfin—s—hr
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Lateral shear force

Ib,

Fr=5u-e-L- 0001 - —— for i=11t 8
psia—mil—in

Lateral temperature gradient

_ Tﬂﬂ.l+'| - T::dLI
S — 5

dTids, for i=1to8
Lateral heai:

ey + K ft _
Oge = H%"”] - dTids, - e - L - |0.0000833333 - _IH for i=1to &
e

Average heat:

Qpspe1 + Qpsy

2

for i=1t08

Jawg

Maximum values:

Frae = Max [Fy:]
Tmax = Max [T1..5]

Shearpe, = —=%_ . 100 [%]
AP=

Grar = Max [Qumss ]

I:II'HH.I:

Ooy = — — - 100 [%]

Qavg2

SOLUTION

Unit Settings: Eng F psia mass deg

APF =108 [psia] e =350 [mil] Frax = 0.0026 [li]
w =04 L =24 [in] qoev = 0.2007 [%]
gmax = 544 5 [Biwhr] Shearcev =0.002 [%] e = 0.0022 [psia]

Mo unit problems were detected.
EES suggested units (shown in purple) for dTds[1] dTwds[2] dTds[3] dTds[4] dTds[5] dTwds[E] .
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Arrays Table: Main

5 Vi T v walt,| Then Tawgur A ¥
fir] [z] Fl [fis] IF Etu'hr] Etuhi [k=42] ED)
1 ] 3173 13589 2.789 1366 0 33291 61.51 0.000005281
2 0.091 3227 2033 2775 266.3 G6EB552 271349 60.11 0.000003325
3 04618 2225 1987 2776 2573 476116 542646 6022  0.000003413
4 08429 2223 1964 2777 252.8 1.209E+06 1.617TE+06 60.27  0.000003459
5 1.487 5224 148 2776 2586 2 025E+06 2 401E+06 6023  0.000003427
6 2.085 5225 1988 2776 2577 2TTTE+D6 2 975E+06 B60.21 0.00000341
T 274 5226 2006 2775 2613 3 AT4E+0G 3.126E+06 6017  0.000003375
8 3.16 5226 2021 2775 2638 3 07BE+06 1.539E+06 6014  0.000003348
9 3.306 3173 13589 2.789 1366 0 61.51 0.000005281
Arrays Table: Main
LITH Mt Paxit Gp, amtt,| Kaue - PP Prazm; Waxit,|
[fizig] Dbmfbr]  [beiitd) [Etwilbm-F] [Btwhrit-F] GED [2is]
1 0.002324 5159 615 0.9981 03777 0.000001709 3.072  0.000005249
2 0.002312 S01 58.42 1.017 0.3958 0.000001851 1.324  0.000002451
3 0.002313 3SD22 58.68 1.014 0.3957 0.000001847 1379 0.000002546
4 0.002314 SD28 58.81 1.013 0.3956 0.000001544 1407  0.000002596
o 0.002314 SD24 28.72 1.014 0.3957 0.0000015846 1.387  0.000002561
G 0.002313 SD2.2 2867 1.014 0.3957 0.000001547 1.376  0.000002541
7 0.002313 sD1.7 5857 1.015 0.3958 0.000001849 1.354  0.000002503
8 0.002313 5S4 58.49 1.018 0.3958 000000185 1.33%9 0.000002477
9 0.002324 5159 615 0.9981 03777 0.000001709 3.072  0.000005249
Arrays Table: Main
Benitl Ky dvids, T F dTids, Qiats
[fi2ig] [Etu/f-F-hr] [f/-in] [psia] [IEe] [Fiin] [Btwhid
1 0.001041 2303 5.975 0.002186 0.002623 1425 32262
2 0.001038 2223 -0.07012 -0.00002531 -0.00003037 -24 46 S44 5
3 0.001038 2229 -0.02561 -0.000009261 -0.00001111 8172 2046
4 0.001039 2232 0.01848 0.000006654  0.000D02021 5.804 1295
5 0.001039 223 0.004681 0.000001692 0.00000203 2926 6923
6 0.001038 2229 0.01588 0.000005735  0.000006882 5.451 1214
T 0.001038 22256 0.02118 0.000007 641 0.000009169 6.02 134
8 0.001038 2225 -3.6683 -0.001348 -0.001617 -B71.8 19739
9 0.001041 2303
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Appendix F. PFSC Guide

In this appendix, the subroutines, functions, aebéions of the PFSC FORTRAN code
are carefully laid out and explained. Each seqgbertains to a different FORTRAN 90 file. A
majority of the code is divided into three fileshigh correspond to the different parts from the
SSHTC. The file IAPWS.F90 contains functions anldrsutines used to calculate the
thermophysical properties of water, while Subprogga90 has several functions also used
throughout the code. All of the subroutines anttfions from these files are called from
MainProgram.F90, which contains the program andweable to run the code. As a reference,
Table F-1 has an alphabetical list of all of thedtions and subroutines used in the PFSC, along
with what file they are in and what page in thipapdix they are described on.

Throughout this appendix, variables are typediiedafont to distinguish them in the text.
The names of functions and subroutines, both bidtFORTRAN and PFSC defined, are typed
in blue. Many variables are matrices with indiggk,l. The index represents different values
in the radial or spatial directioprepresents different values in the axial direcgtiodenotes
whether the values are for the inner fuel elemewiuter & = 1 for inner,k = 2 for outer), and
represents different values among different tinoeements. For convenience, most variables
that have values in different fuel elements oradtéght time increments have théindices
dropped in the text and equations. For exampéeptwer density;; ;; is instead written ag, ;.
Also for convenience, most equations and descnptio this appendix are followed by lines of
FORTRAN code from the PFSC to show how these egpsmtppear in the FORTRAN files.
F.1. MainProgram.F90
At the top of this FORTRAN file, all of the othe©RTRAN files are included vilNCLUDE

statements.

THCLUDE "Subprograms.Fa0”
INCLUDE "FartI.Fso"
INCLUDE "PartII.Fa0"
INCLUDE "PartIII.Fa0"
INCLUDE "I&FWS.F30"
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Table F-1.Functions and subroutines used in the PFSC.

Function/Subroutine File Page #
ABCISA Subprograms.F90 238
BulkFluidTemp Partl.F90 195
Burnout Partlll.F90 232
ColebrookFac Partl.F90 194
Compress IAPWS.F90 239
Cp IAPWS.F90 239
CriticalHeatFlux Partlll.F90 235
Cv IAPWS.F90 239
Dens IAPWS.F90 239
DOUBLESUM Subprograms.F90 238
Enthalpy IAPWS.F90 239
FlowExcursion Partlll.F90 234
Gibbs IAPWS.F90 240
HeatVap IAPWS.F90 239
HotSpotHeatFlux Partlll.F90 230
HotStreak Partlll.F90 223
IncipientBoiling Partlll.F90 233
InnerFlowRate Partl.F90 198
Inputs MainProgram.F90 171
MassFlow Partl.F90 191
NetVaporGen Partlll.FO0 236
NormalConditions Partl.F90 187
PartliDeflections Partll.F90 207
Parts1thru3 MainProgram.F90 181
phi_norm Partl.F90 185
Prandtl IAPWS.F90 239
SatCp IAPWS.F90 240
SatDens IAPWS.F90 239
SatHeat IAPWS.F90 239
SatTemp IAPWS.F90 239
SidePlateTemp Partl.F90 199
SUMMATION Subprograms.F90 236
SUMMATION12 Subprograms.F90 237
SUMMATION21 Subprograms.F90 237
SUMMATION123 | Subprograms.F90 238
SUMMATION213 | Subprograms.F90 237
SurfaceTemp Partl.F90 197
SurfTens IAPWS.F90 240
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Table F-1.Functions and subroutines used in the PFSC (cadijnu

Function/Subroutine File Page #
ThermCond IAPWS.F90 239
VaporGibbs IAPWS.F90 240

Visc IAPWS.F90 239

PROGRAM Startup:

When the PFSC is run, the user has the optiort tbhdegprogram run through all of the available
input files, one after the other, or to only rureanput file of the user’'s choosing. The user
specifies this option by typing ‘Y’ or ‘N’ for theariableallfiles.

WRITE (*, *) 'Go through ]
WRITE (*,*) ' (¥ yes, N = only on
READ*,allfiles

et
m
p

I

What happens next depends on what was specifiedlfices. If allfiles is equal to 'Y’, then a
text file called “AllinputFiles.txt” is opened. Thtext file contains a value foif, which is the
number of input files listed in the text file, foed by the names of all of the input files.
Appendix G shows what “AllinputFiles.txt” looks kkas it contains all of the input files
provided by Cook [23]. It should be noted thasttaxt file, as well as the inputs and outputs,
are contained in a directory called “1&0” for comience. The value faroif is read into the
program from “AllinputFiles.txt”. The array§lenames; andQ,,,,..s; are then allocated, which
means their dimensions are defined, with the vafusif. The names of the input files are read
from “AllinputFiles.txt” and assigned as valuesfidénames;. The PFSC is then run via the
subroutinenputsfor each value ofilenames;, or each input file.Inputsreturns the maximum
allowable power for each case, which are readthrgarrayQ,, ,..s;- The values of this array
are written into an output text file so that theyde easily copied and pasted into a table. The

time is also recorded as all of the cases areusing the in-code functiorpu_time
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IF (allfiles=="Y¥') THENW
CPEN (unit=12, file="TaC/A11InputFile=s.cxt™)
RELAD (12, *)noif
ALLOCATE (filenames (noif) , maxes (noif))
Do i=1,noif
EEAD (12, *) filenames (1)
END Lo
CALL cpu time (start)
D2 i=1,noif
CALL Inputs(filenames(i),allfiles,Q maxes(i))
END DO
CALL cpu time (finish)
CPEN (unit=17, file="MHaxFPowers.0")
D2 i=1,noif
WRITE(17,"(f6.2)")Q maxes (i)
END DO
CLOSE (17)

If ‘N’ is chosen forallfiles, then the user selects which input file is todoe r

ELSE
WRITE (*,*) 'Enter Case Study:'’
RELD*, filename
CALL cpu time (start)
CALL Inputs(filename,allfiles, max)
CALL cpu time (finish)
END IF

Qmaxesi andQ,,,, are named differently becaugg,, ... ; is an array used for the maximum
powers for all of the cases, wheréas, . is a single variable. FORTRAN 90 does not actiept
same name to be used for an array and a varifielefore they need two distinct names. The
same thing goes fdilenames; andfilename. The following coding formats the recorded time
to display hours, minutes, and seconds. If the igrless than an hour, then hours are not

displayed. If it is less than 60 seconds, therutes are not displayed.
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hours=FLOOR [ (finish-start)/3600)
IF (hours<l) THEHN
minutes=FLOCR ( (finish-start) /s 60)
IF (minutes<l) THEHN
seconds=finish-start

PRINT " ("™ Time taken = ",f6.3," =zec.")',seconds
ELSE
seconds= | ( (finish-=start) /60) -minutes) *60
PRINT ' ("™ Time taken = ",£3.0," min.,",£f4.0," sec.")',minutes, seconds
END IF
ELSE
minutes=FLOCR ([ ( (finish-=start) /3600) -hours) *&0)
seconds=( ( ([ (finish-start) /3600) -hours) *60) -minutes) 60
PRINT ' ("™ Time taken = ",f£3.0," hr.,".f4.0," min.,",£f4.0,"™ =sec.™)', &
hours, minutes, seconds
END IF

SUBROUTINE Inputs(filename, allfiles, Qnqx):

INPUTS:filename allfiles

OUTPUTS:Q,10x

The main purpose of this subroutine is to tranafieof the data from the input file into
FORTRAN and convert them into variables that aelua the PFSC’s equations. An example
of what an input file looks like is shown in Appexiéi. The input files all have an extension of
.DAT, while the output files have an extension@f .The following equations define these

extensions, as well as the directory that both affites belong in.
filedir="'T
inext=".0DA&
outext=".C

These extensions are then combined with the nartteohput file filename so that the names

of the input and output files are fully defined kvthe directory they go in.

infile=TRIM (ADJUSTL (filedir))//TRIM (ADJUSTL (filename) ) //TRIM (ADJUSTL (inext) )
outfile=TRIM (ADJUSTL (filedir))//TRIM (ADJUSTL (filename) ) //TRIM (ADJUSTL (outext) )

The input file is designated as the variablée, while the output is calledutfile. An OPEN
statement is used to open the input file to acaksd its data.

OPEN (unit=13, file=infile)

The first line of the input file is a descriptiohtbe case study. This description is read in& th

code as an array of characters call€tLE;, using theREAD statement.

READ(13,1) (TITLE(i),i=1, 18)
1 FORMAT (18A4)
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Several variables and flags are read into the cdthe. type of coolant in the channels is
specified by the variabliguid, which can be either ‘H20’ or ‘D20’LCO is the limiting criteria
option, which specifies what the criterion is.islequal to 1 for burnout with the recommended
uncertainty factorsi{’ = 0.019, Kj,,, ,,,;; = 0.15, andC = 0.8), 2 for burnout with mean
uncertainty factorsi{’ = 0.023, K, ,0,;; = 0.18, andC = 1), 3 for incipient boiling, 4 for flow
excursion, 5 for critical heat flux, 6 for point wét vapor generation, or 7 for saturation to occur
CCOis the cold channel option for Part IlI; it is ejt@?2 if the heat transfer analysis is done on
the cold channel or 1 if the hot channel is useéid)O is the option to calculate the maximum
power at the final time incrementtQO = 2 for maximum powerMQO = 1 to run through code
at the nominal power onlyOXD, DFN, andHSF are flags that determine whether surface
oxidation, deflections, and the hot spot factortheffuel plates are considered. They equal 1 for
no, 2 for yes.

READ (13, *) fluid, LCO, CCO, MQO, OXD, DFN, HSF

The numbers of radial and axial increments in teant channel mesh are read into the
program, denoted as andn, as well as the number of time incremenisi. A is the nominal
heat transfer area in the core, f #hile t is the fuel plate thickness in mil. The fractinfithe
heat deposited in the fuel assembly is denotgd asile @, is the heat generation in the side
plates at a reactor power of 100 MW, with unit@ai/hr-in’.

READ (13, *)m,n,noti, A, t,£,Q SP

After m, n, andnoti are defined and read into the program, all ofvéméables that are arrays or
matrices are allocated with these values. Thanalthe program to use any valuesifgm, and

noti.

LLLOCATE (U4 (m,n) U5 (m,n), T MA file(m,n,2))
ALLOCATE (DELTAYT (m, 2) , DELTA=s (m+1,2),8(m,2) ,U25(m,2) ,DELTAZ (n,2),Z2(n,2))

LLLOCATE (phi prime (m,n,2,noti),phi(n,n,2),thetanoti))

LLLOCATE (T 51 (m,n,2),p2i 2(m,n,2),T S5nHl (n,n,2),psi nH2 (n,n,2))

LLLOCATE (T_5nC1 (m,n,2),p2i nC2(m,n,2),T SwHl (m,n,2),psi wHZ (m,n,2))
LLLOCATE (T_5wCl (m,n,2),psi wC2(m,n,2))
LLLOCATE (T 5(m,n,2),T SnH(mn,n,2),T 5nCim,n,2),T SwH(m,n,2),T SwC(m,n,2}))

LLLOCATE (p2i 1 (m,n,2),psi nHl (m,n,2),psi nCl(m,n,2),psi wHl (m,n,2), &
p2i wCl(m,n,2))

Qu,0 is the heat generation in the coolant at a regeiarer of 100 MW, with units of Btu/hr-fn

P is the pressure of the coolant at the entranclkeofdactor vessel, in psi&. is the reactor
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power level in MW.AP;. is the pressure drop across the fuel elementsia g, is the
coefficient used in the SSHTC friction factdf;, is the inlet temperature of the coolant, in °F.
B is the constant used in the relationship for tfeeaase in fuel plate thickness due to radiation
swelling, in mil/hr.

READ (13, *)Q H20,P,Q,DELTAP F,F coef,T in,B

Values for the array; are read into the program, which are used to s#leduel deflection
geometry. For Case §, = 1 and the other three values are 0. Simil&rly;= 1 and the others
are O for Case 2, etc., for the other cases.

EEAD (13, *) (xi(i),1i=1,4)

The next several lines read in the uncertaintyofachor various parameters, as used in the

SSHTC. These factors are assigned as values toridngJ;.

READ (13, #) (U(i),i=1,T)
READ (13, *) (U{i),i=8, 14)
READ (13, *) (U(i),i=15,21)
READ (13, *) (U(i),i=22,24)

U, andUg, which are the uncertainty factors for the averfagé concentration in the hot and
cold plates, depend on both spatial and axial posji]. Therefore, these two parameters are

both matrices, and read into the program separftaty the other uncertainty factors.
Do 3=1,n

READ (13, *) (U4 (i,3),i=1,m)
END DO
Do 3=1,n

READ (13, *) (U5 (i,3),i=1,m)
END DO
The next line contains values for the inner aneiodiameters in inches for the inner and outer
side plates of the inner and outer fuel elemefitsese diameters are denotedas;;, Dsp;io,
DSPioia DSPiOO’ DSPoiia DSPOiO’ DSPooia andDSPooo-
READ(13,*)D SPiii,D SPiio,D SPini,D SPico,D SPoii,D SPoio,D SPooi,D SPooo
Anin IS the flow area in the annulus between the ifuelrelement and the target holder and
Aqp 1S the minimum flow area in the annulus betweenitimer and outer fuel elements, both in
units of irf. The thermal conductivity and coefficient of timal expansion of the side plate
material are both read into the program and detgrask;, andas,. They have units of

Btu/hr-ft-°F and 1/°F.
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READ (13, *)A min,A lab,k sp,alpha sp

The thermal conductivity, ;.. of the aluminum oxide, which is called boehmigealiso read
and has units of Btu/hr-ft-°Fs /D, is the ratio of the absolute surface roughnesseplates to
the hydraulic diameter.

READ (13, *) k_oxide, epsilonD e

The next several lines contain values that areispée the inner and outer fuel elements.
Therefore, these values are read twice into thgraro—once for the inner, and then the outer.
The first line of variables containg, the average fuel element coolant channel thickpesr to
reactor operation, in milr is the outside radius of the generating circlettierinvolute curves
of the given element, with units of inches. Theatale 1, is the wavelength of the sinusoidal
longitudinal buckling of the fuel plate in inchesP,, ;. is the initial guess for the average
differential pressure across a fuel plate betweearsow coolant channel and a wide coolant
channel, in psia. The average channel thicknessbg narrow and wide coolant channels prior
to reactor operation are denoteccasinde,,, while e, ,,,;,, is the minimum thickness of the
narrow coolant channel prior to reactor operatidhese thickness values each have units of mil.
READ (13, *)e A(k),R(k),lambda g(k),DELTAP nwfile(k),e n(k),e wik),e n mink)

In the next lineg,, ,,,;,, is the minimum thickness of the wide coolant cleywhilee, . ande,,,
are the thicknesses of the inlet/exit of the narama wide coolant channels, all in mi.P is the
number of plates in the given fuel element.

READ(13,*)e_w min(k),e ne(k),e we(k), NP (k)

Ar; is the radial increment for each nagen inches. The code is written to read 7 vahfesr;

from each line. Therefore, in the input file agliwith Ar; values can have no more than 7 values.

DO x=1,CEILING(m/7.)

IF (%x<CEILING(m/7.)) THEN
RELD (13, *) (DELTAr (i, k),i=(T*x) -6, T*x)
ELSE
RELD (13, *) (DELTAr (i, k),i=(T7*x)-6,m)
END IF
END DO

Az; is the longitudinal axial increment for in thdirection, in inches. The code reads 10 values

per line for this variable.
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DO x=1,CEILING(n/10.)

IF (x<CEILING(n/10.)) THEN
READ (13, *) (DELTR=z (3, k), j=(10%x) -9, 10*x)
ELSE
READ (13, *) (DELTR=z (3, k) ,j=(10%x)-9,n)
END IF
END DO

AD is the amplitude of the initial sinusoidal wavetlwe coolant channel thickness, in mil.

READ (13, *) DELTAD (k)

U,s; is the flux peaking factor for fuel extending bagdts nominal axial boundaries. Similar to
Ar;, there can be no more than 7 values per lineanriput file. If the hot spot factors are being

neglected, then these values are simply equal to 1.
D0 x=1,CEILING(m/7.)

IF (x<CEILING (m/7.)) THEN
READ (13, #) (U25 (i, k) ,i=(T*x) -6, T*x)
ELSE
READ (13, #) (U25 (i, k) ,i=(T*x)-6,m)
END IF
END DO
IF (HSF==1) THEN
DO i=1,m
U25 (i, k)=1
END DO
END IF

Initial guesses for the metal temperatufgs;; in the average fuel plate are then read into the

program. These guesses are designatégl as,.;;.

DO 3=1,n
READ (13, *) (T_MA file(i,j, k),i=1,m)
END DO

The next couple lines are read for each time inergndenoted as The unnormalized power

distribution;; of the fuel plates is read for both the inner anter elements.

Do k=1,2
Do 3=1,n
READ (13, *) (phi prime(i,]),k,1),1i=1,m]
END DO
END DO

The length of the time incremefitis then read, which is in units of hr.
READ (13, *) theta (1)

Finally, if the maximum power option is selectdugr the program will read two new guess
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values for the maximum power and a new guess vYalue’.. Q,..,; andQ,.,, are the starting
points for a trial and error search for the maximallawable power, whil& P, can be specified
at the user’s discretion. These are the last bisato be read from the input file into the

program.

IF [(MQO==2) THEN
RELAD (13, *)Q newl
EERD (13, =) DELTLF F2
READ (13, *)Q newl
ELSE
Q newl=0; DELTAP F2=0; {Q newl=0
END IF

After all the input variables are inserted into togle, several pertinent variables are defined and
calculated. These include the numbegeometric case number, gravitational acceleratjon
conversion factog,, and a dummy diametéx,;; that is used in the side plate temperature

calculations for the inner side plate of the infued element and the outer side plate of the outer

fuel element.

pi=3.14159265359

Caselo=0

Do i=1,4
CazeNo=CaseNo+ (xi (i) *1i)

END DO

g=32.174 'fti/s"2

g c=32.174 !'lb m-ft/1b f-="2

D 5Pii=0

Next the channel thicknesses for the cold chameetalculated. These are only used if the cold

channel option is selected, and are calculatethi&yailowing:

ec = (&1 +&)ey + (&5 +8u)e, (F-1)
e c=((xi(1l)+xiid))*e w)+{(®1(3)+xi(4)])*e _ n) !mil

e ce=((Ri(1l)+xi(2))*e we)+((x1(3)+xi(4))*e _ne] 'mil

e ¢ min=((xi(l)+xi(2))*e w min)+({(®i(3)+xi(4))*e n min) !mil

The longitudinal position for each j is determir®dsumming up all longitudinal increments up

to that position:

j
Z]' = Z AZJ" (F'Z)
j'=1
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DO k=1,2
DO §=1,n
z(j,k)=SUMMATION1Z{1,n,1,2,k,1,5,DELTA=) !in
END DO
END DO

The density of the coolant is then determined atctimnnel inlet:

pin = Density(fluid, U,T;,, P) (F-3)

rho in=Dens(fluid,U(6)*T_in,P} !'lb m/fr"3

The cross sectional arég; of the fuel elements is calculated using somertpet diameter

values. This area has units df ft

o _ 2800t = Diroio) + Dot = Dipio)]
Ti 144 in2/ft?

L fi=((pi/4)*((D_SPooi**2-D SPpio**2)+(D SPioi**2-D SPiio**2)))/144 !fr"2

(F-4)

The distance along the fuel plate involute cukygis calculated for each radial increment:
i—-1

A+ 2[R+ Z Ary (F-5)
i'=1

Ati=1andm + 1, the values of\s; are automatically set equal to 0. The positiamglthe

_ An

As; R

involute arcs; is found by summing of valuess; from 1 toi.

DELTA=s (1,1)=0; DELIA=s(1,2)=0 'in
DELTA= (m+1,1)=0; DELTAs m+l1l,2)=0 !in
Do k=1,2
Do i=2,m
DELTA=s (i, k)= (DELTAr (i, k)/ (2*Rik)))*(DELTArii, k)+(2* (BR(k)+ &
SUMHATICHN1Z (1,m,1,2,k,1,i-1,DELTAT)))) 'in
END DO
D2 i=1,m
s(i,k)=5TUMHATICHN1Z (1, m+l1,1,2,k,1,1i,DELTAs) 'in
END DO
END DO

The fuel plate surface temperatures and fictitttmes are initially set equal to 0. These will be

explained later.

T =1=0; p=si_ 2=0

T =snH1=0; p=si nH2=0
T =snCl=0; psi nC2=0
T swH1=0; psi wH2=0
T awCl=0; psi wC2=0

The PESC will run through its thermal-hydraulicazdations for all the time increments unless
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oxidation is left out. This is because the surfi@reperatures at a given time increment are used
to caculate the oxide thicknesses in the next merd. But if oxidation is neglected, then there
is no need to run through all of the time incremenhstead, only the final increment (at

1 = noti) is run. The first equation in this part of thabysis is the expansion of the fuel plate
thickness due to radiation swelling, which is oodyculated if fuel plate deflections are

considered.

noti

Syr = Uy3B Z 6, (F-6)
I=1
IF (CXD==1) THEHN
IF (DFH==2) THEN
delta VE=U(13)*B*5UMMATION (1,noti,l1,noti,theta) !mil
ELSE
delta VE=0
END IF

The power densities are then normalized for thal time increment via a call to the subroutine
phi_norm The normalized powers are denotedgs
CALL phi norm(m,n,noti,noti, R, DELTAY, DELTAZz, phi prime,phi)

If the maximum power option is selected, then grector power and fuel element pressure drop

are updated tQ,,.,,; andAPy,.

IF (MQO==2) THEN

0= newl

DELTAF F=DELTAF F2
END IF

Finally, the bulk of the thermal-hydraulic equasaare done in the subroutiRarts1thru3

CALL Partslthrul (fluid,allfiles, noti,m,n,noti,LCO, CCO, DFN, HSF, xi, Q, A, T, &

£, Q 5P, Q H20, P, DELTAF F,F coef, T in,D 5Piii,D SPiio,D SPioi,D SPioo, &

Db 5Ppii,D 5Poio,D SPooi,D SPoco,fi min, A lab,k sp,alpha sp,g,g_c.epsilonD e, &
delta VE,k oxide,D 5Pii,rho in, A fi,e A, lambda g,DELTAP nwfile,e n,e w, &

e ne,e we,e n min, NF,DELTAD, e c,e_ce,e_c _min,theta,U,U25,=2,DELTA=, DELTAZ, &
z,U4,05, T MA file,phi,psi 2,psi nH2,pei nCd,psi wH2,pei wC2, T 51, T SnHI1, £

T 5nC1,T SwH1,T SwCl,k 1hf,i 1hf,j 1hf, k mot,i mot, k mfr, i mfr, V F, &

MIN DELTA,P 1hf,w 1hf H 1hf, Tz 1hf, T 1hf, g 1hf, T mot,w mot,w mfr T mfr, &

psi 1,p=2i pHl,p2i nCl,p2i wHl,pei wC1,T 5, T SnH, T 5nC, T SwH, T SwC)

Once this subroutine has been run, the code juorggsef ahead via @O TO statement.

=0 TC 900
END IF

If oxidation is considered, then a similar series@uations is run, but for multiple time
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increments leading up to the final one. Th@ TO statement mentioned above allows the code
to skip over this section if oxidation is left ousimilar to before, the fuel plate expansion due t
radiation swelling and the normalized power deesitire calculated. This time they are

determined at each of the current time incremerasjust the final one.

DG 1=1,noti
IF (DFHN==2) THEN
delta VR=U(13)*B*5UMMATION (1, noti,1,1,theta) !mil
ELSE
delta VE=0
END IF
CALL phi norm(m,n,noti,l, R, DELTAr, DELTAZ, phi prime,phi)

Q andAP; are only updated if it is the final time incremanid the maximum power option is

selected.

IF (l==noti.AND.MQOD=—=2)} THEN
0= newl
DELTAP_F=DELTAP_F2

END IF

Parts1thru3s also run for each time increment.

CALL Partslthru3 (flwid,=zl1files,l,m,n,noti, LCC, CCO, DFN, HS5F, %1, Q. 4, t, £, &

Q 5P, Q H20,P,DELTAP F,F coef, T in,D 5Piiji,D 5Piio,D S5Pioi,D SPico,D SPoii, &
I 5Poio,D 5Pooi,D SPooo,f min, A lab,k sp,alpha sp,g,g c,epsilonD e, &

delta VR,k oxide,D 5Pii,rho in,A fi,e A, lambda g,DELTAP nwfile,e n,e w, &

e ne,e we,e n nin, NP, DELTAD, e c,e ce,e_c min,theta,U,U25, =, DELTA=, DELTAZz, &
z,U4,0U5, T MA file,phi,psi 2,psi nH2,psi nC2,psi wH2,psi wl2, T 51, T SnHl, &

T 5nC1,T SwH1,T SwCl,k 1hf,i 1hf,j 1hf, k mot,i mot, k nfr, i mfr, V F, &

MIN DELTA, P 1hf,w 1hf, H 1hf,Ts 1hf, T 1hf,q 1hf, T mot,w mot,w mfr T mfr, &
psi 1,psi nHl,psi nCl,psi wHl,psi wCl,T 5, T 5nH,T 5nC, T SwH, T SwC)

The fuel plate surface temperatures and fictitttmgs are then updated for each time increment
except for the final one. These updated valuesised as inputs fdtarts1thru3dn the next

increment.

IF (l<noti) THEN
T =21=T =2; T =nH1=T =nH; T =nCl=T =nC:
T swH1=T swH; T =swCl=T =wC:
IF(1>1) THEN
p2i Z=psi 1; psi nHZ=psi nHl; p2i nCi=psi nCl
p2i wHZ=pei wH1l: psi wCi=p=si wCl
END IF
END IF
END DO

At this point, if the maximum power option is nelected, then the code goes to the end of the

subroutinenputsand the program stops.
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900 IF (MQC—=1) THEN
[ max={

GO TO 600
END IF

Otherwise, the program continues on to determiaertximum allowable power. The variable
MIN,, one of the outputs frofarts1thru3is the minimum value for the difference in hoosp
heat flux and corresponding limiting heat flux ofygosition in the channel. If incipient boiling
or saturation is the limiting criterion, then thmnimum difference is between the fuel plate
surface temperature and corresponding incipiefinggsaturation temperature. This value is
kept and recorded as the variableD,,,;,, while the reactor power is saved into a variaialiéed
Qtemp- The reactor power is then updated to the valug,g,,.

OLD MIN=MIN DELTL
Q_temp={
=0 newl

Parts1thru3s run for the final time increment with this upedtvalue forQ. Using the values of
Q, Qtemp» OLDyy, and the new value fdi I N, a guess value for the maximum power is

calculated:

~ AQ - MIN, b
Qmax - Q MINA—OLDMIN ( )
DELTAQ=0-Q temp
0 max=Q- ( (DELTAQ*MIN DELTA)/ (MIN DELTA-OLD MIN))

ECTDIFF Q= ((Q max-Q)/Q) *100

The percent change in the calculated power isckmlated:

PCTDIFF Q=((Q max-Q)/Q)*100

This percentage is used as convergence criteridefi@rmining the maximum power. The next
part of the code repeats and calculates new gaédsssvforQ,, ., until they converge to within

0.1%.

DO WHILE (ABS (PCTDIFF Q)>.1)
700 DELTAQ=0-Q temp
Q max=Q- { (DELTAQ*MIN DELTA)/ (MIN DELTA-OLD MIN))
ECTDIFF Q=((Q max-Q)/Q) *100

Q temp=Q
=0 max
OLD MIN=MTN DELTA

Parts1thruds run next to produce a new value f6fN,. WhenQ,,,, converges to within
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0.1%, then the code moves on. The rest of thisostiine formats the maximum power, as it is
displayed on the terminal, as well as other lingituariables in the hot streak that are printed in
the output files. An example of what an outpug fdoks like is shown in Appendix I.

SUBROUTINE Parts1thru3(fluid, allfiles, 1, m, n, noti, LCO, CCO, DFN, HSF, §;, Q, 4, t,
[ Qspy Qu,o: Py APg, F oty Tins Dspiiis Dspiios Dspiois Dspiois Dspioor Dspoiis Dspoios Dspoois
Dspooos Amins Aiabs Ksps @sp, 9, 9., €/De, 8yr, Koxides Dspiis Pins Afis €4s Ags APy fites €n,
€wi €ne, Cye, en,mina ew,mina NP, AD, €c, e, ec,mina 011 Uia U251 Si, Asi= AZ]-, Zja U4, U51

Tmafiteij Pij Yiji-2s Canijl-2> Yaciji-2» Ywhijl-2> Yweiji-2» Tsiji-1 Tsnaiji-1 Tsnciji-1,
Tswhiji-1s Tswciji-1) Kings lings jing Kmots imots Kmgrs imgrs Ve, MINA, Pipg, Wing, Hypn, Tsing,
Tingy Qingr Tmots Wmots Wmprs Tmfrs Wiji-1» Ynhiji-1: Ynciji-1, Ywhiji-1 Yweiji-10 Tsigl
Tsnijis Tsncijp Tswhijt Tsweigl):

INPUTS:fluid, allfiles, 1, m, n, noti, LCO, CCO, DFN, HSF, &, Q, 4, £, f, Qsp, Qp0. P, AP,
Fcoef’ Tinl DSPiii’ DSPiim DSPioil DSPioi’ DSPioo’ DSPoii’ DSPoio’ DSPooi’ DSPooo’ Amin’ Alabl kSP’
Asp, U, gca S/Dea 6VR1 koxidea DSPiia Pins Afia €4, Ag: Ain,filea €ny €w, €nes wes Enmins Ewmins

NP! AD! €cir Eces ec,minl 91! Ui’ U251 Si ASi’ AZj’ Z]-, U4, U5| TMA,filei,j’ ¢i,j’ lpi,j,l—Z’ lani,j,l—Zl

Ynciji-2s Ywhijl-2) Yweiji-2s Tsiji=1s Tsnaijl-1s Lsncijl-1» IswHijl-1r Iswcijl-1

OUTPUTS K, lingy jings Kmotr imots Kmprs imgrs Vey MINA, Pirgys Wingy Hipns Tsings Tings Qings
Tnots Wmot Winfr Tmfra 1/’1,1,1—11 1/’nHi,j,1—1: lpnCi,j,l—L 1/’wHi,j,1—1: lpri,j,l—la TSi,j,la TSnHi,j,l: TSnCi,j,la
Tswhij1s Tsweij

Parts1lthru®loes the bulk of the thermal-hydraulic calculatiarsthe PFSC, and has the same
main parts as the SSHTC. First, another subrogaiiedNormalConditionds run. This
subroutine runs through the basic thermal-hydraaduations under normal prescribed operating

conditions, with minimal plate deflections.

CALL NormalConditions (fluwid,l,m,n,noti,DFN,A,t,f,Q,P, DELTAP F,F coef, T in, &
alpha sp,rho in,Q HZ20,g,g9 c,epsilonD e,k oxide,delta VR,e_ &, theta,U,DELTAs, &
DELTAZ,=z,T MA file,phi,psi 2,T 5S1,w &, T MA, e, T 5,p=si_1)

The total mass flow rate through the coolant chhisnealculated using the mass flows per unit

spanw,;, which are one of the outputs fradormalConditions

m
As: + As;
Wy = Z Wai (%) (F-8)

i=1
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DO k=1, 2

DO i=1,m
whs (i, kj=w A(i,k)* | (DELTAs (i, k)+DELTAs (i+l,k))/2) !lb m/=
END DO
END Do
w_Rinner=5UMMATION1Z (l,m,1,2,1,1,m,whAs) !lb m/=
w_Router=5UMMATION1Z (l,m,1,2,2,1,m,whs) !lb m/ =

From the mass flow rates, the volumetric flow tt@ugh all of the fuel elements is calculated:

448.831 fg;;‘;
Vp = p— (NpinnerWA,inner + NpouterWA,outeT) (F-9)
mn
V_F=(448.831/rho_in)*( (NP(1l)*w Rinner)+(NP(2)*w Router)) !gpm

The flow rate through the labyrinth between thd &lements is calculated next, using an

experimental relationship between the change iewead and flow rate:

1
1.85

in?
144 I APFgC
0.0192 pig

Viap = (F-10)
V_1lab={((144/.01592)* ( (DELTAP F*g c)/(rho_in*g)))**(1/1.85) 'gpm
The volumetric flow rate through the entire fueda®bly is then calculated by addiigand
Viab-
Vas = Vi + Vigp (F-11)
V_AS=V 1lab+V F !gpm
The pressure drop through the entire core is catiedlby adding the pressure drop through the
fuel elements to the core inlet pressure difference
+ LO_SP. V2

144 in2 /ft2 " AS

DELTAPF core=DELTAP F+(((7TE-8*rho_in)/144)*V _A5%*2) !p=sia

AP.ore = APg (F-lZ)

FromAP,,,., the volumetric flow rate in the control regiorcelculated:

Ve = 36.6(AP.,0)%72° (F-13)
V C=36.6*DELTAP core**.725 !gpm

AP.,,. is also used to calculate the flow rate in the &imsbetween the inner fuel element and
the target holdey;;, via a call to the subroutinenerFlowRate

CALL InnerFlowRate (DELTAP core,V ii)
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Several outputs from the next subroutitetliDeflectionsare used as inputs to the subroutine
HotStreak which include the mass flow rates and channektigsses for both the narrow and
wide channels. However, if the fuel plate deflect are neglected, then these values are set
equal to the mass flow rates frasimrmalConditionsand the constant channel thickness of
The GO TOstatement allows the code to then skip over the gldte temperature calculations

andPartliDeflections

IF (DFN==1) THEN

Do k=1,2
DO i=1l,m
wn(i, kj=w BA(i k) !1b m/in-s
wwii,kj=w B(i, k) !1b m/in-s
Do j=1,n

D nii,j,k)=e_&Rk) 'mil
D wii,j,k)=e_&(k) 'mil
END DO
END DO
END DO
o TC 1000
END IF

If deflections are included, then the program rimeugh the subroutin®idePlateTemp

multiple times in order to calculate the temperesusf the side plates. This subroutine is only
run if the deflections option has been selectethaside plate temperatures are only used in the
calculation of one of the plate deflection mechansisSidePlateTemis run four times to

calculate temperatures for the inner side plath@®inner fuel element, the outer side plate of the
inner fuel element, the inner side plate of theepfiiel element, and the outer side plate of the
outer fuel element. This subroutine uses diffeneptit values, such as different side plate

diameters, flow rates, and cross sectional areashé different side plates.

CALL SidePlateTemp (fluid, 'InnexIoner',m,n,t,Q 5P, H20,Q,P,T in, D SPiii, &
Db 5Piio,D 5Pii,D 5Pii, A min,k sp,rho in,e A{l),V ii,F coef,epsilonl e, &
g,9 <, J,w A DELTAs,z,e,T SPiiJ

CALL 51dePlatETenp|flJld 'Imnerfuter’', m,n,t,Q 5P, Q HXO,Q,P,T in,D SPioi, &
I 5Pioo,D 5Poii,D SPoio,f lab,k sp,rho in,e A(1),V lab,F coef, &

epsilonl e,g,g9 c,U,w A, DELTA=,z,e,T 5Pio)

CALL 51dePlatETenp|flJld 'CuterInner’', m,n,t,Q 5P, Q HXO,Q, P, T in,D SPoii, &
I 5Poio,D 5Pipi,D SPico,& lab,k sp,rho in,e A(2),V lab,F coef, &

Ep51101D 2,9,9_C, U w_h, DELTAS z,e,T 5Poi)

CALL 51dePlatETenp|flJld 'Cuterfuter’' , m,n,t,Q 5P, Q HXO,Q,F,T in,D SPooi, &
I 5Pooo,D 5Pii,D 5Pii, A lab,k sp,rho in,e A(2),V C,F coef, Ep51101D_E, &
g,g <, J,w A DELTA=,z,e,T SFPoo)

The side plate temperatures are used as inp&tsrtdDeflections This subroutine is similar to
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NormalConditiongdut it takes into account the various mechanisnteefuel plate deflections

to calculate new values for the channel thicknesses

CALL PartIIDeflections (fluid,l,m,n,noti,xi a,t,f,Q,F,DELTAF F,F coef, T in, &
rho in,Q HIO,g,g c,epsilonD e,k oxide,delta VR,alpha SP,lambda g, &

DELTAF nwfile,e n,e w,e ne,e we, DELTAD, theta,U,w &,=2,DELTA=s, DELTAZ, =z, T MA, &

T 5Pii, T 5Pio,T 5Poi,T SPoo,U4,US,phi,psi nH2,psi nC2,psi wH2, psi wC2, £

T 5nH1,T 5n€1,T 5wH1,T SwCl,w n,w w,0 n, 0 w,T 5nH,T 5nC,T SwH,T SwC,psi nH1, &
psi nCl,psi wHl,p=si wll)

If a case study is being run that has multiple tineeements, then the PFSC will display the
current time increment and nominal reactor powethenterminal. This is done if only one case
study is being analyzed. If the program is atfiha time increment, then this line of code is

skipped.

1000 IF (1/=noti) THEN
IF (allfiles=='N') THEN
WRITE (*,101)1
WRITE (*,102)Q
PRINT*, ' °
END IF
GO TO 500
END IF

If the cold channel option is selected, then thesibbw rates and channel thicknesses from
PartliDeflectionsneed to be specified. Similardg, e.., ande, ,,,;,,, these values are equal to

those of the wide channeléf oré, = 1 and the narrow channeldf or &, = 1.
W oo=((®L(1)+xi(2))*w w)+((xi(3)+xi(4))*w_n) !'lb m/in-=
D e={(xi(1l)+x1(2))*D w)+{(®1(3)+=x1(4))*D n) 'mil

For the final time increment, the program goesugtothe subroutinelotStreak This also does
similar calculations tdlormalConditionsbut it does them for the hot streak and hot sjpotise
channel. Furthermore, it uses the limiting crdarto find the limiting heat flux or surface
temperature in the channel. If the hot plate &yaed, therHotStreakuses narrow channel
thicknesses and mass flow rates as inputs. Bléi€old channel option is selected, then the

subroutine uses the cold channel thicknesses amtréites as specified above.

184



IF (CCC—==1) THEN
CALL HotStreak|fluwid,LCO,CCO,DFHN,H5F,m,n,4,t,f,Q, P, DELTAF F,F coef, T in, &
rho in,Q H2O0,g9,9 c,epsilonDl e,V A5, A fi,e n,e n min,e ne, DELTAD, U, w n, &
U25,=s,DELTAz, z,phi,D n,k 1hf, i 1hf,j 1hf, k mot,i mot,k mfr, &
i mfr MIN DELTA,FP 1hf,w 1hf H 1hf,Ts 1hf, T 1hf, g 1hf, T mot,w mot,w mfr, &
T mfr)
ELSE
CALL HotStreak(fluwid,LCO,CCO,DFN,HSF,m,n,A,t,L,Q,F, DELTAFP F,F coef, T in, &
rho in,Q H2G,g,g9 c,epsilonD e,V A5, 4 fi, e c,e ¢ min,e ce,DELTAD, U, w c, &
U25,=s,DELTAZz, 2,phi,D c,k 1hf, i 1hf,j 1hf, k mot,i mot,k mfr, &
i mfr,MIN DELTA,F 1hf,w 1hf,H 1hf,Ts 1hf,T 1hf,q 1hf,T mot,w mot,w mfr, &
T nfr)
END IF

F.2. Partl.F90
SUBROUTINE phi_norm(m, n, noti, I, R, Ar, Azj, ¢;;, ¢;j):

INPUTS:m, n, noti, |, R, Ar;, Az, ¢,
OUTPUTS:¢);;

This subroutine is used to normalize the power itiessn the inner and outer fuel elements at

the specified time incremeht Two factorsV,. andN,. are calculated as shown below:

m—2 n—2 i—-1
Blgyr + Blys + DLy +
My = Z Z (i1 + ) i TRAI Az |2( R+ ZAri. + Ar | Ar, (F-14)
i=4-j=4- i'=1
m-—2n—-2 i—-1
NFAC = Z Z AZJ 2| R+ Z Ari' + AT‘I AT‘I (F‘].S)
i=4j=4 i'=1
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DO k=1,2
DO i=2,m
SIGMAT (i, k) =SUMMATICON12 (1,m,1,2,k,1,i-1,DELTAT)
END DO
END DO

DO k=1,2
DO i=4,m-2
DO j=4,n-2
M ij(i,3,k)=((phi_ prime(i-1,3-1,k,1)+phi prime (i, j-1,k,1)+ &
phi_prime(i-1,3j,%,1)+phi prime(i,Jj, k,1))/4)*DELTAz (i, k)*((2* &
(R(k)+5IGMAT (i, k}))+DELTAT (i, k) ) *DELTAT (i, k)
END DO
END DO
M_FAC (k) =DOUBLESUM (4,m-2,4,n-2,1,2,k, 4,m-2,4,n-2,M ij)
END DO

DO k=1, 32
DO i=4,m-2
DO j=4,n-2
N ij(i,3,k)=DELTAz (i, k)*((2* (R(k)+5IGMAr (i, k)))+DELTAr (i, k) ) *DELTAr (i, k)
END DO
END DO
N_FAC (k) =DOUBLESUM (4,m-2,4,n-2,1,2,k,4,m-2,4,n-2,N ij)
END DO

The normalization factob, . is then calculated:

MFAC,inner + MFAC,outer
Prac = (F-16)
N, ; + N
FAC,inner FAC,outer

PHI FAC=SUM (M FAC)/SUM(N_FAC)
This factor is used to normalize the power dersitie

b = bi;
Y Dpae

DO k=1, 2
DO i=1,m
DO 3=1,n
phi (i,3,k)=phi_prime(i,j, k,1)/PHI_FAC
END DO
END DO
END DO

(F-17)
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SUBROUTINE NormalConditions(fluid, 1, m, n, noti, DFN, 4, ¢, f, Q, P, APg, Fco¢f, T,
®sp, Pins QH,0: 9 9.1 €/Des Koxides Ovr, €4, 01, Uy, As;, Az;, Zj, Tyy fiteijr Pijs Wiji-2- Tsiji-1,
Wi, Ty €3 Tsijr Piji-1):

INPUTS:fluid, 1, m, n, noti, DFN, A, t, f, Q, P, APg, Feoer, Tin, @spy Pins Qo0 9 9,5 €/ De,
koxidges Ovr» €4, 01, Ui, As;, Az, z;, Tyafiteijr Pijr Yiji—2» Tsijl-1

OUTPUTS:Wyi, Tuaj €ijs Tsijo Yiji-1

The subroutinélormalConditiongerforms a series of thermal-hydraulic calculagion the
channel under normal operating conditions. Thesautations include the mass flow rate, bulk
fluid temperature, surface temperature, channekti@sses if expansion due to heating and
oxidation are considered, and the average metadé¢eatures down the length of the fuel plate.
The first equation in this subroutine is used thndel.,,,,, which is a product of more than one
of the uncertainty factors.

Utemp = U1U; (F-18)

U _temp=U(1)*U(2)

The rest of the subroutine is run twice; once lierinner fuel elements, and once for the outer.
A matrix is then set up that multiplies the averpgever density of a positigrby its
corresponding axial increment. These values ad ursthe summation term for the bulk fluid

temperature later on.
DO i=1,m

DO §=2,n

phi_z(i,3j,k)=((phi(i,j-1,k)+phi(i,j,k))/2)*DELTAzZ (], k)

END DO
END DO
Guess values are then assigned to the mass fleywvhich are set equal to Ifin-s. The bulk
temperature gt= 1 is also assumed to be equalid;,,. The bulk temperature is designated as
Tij;; in the code as opposedTg because the thickness of the fuel plates is dedrest and

FORTRAN cannot use the same letter for both a blriand a matrix.

DO i=1,m
Wwi{i,k)=1 !1b m/in-=
Tij(i,1,k)=U(&)*T_din !F
END DO

The decrease in channel thickness due to oxidduguil,; ; is initially neglected, while values

for the metal temperature are initially set eqodlyt, r;..;; from the input file. The surface heat
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flux is then calculated for eadfp with the following:

. Btu/hr Qf
qij = 3.412 - 10° MW Utemp I(pi,j (F-19)
DO i=1,m
DO 9=1,n

delta o(i,j, k)=0 !'mil

T MAij(i,j,k)=T MAfile(i,j, k) 'F

g flux(i,3j,k)=3.412E6*U temp* ( (Q*f) /A) *phi(i,j, k) !Bru/hr-fr~2

END DO

END DO
The maximum metal temperature difference is initiaét equal to 1.
MEX T(k)=1
The next part of the code is then run in@ loop until the calculated values for the average
metal temperature converge to within 0.1°F. Thisnsured by running tteO loop until
MAXy, which is the maximum temperature differencegigat to less than 0.1°F. At the start of
the loop, the previous valuesf,;; are kept.
0ldT MA(i,j,k)=T MAij(i, 3, k) !F
If the deflections option is selected, then theagrgion of the fuel plate thickness due to heating
is calculated.
6Ai,j = U120.50(5pt(TMAi,j - 700F) (F'ZO)

IF (DFH==2) THENW
delta A(i,],k)=U(l2)*.5%alpha sp*t* (oldT MA(i,j,k)-70) !'mil
ELSE
delta A(i,j,k)=0
END IF

The coolant channel thickness is then calculateédohi,;.

ei,j =€y — 26Ai,j - 26VR - 2601’]' (F‘Zl)
e(i,j, kj=e_A(k)-(2*delta &A(i,]j,k))-(2*delta VR)-(2*delta o(i,j k)) 'mil

Two new matrices are defined using average chdahioéinesses and axial increments, which

will be used later in summations for calculating thass flow rate and bulk fluid temperature.

DO i=1,m
DO 3=2,n
e z(i,3,k)=(DELTAz (j,k)/1000)*((e(i,i-1,k)+e(i,i,k))/2) !in~2
e3 z(i,3,k)=(DELTAz (i, k) *1000%12000%*2)/ ((e(i,3-1,k)+ &
e(i,d,k))/2)**3 11/ft"2
END DO
END DO
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The subroutiné/lassFlowis then called to calculate the values for thesilsv ratew,;, using

the momentum equation.

CALL Ma=s=sFlow(fluid,km,n 4,t,£,Q, P, 2(n, k) ,DELTAP F,F coef, T in,rho_in, &
Q H20,g9,9 c,epsilonD e, U temp,e &4,U,w,phi z,e z,e3_z,w_A0)

The mass flow rate outputs framassFloware denoted as,,;, and are arranged in only a one-
dimensional array. The values of the mass flow fait the current fuel element (either inner or
outer) are set equal to the valuesgf; calculated at that element. Furthermore, thegyues
values for the mass flow that are used as inputétesFloware updated and used as guesses for
the next run through theO loop.

DO i=1,m
w Bii, kj=w Ac(i) !lb m/in-=
wii,k}j=w Ao (i) !'lb m/in-=
END DO

Using the mass flow rate values as inpBtskFluidTempthen calculates the bulk fluid
temperature for eadlj via the energy equation, as well as some progerfi¢he fluid at those

temperatures.

CALL BulkFluidTemp |(fluid,k,m,n, A, £,Q,PF,F coef, T in,rho in, H20,g,g c, &
epsilonl e, U temp,e A, U, w A, z,e,phi z,e 2,83 2,T o,rho o,mu o,Re Do)

Similar to the mass flow rates, the temperaturesvastosities of the current element are set
equal to the output values frodulkFluidTemp

D2 i=1,m
Do §=1,n
Tij(i,3,%k)=T ofi,j) 'F
ma(i,j,k)=mu of(i,Jj) !1b m/fr-hr
END Lo
END Lo

The bulk fluid temperatures and viscosities ardnluilized as inputs to the subroutine
SurfaceTempwhich calculates the fuel plate surface tempeeatfieach,j using the Hausen
correlation and Newton’s Law of Cooling. The saddemperatures of the current element are

set equal to the surface temperature outputs arfaceTemp

CLLL SurfaceTemp (fluid,k,mn,U(8),P,w A, z,e,Tij,mu, g flux, T So)
DO i=1,m
DO j=1,n
T 5(i,3,k)=T _50(i,Jj) !'F
END DO
END DO

The surface temperatures are used to calculatxille film thickness on the surface of the fuel
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plates. For the first time increment, this is dbgehe following:

X, = 443U,09778 —9230 (F-22)
W= UL P\ T+ 459.67°F
For subsequent time increments, the oxide filmkiméss is calculated by:
0.778 —8280
Xii = 443Uq( ;) 0 F-23
10643(Tsij -1 — Tsij1)
Yijir = (Pijiz + 611) exp[ < - (F-23b)
(Tsij1-1 + 459.67)(Ts;;) + 459.67°F)

The fictitious timey; ;_, is calculated using the surface temperatures teataculated at the

current and previous time increments.

D i=1,m
Do §=1,n
IF (1==1) THEN
¥X{i,3,k)=443*0U(9) *theta (1) **.778%exp (-8280/ (T 5(1i,j,k)+459.67)) !mil
ELSE
psi lii,j.ki=(psi_2(i,],k)+theta(l-1))*exp((10643*(T_S1(1i,j,k)- &
T 5(i,3,k)))/ (T _S51(i,3,k)+459.67)*(T 5(1i,j,k)+459.67))) 'hr
X(i,3,k)=443*U(9)* (theta(l)+psi 1(i,J.k))**.T778%exp(-8280/ &
(T 5(1i,3,k)+459.67)) !mil
END IF
END DO
END DO

If OXD = 1, then the values of;; will automatically be equal to zero because tluzdeulations
would only be run for the final time incremertt,; = 0 during the final time increment and no
new values for the fictitious time would be caltaty therefore the oxide film thickness ends up

being neglected. New values for the metal tempegaire then calculated.

n
(o . qij i if X, < 3 mil
T, "4 SU112,000 mil /ft - ko yige 0T (F-24)
MAi,j _— q;; - 3 mil if X.. > 3 mil
L ST 12,000 mil/fe Kopige
oo i=3rﬂ'_2
o 3=1,n
IF (¥(i,3,k)<=3) THENW
T MAij(i,3,k)=T_S(i,3,k)+((g flux(i, i, k)*X(i,3,k))/(12000%k oxide)) !F
ELSE
T MAij(i,3,k)=T S(i,3,k)+((q £lux(i,j, k) *3)/(12000%k oxide)) !F
END IF
END DO
END DO
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New values for the decrease in fuel plate thickmiegsto oxide buildup are also calculated.

°i = 10.6078 ifX;; > 3 mil (2
DO i=1,m
Do j=1,n

IF (X({i,d,k)<=3) THEN
delta o(i,j k)=.2026*X(1i,],k] 'mil
ELSE
delta o(i,j,k)=.6078 !mil
END IF
END DO
END DO

Differences between the new values'pf,;; and the values from the previous run of e
loop are tabulatedM AX; is then calculated from these values using thetionMAXVAL .

TheDO loop is repeated unt AX; equals 0.1°F or less.

DO i=1,m
DO 3=1,n
DIFF T(i,3)=ABS(T MAij(i,j, k)-oldT MA(i, 3, k))
END DO
END DO

MAX T (k)=MAXVAL(DIFF T)
Once the values fdf,4;; converge, the average metal temperature distob@tj ,; of the fuel
plate along the length of the fuel element is dakewl.

—o (Tmai-1j T Tmaij
m 2< i-1,j 11>ASi

i=4 2

s = (F-26)

J m-—2
DO i=2,m

D0 i=1,n

T ds(i,3j,k)=((T _MAij(i-1,3,k)+T MAij(i,3,k))/2)*DELTAs (i, k) 'F-in

END Do
END Do
0o i=1,n

T MA(j,k)=SUMMATION123(2,m,1,n,1,2,k,i,4,m-2,T ds)/ &
SUMMATION1Z2 (1,m+1,1,2,k,4,m-2,DELTAs) !F
END DO

SUBROUTINE MassFlow(fluid, k, m, n, A, ¢, f, Q, P, L, AP, F e, Tin, Pins Quy0: 95 9.
£/De, Utempl e, Ui’ w;, ¢Zi,]'! eZi,]-, eBZi']', Woi):

INPUTSﬂuM,kJnJLA,Lf)Q,PJ”AEﬁEmﬁwﬂnJMuQHﬂ,ggwsﬂ%,Umee,m,Wh
d)Zi,j’ eZi,]' , 3321,]'
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OUTPUTS:w,;

MassFlowuses the momentum equation, with the fuel elempezgsure drop and channel
thicknesses as the main inputs, to calculate thesihaw rates per unit span in the channel. This
subroutine first assigns guess values to the ni@asséte to the input values and calculates

several properties of the fluid used in the momenégjuation at the inlet temperature.

D2 i=1,m
w_ojij=w(i, k)

rho ave (i)=rho in !lb m/ft"3
ma_ave (1)=Visc(fluid,U(6)*T_in,P) !'lb m/Ift-hr
¢ pave (1)=Cp (fluid,J(6)*T_in,P) !'Btu/lbk m-F
rho exit(i)=rho in !1b m/ft"3

END DO

Solving for the flow rates is an iterative procedsch ends when values converge to within
0.1%. The percent differences are initially asstya value of 1.

PCTDIFF w=1

A DO loop is then opened for eacthat runs until the percent difference between asd/
previous values for the mass flow rate is less tiraggual to 0.1%. The previous value of the
mass rate is kept in theO loop.

oldw(i)=w o(i) !1b m/in-s

The Reynolds number is then calculated using theviong:

2wy - 12 in/ft- 3,600 s/hr
Rep; =

(F-27)

Mavai

Be D(i)=(2*o0ldw(i)*12*3600) /mu_awve (i)

UsingRep; ande/D,, the friction factor is calculated via a call keetsubroutin€olebrookFac
CALL ColebrookFaciepsilonD e,Re D(i),F coef, f fric(i))

The bulk coolant temperature rise across the leofgthe channel is calculated for edalsing

an equation similar to Eq. (4-141):
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gL

ATpuiki = 73
in ft-1b
12107782800 Cpype;
1440wk, 1 1 0.04
+ 2|72 Tz T 2
ft-Ibg e Pin  Pexit,i Pin
27782 5 9 Craves | 7 g0 ™
’ ft
n
(1 e 2 1 l n U1QU17QH20 Z ei’j_l + ei,j AZJ
2 . S . i
e+t pexit,i 100 MW 31600 hr WoiCPave,i = 2 1,000 r?—[il
Btu/s n
L 2 AT B UiempOf " D1 + i
— i
144 lfn? ' AWoiCPave,i =2 2
in? 2 n il i 2
14400« friwd; Az;+1,000 22 - (12,000 2I (F-28)
4. felbs . o 2 N \3 i
4-778.2 Tuf gcpave,iCPave,i = €ij—1 + €i;
2
DELTAT bulk{ij=((g*L)/ (12*778.2*g c*c pave(i)))+(((144*oldw(i)**2)/ (2" &
T78.2*g_c*c _pave (i) *(e(k)/12000)**2))*{(1l/rho_in**2)-(1l/rho exit(i)**2)- &
[04/rho in**2)-((1-(e(k)/(e(kj+t)))**2* (1/rho exic(i)**2)) )1+ (((T{1)*Q* &
T{17)*Q H20)/ (100+3600*%0ldw (1) *c_pave(l)) ) ~SUMMATIONZ13 (1, m,2,n,1,2,k, 1, &
Z,n,e_z) )+ (2%947.8% ((U_temp*Q*f)/ (144*A*oldw (i) *c_pave (i) ) ) *SUMMATIONZI13 &
1,m2,n,1,2,k,i,2,n,phi z))-(((144*f fric(i)*oldw(i)**2)/ (2*7TT8.2*g _c* &
¢ _pave(i)*rho ave(i)**2))*5UMMATIONZ213{l,m,2,n,1,2,k,1,2,n,e3_2)) !'F
The average coolant temperature is then calculated.
1
Tavei = UsTin + 5 ATpyki (F-29)

2
T ave(i)=(U(6)*T_in)+(.5*DELTAT bulk(i)) 'F

New values for the average properties are calalikasevell.

rho ave (i)=Dens (fluid,T ave(i),P) !1b m/fr"3
mu_ave (1)=Visc(fluid,T ave(i),P) !1b m/fr-hr
c_pave (1)=Cp(fluid,T ave(i)}, P} !'Btu/lb m-F

The exit coolant temperature and density are detehn

T exit(i)=(U(6)*T_in)+DELTAT bulkii) !F
rho exit (i)=Dens (fluid,T exit(i),P) !'lb m/ft"3

With the average and exit properties updated, thememtum equation is used to calculate the

mass flow rate per unit span. An equation simodgq. (4-132) is used, except that the equation

is rearranged to be directly solved foy;.
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g pexit,iL

APp + ,
% (12)° (F-30a)
. F-30a
o Klosses + Kfriction
. 2
. l 004 1 1 (1-- )2 1 l (12'000 mf_tl> (F-30b)
! = B B -
o0sses chpin gcpexit,i gcpin e+t chpexit,i e
_ N2
ffrici \ AZ] - 1,000 r?_r:l ) (12’000 mf_tll)
friction = ’ Z 3 (7309
49.Pave, & b1t €y
2
w_ofi)=sqgrt| (DELTAP F+((g/g c)*|(rho exit(i)*L)/12%*3)))/((((.04/(2%g c* &
rho_in))+((1/g_c)*((1/rho_exit(i))-(1/rho_in)))+((1/(2*g_c*rho_exit(i)))* &
(1-(e(k)/ (e(k)+t)))**2)) = (12000/e (k) ) **2)+((f_fric(i)/(4*g_c*Tho_ave(i)))* &
SUMMATION213(1,m,2,n,1,2,k,i,2,n,e3 z)))) !'lb m/in-=

The percent difference between the new and previalues fow,; is calculated. ThB®O loop
is repeated until this value equals 0.1%.
PCTDIFF wii)={((w_o(i)-oldw(i))/oldw(i))*=100

SUBROUTINE ColebrookFade/De, Rep, Feoef, ffric):
|NPUTS:€/De, ReD! Fcoef

OUTPUTS: ff,c
ColebrookFacreturns the Colebrook friction factor using Eq:8@). Becausg, ;. is on both

sides of this equation, an iterative process isleé¢o calculate this variable. A guess value
is first used, using Eq. (5-2) similar to the SSHTC

_ Fcoef
Re}?

f2 (F-31)

Two other guess valugs andf; are also defined, which afe multiplied by factors of 0.9 and
1.05.
£2=F coef/Re D#**.2; f1=.9+f2; £3=1.05+f2

A function F (f) is then defined, which is the Colebrook equationped onto one side:

F(f) = i+ 210g<€/De + 251 )
\/7 3.7 ReD\/?

Ff2=(l/=sgrt (f2) )+ (21logll( (epsilonD e/3.7)+(2.51/ (Re_D¥=grt (£2))) )]
Ffl=({l/=sgrt (fl) )+ (21logll( (epsilonD e/3.7)+(2.51/ (Re_D¥=grt (£1))) )]
Ffi=(l/=grt (£3) )+ (21logll( (epsilonD e/3.7)+(2.51/ (Re_D¥=grt (£3))) )]
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From the three guess values and correspondingidmscta fourth guess value is defined using
the functionABCISA, which is used to find solutions of complex salag using multiple guess

values. A corresponding function is also foundtfoes fourth guess value.

f4=RBCIESL (f53,f2, f1,Ff3,F£2,Ffl)
Ff4=(l/=grt (f4) )+ (21logld( (epsilonDl e/3.7)+(2.51/ (Re_D*=grt (£4))) )]

A DO loop is set up that redefines the guess valueguaations using the previous values.
ABCISA is repeatedly used to find a new guess valuel, itmfunction converges to a value of

10°. The output value fofrc is then set equal to the most updated valyg when the

convergence criterion is met.

DO WHILE (ABS(Ff4)>=1E-5)
fi=f2; Ffl1=Ff2
f2=f3; Ff2=Ff3
f3=f4; Ff3=Ff4
f4=aBCISA (f53,f2,f1,Ff3,Ffe,Ffl)
Ff4=(1l/sgrt(f4))+(2*1logl0((epsilonD e/3.7)+(2.51/ (Re_D*sgrc(f4)))})
END DO
f fric=f4
SUBROUTINE BulkFluidTemp (fluid , k, m, n, 4, f, Q, P, Feefs Tin, Pins @up0. 9 9, €/De,
Utemp: €4, U, Wi, 2 ey, @2y, €2y, €32y, Ty, pjj, i Rep;y):

INPUTS:fluid, k, m, n, 4, f, Q, P, Feoefs Tins Pins Qu,00 9 9,0 €/Des Utemp, €as Uiy Wi, 7, €4,

bz, ez, e3z;;

OUTPUTS:T;j, p;, tij, Rep;

BulkFluidTempcalculates the bulk fluid temperature at egichsing the energy equation
described by Eq. (4-140). The properties usetdimequation depend on the temperature itself,
therefore an iterative process is needed. Thedeatyre distribution is initially set equal to the
inlet temperature as a guess value, the differelpetgeen older and newer values'gfare set

equal to 1, and each of the propertieg-atl are set equal to those at the inlet.

DO i=1,m
0o i=1,n
T(i,3)=U(6)*T in 'F
DIFF T(i,3j)=1

END DO
rho(i,1l}=rho in !1b m/fc"3
ma(i,l)=Visgc(fluid,T(i,1),F) !l m/fr-hr

¢ pl(i,1)=Cp(fluid, T(i,1),P) !'Btu/lb m-F
Re D{i,1)=(2*w(i, k)*12*3600) /mua(i,1)
END DO
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A DO loop is used to calculaf; until the values converge to within 0.1°F. In @ loop, the
previous values df;; are kept, and used to calculate the density, visc@nd heat capacity of

the fluid. The average Reynolds number is alsoutalled for the length of the channel up to
pointj. This is done by dividing thenode by 2 in the viscosity when calculating therage
Reynolds number. TheEILING function is used in this calculation to round #éwerage node
up ifj is an odd number. From the average Reynolds nyrii@Colebrook friction factor is
calculated and used to determine the averagedinidbiss in the channel for poijt
0ldT (i,7)=T(i,3)
rho(i,j)=Dens (fluid, o0ldT(i,3),F) 'l1b m/fc"3
mu(i,j)=Visc(fluid,o0ldT(i,3),P) 'lb m/frc-hr
c pii,j)=Cp(fluid, 0ldT(i,j},F) !Btu/lbk m-F
Re D(i,j)=(2*w(i, k)*12%3600) /mu(i, CEILING(3i/2.))
CALL ColebrookFac(epsilonD e,Re D(i,J),F coef,f fric(i,J)]
An equation similar to Eq. (4-140) is then useddtzulateT;;. The differencéFF;; between
the current and previous valuesTpfis calculated, and tHeO loop is repeated untid/FFr; is
equal to or less than 0.1°F.
9z;

i ft-Ib

12 7 778.2 5 0, Cpi

14400 2 1 1 0.04

ft-Ib 2 2 2
27782 ba 9P| (__pimes Pij€ij Pin€a
12,000 2! 12,000 21 12,000 21

j
U1QU17Qu,0 Z ij— 1+€1] Az
WCPI

+ .
100 MW - 3,600 1,000 2!

Ty = UgTin +

9]

]

]
2:947.8 Btu/s ' Utemp Qf ¢i,j'—1 + ¢i,]" Az

+ 2 |
144 1;;2 Aw;cp;; = 2
144 'frtlz ffric,iwiz ) AZ]- 1,000 ™! m1] (12 000 mll 3
2
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Tii,J)=(U(e)*T_in)+{{g*z(J, k) )/ (12*TT78.2*g c*c p(i,J)))+(((1492* &

Wi, k)*=*2)/(2*T78.2*g c*c p(i,3)))*{(1/((rho_in*e A(k))/12000)**2)- &
(1/(irho{i,J)*e{i,J,k))/12000)*=2)-(.04/((rho_in*e RA(k))/12000)**2)))+ &
CO(T(L) =Q=T(17)=Q H20)/ (100*3600*w (i, k) *c p(i,3)) ) *SUMMATION213 (1, m, 2, &
n,1,2,k,1,2,j,e_z))+(2*247.8* [ (U_tenp*Q*L)/ (144*R*w (i, k)*c_ p(i,J)1))* &
SUMMATIONZ213(1l,m,2,n,1,2,k,1,2,],phi_2))-((({144*f fric(i,Jj) w(i, k)*~2)/ &

(4%778.2%g c*c p(i,i)*rho(i,CEILING(j/2.))**2))*SUMMATION213(1,m,2,n,1, &
2,k,i,2,3,83 z)) !F
DIFF T(i,3)=T(i,3)-0ldT(i,7)

SUBROUTINE SurfaceTemy(fluid, k, m, n, Ug, P, w;, zj, €, Tyj, Wij, qijs Tsij):
INPUTSﬂuM,kJnJLU&P,th,qpﬂyuuwm

OUTPUTS: T

Using the bulk fluid temperature, surface heat,flaixd Newton’s Law of Cooling, the
subroutineSurfaceTemgalculates the fuel plate surface temperatureiloigion. First, the
thermal conductivity, Prandtl number, and Reyneldsiber are all calculated at ed¢ch The

surface temperatures are also given an initialevafil’;; and the values dd/FFr;; are set equal

to 1°F.

DO i=1,m
o j=1,n
kE cond(i,j)=ThermCond (fluid,T(i,3j,k),P) !'Btu/hr-fr-F
Pr(i,j)=Prandtl (fluid,T(i,j,k).,P)
Re D(i,j)=(2*w(i, k) *12*3600) /mu(i, ], k)
T 5(i,3)=Ti(i,j,k) 'F
END DO
END DO
DIFF T=1 !F

Because the heat transfer coefficient dependssmosity at the surface temperature, an iterative
process is used to solve for the surface temperatlinerefore, &0 loop is set up that runs

until the values of the surface temperature corevéwgvithin 0.1°F. The previous values for the
surface temperature are kept, then the viscositigeofluid is calculated at those surface

temperatures.

0ldT S(i,3)=T_S(i,3)
mu S (i,j)=Visc(fluid,o0ldT S(i,j),P) !lb m/ft-hr

The Nusselt number is calculated using the Hausaelation, similar to Eq. (4-124).
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2/3

1 2e. . o\ 014
Nu;; = 0.0235(Re3? — 230)(1.8Pr%° — 0.8) |1 + | ————2~— By (F-34)
) Di)j Lj 3 mil .
1,000 -z Hsij

If z; = 0in, then the term in brackets is omitted from Eq34}-

IF (z(j,k)>»0) THEHN
Huii,j)=.0235%(Re D(i,3)**.8-230)*%((1.8*Px(i,3)**.3)-.8)%(1+((1./3.)* &
((2*e(i,3,k) )/ (1000*=z (3, k) ) )**(2./3.)))*(ma{i,j,k)/ma S{i,3))**.14
ELSE
Huii,j)=.0235*(Re D(i,3)**.8-230)*((1.8*Pr(i,j)**.3)-.8)*(ma(i, j, kK)/ &
ma 5(i,j))**.14
END IF

From the Nusselt number, the heat transfer coefftas calculated:

mil
b ngcondi,]-NuiI]- - 12,000 T F.35
4= e (F-35)
hi{i,j)=(U8*k_cond(i,]j)*Nu(i,j)*12000)/(2*e(i,j, k)) !'Brtu/hr-fr"2-F

The surface temperature is then calculated throdeyhton’s Law of Cooling, along with
DIFFr;;. The loop is repeated uniil FFr;; = 0.1°F.

T 3(i,31=T(i,j,k)+ (g fluxii, j, k)/H(Li,3)) 'F
DIFF T(i,3)=T S(i,3j)-0ldT S(i,J)

SUBROUTINE InnerFlowRate(AP core, Vii):
INPUTS: AP,
OUTPUTS:V;
This subroutine calculates the coolant volumetaw/frate in the annulus between the inner fuel
element and the target bundle. The flow rate lisutated using the following empirical
relationship:
5.095V}+9%* + v, = 69.2AR%3173 (F-36)
This equation requires an iterative process sinddhe friction factor from the Colebrook
equation. A guess valug is defined as
. 69.2AP%5173

2 6.095
Two other guess valuels, andl/;, are simply 0.9 and 1.05 multiplied By.

(F-37)

W2=(69.2*DELTAP core®+~.5173)/6.085
Vil=.9+%V2
W3=1.05%V2
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These guess values also have corresponding fusctiefined by
F(V) = 5.095V10%* + V — 69.2AP%>173 (F-38)

Fv2=(5.085*V2+*1.094)+V2- (69.2*DELTAF core~*.5173)
Fvl=({5.095*V1~*1.094)+V1- (69.2*DELTAP core~*.5173)
Fv3=(5.095*V3~*1.094)+V3- (69.2*DELTAP core~*.5173)

A fourth guess value is then calculated ushitfCISA, along with a corresponding function.

V4=ABCISA(V3,V2,V1, Fv3, Fv2, Fvl)
Fv4=(5.095%V4**1.094)+V4- (69.2*DELTAF core**.5173)

A DO loop then redefines the guess values and fungtamtsrecalculatel,. The loop is

repeated untiF (1,) is less than 0.001, at which point is set equal t®,.

DO WHILE (ABS (Fvd)>=.001)
V1=V2; Fvl=Fv2
V2=V3; Fv2=Fv3
V3=V4; Fv3=Fv4
V4=ABCISA(V3,V2,V1,Fv3, Fv2, Fvl)
Fv4=(5.095*V4**1.094)+V4- (63.2*DELTAF core**.5173)
END DO
V ii=v4 !gpm

SUBROUTINE SidePlateTemyffluid , position, m, n, t, Qsp, Qu,0, @, P, Tin, Dsp11, Dsp12,
Dspz1, Dspaz, Aann: Ksps Pins €4s Vann: Feoefs €/De, 9, 9, Ui, Wy, Sy, Z;, €55, Tspy):
INPUTS:fluid, position m, n, t, Qsp, @u,0, @, P, Tins Dsp11, Dsp12+ Dsp21s Dspzzs Aanns Ksp,

Pins €ar Vanns Feoefs €/Dey Oy 9,y Ui, Waj, As;, 2, €

OUTPUTS: Tgp;

SidePlateTempreturns the average side plate temperatures dosviength of the inner and
outer side plates of the inner and outer fuel efemeThe thickness and cross sectional area of
the side plates is calculated first. Whersitionis equal to ‘InnerOuter’ or ‘Outerinner’, then

the cross sectional area is equal to that of blatte combined, as it is used in the calculation of

the temperature distribution in annular region lestwboth side plates.
pi=3.14159265359

L SP=(pi/4)*((D SP12+%*2-D SP11%+2)+ (D SP22++*2-D SP21%%2)) !in"2
t_S5P=(D S5P12-D SP11)/2 !in

The next lines of code change depending on whaitionis equal to. This determines what the
hydraulic diameter of the annular region is eqoalThe fraction of heat generated in the side
plate that is deposited to the coolant is defirmedeach region, as well as the span, mass flow
rate, longitudinal position, and channel thicknesdeor the inner-inner, the annular region is the
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annulus between the inner fuel element and theténgndle, for which the hydraulic diameter is
equal to 1.018 in. The mass flow rate is the ayera the inner fuel element betweea 1 and
i = 2, while the channel thicknesses are also takeheagalues in the inner element at 1.

IF (position=='InnerInner') THEN
D e=1.018 !in
De=DELT&=(2,1) 'in
w=iw _A(1,1)+w &(2,1))/2 !1b m/in-3
fraction=.7
DC j=1,n
z 1i{ji==zi(3,1) 'in
e 1(jj=eil,j,1) 'mil
END DO
END IF

For the inner-outer, the hydraulic diameter ofldi®yrinth between the inner and outer fuel

elements is equal to 0.64 in. Furthermore, theements, thicknesses, and mass flow rate are

taken at the inner elementiat m.

IF (position=='"InnerCuter') THEN
D e=.64 'in
De=DELTA= (m, 1) 'in
W= (W _Am,l)+w A(m-1,1))/2 !l m/in-=
fraction=.7
Do j=1,n
z 1({jj==i(3,1) 'in
e 1(jj=eim,Jj,1) 'mil
END DO
END IF

The labyrinth between elements is also used foother-inner, but the other values are taken for

the outer element at= 1.

IF (position=="CuterInn
D e=.64 !in
D==DELTA=s (2,2) !'in
w=(w A(l,2)+w A(2,2))/2 !'1b m/in-=
fraction=.7
e §=1,n
z 1{31==z(3j,2) !'im
e 1{j3j=e({l,3,2}) 'mil
END Do
END IF

There are some significant differences betweemtiadysis for the outer-outer and that of the
other side plates. First off, the fraction of héeposited to the coolant from the side plate is

equal to 0.7 for the other side plate regions,itast0.5 for the outer-outer [1]. Secondly, the

er') THENW
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temperature of the coolant on the nonfuel sideigdesed as’,,,,, ;, is calculated for the other
side plate regions using the energy equation. f@uhe outer-outer, this temperature

distribution, which is in the control region, ishaed by the following:

. 1,000 gpm Q Z
Tannj = UgTin + Ur15°F - ( v ) (100 MW) (24Jin) (F-39)
ann

The heat transfer coefficient is also solved differently for the outer-outerr Ehe other

regions, it is solved using the Dittus-Boelter tiela. But for the outer-outer, it is solved in the
control region using an empirical relation devebfrm control rod studies:

_ 4,600 Btu/hr-ft?-°F (0.104 +0.104 + 0.104)0-8
77 (800 gpm)°8  \0.104 + 0.17 + 0.095

These empirical relations are duplicated to alloarercomparison between the SSHTC and
PESC.

IF (position=='"CuterOuter') THEN
De=DELTA= (m,2) 'in
w=(w A(m,2)+w A(m-1,2))/2 !'1b m/in-=
fraction=.5
Do 4=1,n
z 1{31=zi(3,2) !'im
e 1{jj=em,Jj,2) 'mil
T ann(j)=(U(6)*T_in)+(U(1)*15* (1000/V_ann)* (Q/100)*(2z_1(3)/24)) 'F
hij)=(4600/800%* 8)*((.104+.104+.104)/(.104+.17+.095))** 8% &
V_ann**.8§ !Btu/hr-ftr~i-F
END DO
GO TO 500
END IF

Va?i?l (F'40)

The next part of the subroutine calculates the tatprel,,,,,; and heat transfer coefficient

distributions. If ‘OuterOuter’ is selected fposition then this section is skipped. The values for

Tann, are initially equal to the inlet coolant temperatuvhile the differences between previous
and current values are set equal to 1°F. The jmtgierties for the nonfuel side coolant are also

specified.
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Do j=1,n
T ann(j)=U(&)*T_in !'F
DIFF Ti(j)=1

END DO

rho(lj=rho in !'lb m/fr"3

mua (1)=Visc (fluwid, T ann(l),P) !l1b m/ft-hr

¢ p(l)=Cp(fluid,T ann(l),P) !Btu/lbk m-F
k_cond(l)=ThermCond (fluid,T ann(l),F) !'Btu/hr-ft-F

Pril)=Prandcl (fluid,T ann(l),F)
v(l)=(V_ann/& ann)*(1/3.117) !ft/=
Be(l)=(rho(1)*D e*v(1)*3600),/ (mu(l)*=12)
Hu(l)=.023*Be (1) **,.8*Pr(l)**.4
h{l)=(Muil)*k_cond(l)*12)/D e !Btu/hr-fr"2-F

A DO loop is set up to calculate the valuesTgy, ;. The previous values are saved, and the

density, viscosity, and heat capacity of the flaie®acl,,,,, ; are calculated.

0ldT _ann (j)=T_ann(j)

rho (j)=Dens (fluid, 0ldT_ann(j),P) !1b m/fc"3
mu(j)=Visc(fluid, 0ldT ann(j),P) !'lb m/ft-hr
c pl(j)=Cp(fluid,o0ldT ann(j),.P) 'Btu/lb m-F

The velocity of the coolant is calculated from tYwdumetric flow rate by the following:

V. i 1
v, =( “””)(pﬂ> _— (F-41)
Agnn/ \ P; 3.117%
S
v(j)=(V_ann/A anmn)* (rho in/rho(j))*{1/3.117) !ft/=

The average Reynolds number is calculated for dloéaat up to poinj in the annular region, as
well as the Colebrook friction factor.
pave,jDevave,j - 3,600 %
Reave,j = in
Havaj'lz'ﬁ

Ee _ave (j)=(rho (CEILING(j/2.))*D e*v(CEILING(j/2.))*3600)/ &
(mua (CEILING(j/2.))*12)
CALL ColebrookFac(epsilonD e,Re ave(]j),F coef,f fric(j))

(F-42)

The temperature distribution of the coolant onribafuel side is then calculated using an

equation similar to Eq. (4-151):
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2 2
ng vy — Uj

. +
ft-1b ft-1b
12 % * 778.2 Tuf - gCCPj 2 - 778.2 Btuf * gCCPj

TEnnjzz UeTin +

UlQZ]'

+(0.345pU16Qsp + AannU17Q
(0.345pU16Qsp + AannU17Qn,0) 100 MW'8.021ftg;/mhr'V;1nnpinCPj

3
ffric,jpave,j vave,jZ]’

277820 g b vcp D,

Btu

(F-43)

The difference®F Fr; between the current and previous valuesfgy, ; are then calculated,

and the loop keeps running until these differerazeswithin 0.1°F.

T ann(jj=(U(&)*T_in)+((g*2_1(3))/ (12*T778.2*%g _c*c_p(J) ) )+ {(1/(2*TT78.2*g_c* &
c pidl)i=ivi(l)®=2-v(3)**2) )+ ((.3%A 5P*U(1l6)~Q SP)+ (A ann~U(17)~Q H20))~ &
((Ti1)y*=Q*=z_1(3))/(100*8.021*V_ann*rho in*c p(j))))-(({f_fric(j) *rho (CEILING &

(3/2.))*vI(CEILING(3/2.))**3*z_1(3))/(2*778.2%g_c*rho in*v(l)*c p(j)}*D e} !'F
DIFF T(Jj)=T _ann(j)-oldT _ann(j)

The thermal conductivity, Prandtl number, and Réymoaumber are calculated for the fluid at
eachTy,,,;. The Reynolds numbee; is different fromre,,.; becaus&e,,,; is the average
Reynolds number of the fluid down the length of éim@ular region up to the vertical positign

while Re; is the local Reynolds number of the fluid speaillig at the positior;.

k¥ cond(j)=ThermCond (fluid,T amnn(j),P) 'Btu/hr-fr-F
Pr(j)=Prandtl (fluid,T ann(j),F)
Re(j)=(rho(j)*D e*v(]j)*3600)/ (mu(j)*=12)

The Nusselt number and heat transfer coefficiemtalculated using the Dittus-Boelter

correlation shown in Eq. (4-122).

Nu] — 0.023Re]_0.8P,rjO.4— (F'4’4a)
Nuikeong; - 1212
j™tcond,j fi
h = 5 ! (F-44b)
e
Ha(j)=.0253*Re(j)**.8*Pr(j)**.4
hiji=iHu(j)*k cond(j)*~12}/D e !'Btu/hr-ft"2-F

When calculating the temperature distribut’i_Q)lmf the coolant on the fuel side of the side plates

a series of equations is used similar to the sul@BulkFluidTemp The only significant
difference is the wall to fluid heat flux is a réisof the heat generated in the side plate, instead

of the fuel. Several matrices are set up thatiaeel in the summation terms for calculaﬂ_hg

The inlet temperature is used as a guess valu_lé;,fand several inlet properties are defined.
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500 DO j=2,n

e3 z(j)=i((2_1(3)-=_1(3-1))*1000*12000**2)/ ((e_li(j-1)+e_1i3j))/2)*=*3 !1/fc"d
e z(jj=(ile_1(j-1)+e_1(3))s/2)*i(2_1(3)-=_1(3-1))/1000) !!in~d
t_ z(ji=(((fraction*t SP*(t+((e_l(j-1l)+e_1(3))/2)))/Daj+t)*((z_1(j)- &
z 1(3-1))/1000) !in"2
END DO
Do j=1,n

T bar(j)=U(6€)*T in 'F
DIFF T(j)=1

END DO
rho bar(l)=rho_in !1b m/ft"3
mu bar(l1)=Visc(fluwid,T bar(l),P) !1b m/ft-hr

¢ phar(1)=Cp (fluid,T bar(l),P) !Btu/lb m-F
Be bar(l)=(2*w*12*3600) /mu_kbar (1)

A DO loop is then set up to calculate the temperatisteiloution and ends when the values
converge to within 0.1°F. Similar ®ulkFluidTemp the previous values GT]‘ are kept, then

several properties are calculated at él_é’;ch

oldT bar(j)=T bar(Jj)

rho bar(j)=Dens (fluid, 0ldT kar(j),.F) !lb m/fc"3

ma bar(j)=Viszc(fluid,oldT bar(j),P) !'lb m/ft-hr

¢ _pbar(j)=Cp(fluid, 0ldT bkar(j).P) !Btu/lb m-F

Ee bar ave(j)=(2*w*1l2*3600) /mu bar (CEILING(j/2.))

CALL ColebrookFac(epsilonD e,Re bar ave(j),F coef, f fric(j}]

The temperatures are then calculated, using artiegusamilar to Eq. (4-146). The differences
between previous and current values are determametithe loop is repeated until these

differences are less than 0.1°F.
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9z
T folb; .~ -
12 I " 778.2 Btu - gCCP]'

[

j = UeT;

]

144 0% . 1 1 0.04

ft2 . .

ft-Ib = 2 _ 2 2
2 778.2 Btuf 9. Cpj Pina Pi Pin€a _
12,000 2 12,000 2! 12,000 21
j

U17Qn,0U1Q Z 1 t+e Az
* W Cp;

100 MW - 3,600 = 4 1,000 mi m“
s U,605pU,Q Z fraction - tsp(t + 4t Az
100 MW - 3,600 - wcp; & Si ‘| 1,000 mil
in2 l l
144 25 * frricjw® Z -1,000 55 (12 000 7 (F-45)
ft-1b
4’ 778.2 Btuf g pave]CP] —2 1t ey
2
T bar(3)=(U(6)*T_in)+(ig*z_1(3))/ (12*T778.2*%g c*c pbar(j)))+((i144*w=*=2)/ &
(2*778.2%*g c*c_pbar(j)))*((12000/ (rho _in*e &) )**2-(12000/ (rho bar(j)* &
e 1(3)))**2-(.04*% (12000 (rho_in*e &) )**2)) )+ (((T(17)*=Q H20*U(1)*Q)/ (100" &
3600w c_pbar(j)) ) *5SUMMATION (2,n,2,3,e_z) )+ ((0(16)*Q SP*U(1)*Q)/ (100" &
3600*w*c_pbar(j)) ) *SUMMATICON (2, n,2,3,t _2))-(({144*f fric(j)*w**2)/(4* &
T778.2*g_c*c _pbar(j) *rho bar (CEILING(j/2.))**2))*5UMMATION (2, n,2,3,e3_z)) !'F

DIFF T(j)=T bar(j)-oldT bar(j)
Once the temperature distribution has been detednihe surface temperatures and heat
transfer coefficientéj of the side plate are calculated simultaneousjyrtwide the appropriate
values fori_lj to determine the average side plate temperatateldition. This is done in a
similar manner to the subroutigedePlate Temp Properties of the coolant are determined at
eacth, and the surface temperatures and temperatusgatites are given initial values.
Do i=1,n

k¥ bar(j)=ThermCond (fluid,T bar(j),P) !Btu/hr-ft-F

Pr bar(j)=Prandtl (fiuwid,T bar(j).F)

Be bar(j)=(2*w*12*3600) /mu_bar(J)

T SPs(j)=T bar(j) 'F
END DO
DIFF T=1 !F
Just like withSidePlateTemypa loop is set up in which previous values ofgshdace

temperature are kept, and the heat transfer caaftics determined from the Hausen correlation.
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oldT 5P=(3j)=T S5P=(j) !F
ma 5(j)=Visc(fluid,oldT 5Ps=(j),P) !lb m/ft-hr
IF (= _1(j)>0} THENW
Hu bar(j)=.0235% (Re_bar(j)*~.8-230)* ((1.8%Pr bar(j)*~.3)-.8) " (1+ &
((1./73.)=((2%e_1(3) )/ 01000z 1(3)))==(2./3.)) )" (ma bar(j) /ma 5(j))~~.14
ELSE
Hu bar(j)=.0235% (Re _bar(j)*~.8-230)*((1.8%Pr bar(j)*~.3)-.8)" &
fma bar(j) /ma 3({j))*~.14
END IF
h bar(jj=i(U(8)*k bar(j)*Nu bar(j)~12000)/(2%e_1(3j)) !'Btw/hr-ft"2-F
Newton’s Law of Cooling is used to find the surfaemperature, but the heat flux used is from

the side plate.
fraction - tgpU;6QspU; Q

TS i = T + - — (F-46)
T 100 MW 144102

T 3P=(j)=T bar(j)+( (fraction*T Sp~U(1l)~T(1le)~Q~Q 5P}/ &

(100%144*h bar(j))) !F

DIFF T(3j)=T SPs(j)-o0ldT SPs(j)
This loop keeps running until the surface tempeesteonverge to within 0.1°F, at which point
the corresponding values fBjrare used to calculate the average side plate ratope. This

side plate temperature distributi@f; is calculated using similar forms to Egs. (4-143):

-2 i
144%. tspU16QspU1Q 12 %- t3pU16Qsp U1 Q T

T00MW -, T 2-100MW-k;, +T5H~ 7T
Gy = 2120 ey 120K (F-472)
; Nl
2-12. & _
Cy="—"-T T 7T (F-47b)
h;
12042 U,.0pU;Q  tspCy;
Tgp; = — i tspUietespUsl | fsp 1]+CZj (F-47¢)
6-100 MW - gy 2
C 1(3)=(((144%t SP*U(1)*U(16)*Q SP*Q)/ (100%h(J)))+((12%t SP**2+U(1) &
*U[lE]*Q_SP*Q]E[Z*k_SP*lﬂQJ]—T_ann[j]—T_baI[j]Jf[t_SP—[[Z*lZ*k_SP]f &
h bar(j))+((12%k SP)/h(j))) !'F/in
C_2(3)=((2#12%k SP*C_1(3))/h bar(j))+T bar(j) 'F
T _SPj(j)=-((U(1) *U(16) *Q*Q_SP*12#t SP*#2)/ (100%k SP#&))+((t SP* &

€ 1(3))/2)+C 2(3) 'F

206



F.3. Partll.FO0

SUBROUTINE PartlIDeflections(fluid, 1, m, n, noti, §;, 4, ¢, f, @, P, AP, Fcoef, Tin, Pin,
QHZO’ oh gC’ S/Del koxide’ 6VR| Asp, Ag’ Ain,filel €n» €w, €ne, Eye, AD, 91, Ui' W 4i» Sis Asi’
Az;, z;, Tyaij Tspiij Tspioj Tspoijs Tspooj Uss Us, @iy Yumiji-2: Waciji-2> Ywhiji-2
Yuwcijl-2> Tsnniji-1s Tsaciji-1: Tswijl-1> Tswcijl-1) Wais Wwis Dijs Dwij Yiji-1, Yamiji-1,
Yaciji-1 Ywaijl-1 Yweiji-1 Tsijh Tsnnij Tsncijty Tswhijas Tsweij):

INPUTS:fluid, 1, m, n, noti, &, A, t, f, Q, P, APg, Feoegs Tins Pins Qu,0, 9 9,0 €/

De, koxiges Ovrs Asps Agy AP fites €ns €ws €nes €wes AD, Oy, Uy, Wy, i, Asy, Azj, zj, Tygaijy Tspii
Tspiojs Tspoijs Tspoojs Uss Usy @iy Wnniji—2s Ynciji-2 Ywhijl-2» Yweiji-21 Tsnaiji-1s Tsncijl-1s
TswHiji-1» Tsweijl-1

OUTPUTS:wyi, Wi, Duijy Dwijs Yiji-1: Yamiji-1, Yaciji-1» Ywaijl-1, Yweijl-1s Tsijl Tsnaijn
TSnCi,j,la TSwHi,j,la TSwCi,j,l

PartliDeflectiongperforms a series of thermal-hydraulic calculagion the channel that are
similar to that oNormalConditions The main difference is there are multiple meddras of
deflection in the fuel plate that are taken intasideration, which impact the channel thickness.
Calculations are done on both narrow and wide ablazonditions, with the hot and cold plates

being considered. To start off with,andU,,,,,,, are both defined.

pi=3.14159265359
U temp=1T(1)*T(2)*T(3)

The rest of the subroutine is run twice; once herinner fuel elements, and once for the outer.

The matrix¢z; is defined foPartliDeflectiongwhich will be used in summation terms for

calculating the mass flow rates and bulk fluid tenapures.

Do i=1,m
Do d=2,n
phi z{i,J,kj=({04(1i,3)+05041,3))/72)*(iphiii, j-1,kj+phiii, j K]}/ /2)* &
DELTA=(j, k) 'imn
END D
END D

The heat flux is calculated for eajhfor both the hot and cold plates.
Btu/hr Qf

Quij = 3412 10° ™MW UtempU47¢i,j (F-48a)
. Btu/hr Qf
dcij = 3.412-10° MW Utemp U57¢i,j (F-48b)
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DO i=1,m

DO 5=1,n
g flux H(i,j,k)=3.412E6*U temp*U4 (i, j)* &
((Q*f) /A)*phi (i,5,k) !Btu/hr-ft~2
g flux C(i,3,k)=3.412E6*U temp*U5(i,j)* &
((Q*f) /A)*phi (i,5,k) !Btu/hr-ft~2

END DO

END DO

A number of guess values are then defined. The fi@s rates of the wide and narrow are
initially set equal tav,;, all of the different metal temperatures are atliyi set equal td7, 4, the
oxide film thicknesses are initially equal to Og tverage differential pressure across a fuel plate

is initially equal toAP,,, r;., and the maximum average metal temperature difteréetween

previous and current values is initially set eqoal °F.

D i=1,m
Wwnl(i,kj=w &(i, k) !1b m/in-=
Www(i,kj=w _&(i, k) !1b m/in-=
END DO
DC j=1,n

T MnnH(3,%k)=T MA(j,k); T MnnC(j,k)=T MA(j, k) 'F
T MnwH(3,%k)=T MA(j,k); T MnwC(i,k)=T MA(j, k) 'F
T Mww(i,k)=T MA(j, k) 'F
END DO
DO i=1,m
DO 3=1,n
T MnnHi(i,3,k)=T MA(j,k); T MnnCi(i,3j, k)=T MA(j, k) 'F
T MnwHi(i,3,k)=T MA(j,k); T MnwCi(i,3j, k)=T MA(j, k) 'F
T Mwwi(i,3,k)=T MA(j, k) !F
X nH(i,j,k)=0; X nC(i,3,k)=0 !mil
X wH(i,j,k)=0; X wC(i,7,k)=0 !mil
END DO
END DO
DELTAF nw (k) =DELTAP nwfile (k)
MAX T=1

A DO loop is set up that keeps running until the vahfesll of the average metal temperatures
converge to within 0.1°F. At the start of the lptpe previous values of the mass flow rates and

average metal temperatures are kept.
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DO i=1,m

oldw n(i,k)=w nii, k) !lb m/in-=
oldw w(i,k)=w wii, k) !lb m/in-=
END DO
L j=1,n

0ldT MonH(j,k)=T MonH(j,k); oldT MonC(j,k)=T MonC(j, k} !'F
0ldT MowH(j,k)=T MnwH(j,k); oldT MowC(j,k)=T MowC(j k} 'F
oldT Mww (], k)=T Mww(j, k] 'F

END DO

An average value is calculated for the average Int@tgeratures down the length of a fuel plate
between a narrow and wide coolant channel. Thi®imee for both the hot and cold plates.
n_z(TanJ—14‘TanJ>AZ

j=4 2
Tvnwa = — (F-49)
yYnosAz
=4 =7
DO j=4,n-2
T MnwZH(j,k)=((0ldT MnwH(j-1,k)+0ldT MnwH(j, k))/2)*DELTAz (j,k) !F-in
T MnwZC(3j,k)=((0ldT MnwC(j-1,k)+0ldT MnwC(j,k))/2)*DELTAz (j,k) !F-in
END DO

T MnwA H(k)=SUMMATION12 (4,n-2,1,2,k,4,n-2,T MnwZH)/ &
SUMMATICON12(1,n,1,2,k,4,n-2,DELTAz) !F
T MnwA C(k)=SUMMATION12 (4,n-2,1,2,k,4,n-2,T MowZC)/ &
SUMMATICON12(1,n,1,2,k,4,n-2,DELTAz) !F

The elastic modulus ratio is calculated at theszame temperatures using the following

relation:

E.R.= —(1.624-10"®)T2 4 (4.719 - 10~4)T,, + 0.937 (F-50)
ER MnwhA H(k)=(-1.624E-6*T Mnwh H(k)**2)+(4.T719E-4*T Mnwh H(k))+.9737

ER MnwhA C(k)=(-1.624E-6*T Mnwh C(k)**2)+(4.T719E-4*T Mnwh C(k))+.9737

The deflections in the hot and cold plates duéeodifferential pressure are then determined.

For the inner element:

U,oAP,
Sapi = %(0.0283725? — 0.20491s + 0.27529s? + 0.57806s7 — 0.89329s;) (F-51a)
For the outer element:
_ UoA P 5 4 3 2
Sapi = W(0.0307995i — 0.197s* 4+ 0.23697s + 0.42645s% — 0.59068s;)  (F-51b)
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DO i=1,m
IF (k==1) THEH

delta DELTA PH(i,k)=((U(10)*DELTAP nw(k))/ER MnwhA H(k))*((2.8372E-2* &
s(i,k)**%5)—(.20491%= (i, k)**4)+(.27529%=3 (i, k) **3)+(.57806%=(i,k)**2)- &
(.89329%=(i,k)}) 'mil
delta DELTA PC(i,k)=((U(10)*DELTAP nw(k))/ER Mnwh C(k))*((2.8372E-2* &
s(i,k)**%5)—(.20491%= (i, k)**4)+(.27529%=3 (i, k) **3)+(.57806%=(i,k)**2)- &
(.89329%=(i,k)}) 'mil
ELSE
delta DELTA PH(i,k)=((U(10)*DELTAP nw(k))/ER Mnowh H(k))*((3.0799E-2* &
S(i,k)**5)-(.197*s (i, k) **4)+(.23697*3(1,k)**3)+(.42645%s (i,k)**2)- &

(.59068%s3(i,k))) 'mil
delta DELTA PC(i,k)=((U(10)*DELTAP nw(k))/ER Mowh C(k))*((3.0799E-2* &
3(i,k)**5)—(.197*=3 (i, k) **4)+(.23697*s (1,k)**3)+(.42645%s (i, k) **2)- &
(.59068%s3(i,k))) 'mil
END IF
END DO

The deflections due to the difference in tempemtiran individual fuel plate and that of an
average plate are determined.

For the inner element:

Usy (Tosx — Tosn)s
Srraij = u — ma (—3.2084 - 10~*s5 + 4.3177 - 10~3s* — 0.0180775?

+0.011087s2 + 0.043908s,) (F-52a)
For the outer element:

Uy (Tary = To);
Srraij = 1 ’ZXR ua); (—1.8518 - 10~*s® + 4.5322 - 10735 — 0.02105s3 — 6.0732

+107*s? + 0.083033s)) (F-52D)
In Egs. (F-52)7,,x stands for the average metal temperature of afgpelate, and:. R. is
solved for that temperature using Eq. (F-50). €hexguations are first solved for both the hot
and cold plates in between two narrow channels Hdt plate between two narrow channels is

typically considered the worst case for most ofittpait files.
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0O §=1,n

ER MnnH(j, k)=(-1.624E-6%0ldT MnnH(j, k) **2)+(4.719E-4*01dT MnnH(j, k))+.9737
ER MnnC(j, k)=(-1.624E-6%0ldT MnnC(j, k) **2)+(4.719E-4*01dT MnnC(j, k))+.9737
END DO
DO i=1,m
0O §=1,n
IF (k==1) THENW
delta Tnn TAH(i,3,k)=((U(11)* (oldT MnnH(j, k)-T MA(j, k)))/ &
ER MnnH(j, k) ) *((-3.2084E-4%s (i, k) **5)+(4.317TE-3*3 (i, k) **4)- &
(.018077*s (i, k) **3)+(.011087#=s(i,k) **2)+(.043908%=(4i,k))) 'mil
delta Tnn TAC(i,3,k)={(U(11)* (oldT MnnC(j, k)-T MA(3, k)))/ &
ER MnnC(j, k) ) *((-3.2084E-4%s (i, k) **5)+(4.317TE-3*s (i, k) **4)- &
(.018077*s (i, k) **3)+(.011087#=s(i,k) **2)+(.043908%=(4i,k))) 'mil
ELSE
delta Tnn TAH(i,3,k)={(U(11)* (oldT MnnH(j, k)-T MA(j, k)))/ &
ER MnnH(j, k) )*((-1.8518E-4*s (i, k) **5)+(4.5322E-3*3 (i, k) **4)- &
(.02105%=(i,k)**3) - (6.0T32E-4*=(i, k) **2)+(.083033*=(i, k))) 'mil
delta Tnn TAC(i,3,k)={(U(11)* (oldT MnnC(j, k)-T MA(3, k)))/ &
ER MnnC(j, k) ) *((-1.8518E-4*s (i, k) **5)+(4.5322E-3*3 (i, k) **4)- &
(.02105%=(i,k)**3) - (6.0T32E-4*=(i, k) **2)+(.083033*=(i, k))) 'mil
END IF
END DO
END DO

These calculations are also done for the hot altiptates between a narrow channel and wide

channel:

DO §=1,n
ER_MnwH(j,k)=(-1.624E-6*0ldT_MnwH(j, k) **2)+(4.719E-4*0ldT_MnwH(j, k))+.9737
ER_MnwC (j,k)=(-1.624E-6*0ldT_MnwC(j, k) **2)+(4.719E-4*0ldT_MnwC(j, k))+.9737

END DO

Do i=1,m
DO §=1,n

IF (k==1) THEHN
delta_Tnw TAH(i,j,k)=((U(11)* (oldT_MnwH(j,k)-T_MA(j, k)))/ &
ER_MnwH(j, k) )*(({-3.2084E-4*s (i, k) **5)+(4.317TE-3%3 (1, k) **4)- &
[ .018077*=2(i,k)**3)+(.011087*= (i, k) **2)+(.043908*=3(i,k))) 'mil
delta_Tnw TAC(i,j,k)=((U(11)* (oldT_MnwC(j, k)-T_MA(j, k)))/ &
ER_MnwC (3, k))*(({-3.2084E-4*s (i, k) **5)+(4.317TE-3*3 (1, k) **4)- &
[ .018077*=2(i,k)**3)+(.011087*= (i, k) **2)+(.043908*=3(i,k))) 'mil
ELSE
delta_Tnw TAH(i,j,k)=((U(11)* (oldT_MnwH(j, k)-T_MA(j, k)))/ &
ER_MnwH(j,k))*(({-1.8518E-4*s (i, k) **5)+(4.5322E-3%3 (1, k) **4)- &
{.02105%=3 (i,k)**3) - (6.0732E-4*2(i,k)**2)+(.083033*=(1i,k))) 'mil
delta_Tnw TAC(i,j,k)=((U(11)* (oldT_MnwC(j,k)-T_MA(j, k)))/ &
ER_MnwC(3j,k))*(({-1.8518E-4*s (i, k) **5)+(4.5322E-3%3(1,k)**4)- &
{.02105%=3 (i,k)**3) - (6.0732E-4*2(i,k)**2)+(.083033*=(1i,k))) 'mil
END IF
END DO
END DO
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Finally, the deflections are calculated for a fplelte between two wide channels, but only for

the cold plate.

DO 3=1,n
ER M (3, %)= (-1.624E-6*%01dT Mww(j, k) **2)+(4.719E-4*0ldT Mww (i, k))+.9737
END DO
DO i=1,m
DO 3=1,n
IF (k==1) THENW
delta Tww TA(i,3,k)=((U(11)* (0ldT Mww (i, k)-T MA(i, k)))/ &
ER Mww (3,Xk)) % ((-3.2084E-4*%3(1i,k)**5)+(4.317TE-3%5 (i, k) **4)- &
(.018077*s(i,k)**3)+(.011087+*s (i, k) **2)+(.043908%s3(i,k))) 'mil
ELSE
delta Tww TA(i,3,k)=((U(11)* (0ldT Mww (i, k)-T MA(i, k)))/ &
ER Mww (3,k))*((-1.8518E-4*%= (i, k) **5)+(4.5322E-3%5 (i, k) **4)- &
(.02105%3 (i,k)**3) - (6.0732E-4%s (i, k) **2)+(.083033*%s(1i,k))) 'mil
END IF
END DO
END DO

The increase in the fuel plate thickness due tdirfg e calculated for eadlj in all the different

plates.
Snnij = U120.5aspt (Tynnij — 70°F) (F-53a)
Snwij = U120.5as5pt (Tynwij — 70°F) (F-53b)
Swwij = U120.5aspt (Tywwij — 70°F) (F-53c¢)
DO i=1,m

DO §=1,n

delta nnH(i,j, k)=U(12)*.5*alpha sp*t* (T_MnnHi (i,3j,k)-70) !mil
delta nnC(i,j,k)=U(12)*.5*alpha sp*t* (T _MnnCi(i,j, k)-70) !mil
delta nwH(i,j, k)=U(12)*.5*alpha sp*t* (T _MnwHi(i,j, k)-70) !mil
delta nwC(i,j,k)=U(12)*.5*alpha sp*t* (T MnwCi(i,Jj, k)-70) !mil
delta wwi(i,j,k)=U(12)*.5%alpha sp*t* (T Mwwi(i,Jj, k)-70) 'mil
END DO
END DO

The increase in fuel plate thickness due to oxaadmétion is then calculated for a hot and cold

plate surface in a narrow and wide channel.

0.2026X,y;; if X,,;; < 3 mil vca
onl 71 0.6078  if X,,;; > 3 mil (F-54a)

0.2026X,,; if X,,;; < 3 mil F54b
oWl ™1 0.6078  if X, > 3 mil (F-54b)
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Do i=1l,m
Do j=1,n
IF (X nH{i,J,k)=<=3) THEN
delta onH(i,j,k)=.2026*X nH(i,j, k) 'mil
ELSE
delta onH(i,j,k)=.6078 'mil
END IF
IF (X nCi{i,J,k)=<=3) THEN
delta onC(i,j,k)=.2026*X nC(i,j,k) 'mil
ELSE
delta onC(i,j,k)=.6078 'mil
END IF
IF (X wH{i,J,k)=<=3) THEN
delta owH(i,j,k)=.2026*X wH(i,j,k) 'mil
ELSE
delta owH(i,j,k)=.6078 'mil
END IF
IF (X wCi{i,J,k)=<=3) THEN
delta owl(i,j,k)=.2026*X wC(i,j,k) 'mil
ELSE
delta owC(i,j,k)=.6078 'mil
END IF
END DO
END DO

The next deflection is due to the difference infilne plate and side plate temperatures. For this

calculation, the average difference between thepla¢e temperature and the side plate

temperature is determined at each elevatjon

Tspiij + Tspio,

Tvnnj — B E— for inner fuel element
Alwnn; = Tspoij + Tspoo,
Trvnnj — > for outer fuel element
Tspiij + Tspio,
Trvnw,j — ”]fw] for inner fuel element
Alwamwj = Tspoij + Tspoo,
Trnwj — > for outer fuel element
Tspiij + Tspio,
Trww,j — ”]fw] for inner fuel element
Alwaw = Tspoij + Tspoo,
Tvww,j — 5 for outer fuel element
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DO §5=1,n
IF (k==1) THEN

DELTAT MnnH(j,k)=0ldT MnnH(j,k)-((T_SPii(j)+T_SPio(j))/2)
DELTAT MnnC (j,k)=0ldT MnnC(j,k)-((T_SPii(j)+T_SPio(j))/2)
ELSE
DELTAT MnnH(j,k)=0ldT MnnH(j,k)-((T_SPoi(j)+T_SPoo(i))/2)
DELTAT MnnC (j,k)=0ldT MnnC(j,k)-((T_SPoi(j)+T_SPoo(i))/2)
END IF
IF (k==1) THEN
DELTAT MnwH (j,k)=0ldT MnwH (3, k)-((T_SPii(j)+T_SPio(3))/2)
DELTAT MnwC (i, k)=0ldT MnwC(j,k)-((T_SPii(j)+T_SPic(j))/2)
ELSE
DELTAT MnwH (i, k)=0ldT MnwH (i, k)-((T_SPoi(3)+T_SPoo(j))/2)
DELTAT MnwC (i, k)=0ldT MnwC (i, k)-((T_SPoi(3)+T_SPoo(j))/2)
END IF
IF (k==1) THEN
DELTAT Mww (j,k)=0ldT Mww(3j,k)-((T_SPii(j)+T SPio(j))/2) !F
ELSE
DELTAT Mww (j,k)=0ldT Mww (3, k)-((T_SPoi(j)+T SPoo(j))/2)
END IF
END DO
Next, the deflections are calculated by the follagvi
ForATy,; < 0°F:
Omij =0
For AT, ; > 0°F:
(1, - 0.0864 AT, sin [ —s— ) s (%) if 0 mil <z < 6mil
U SIN| o—— | SIN\— 1 mil<z < 6é6mi
“ MM, As, 12 1
. TTS; . . .
Suij = 4 U1a - 0.0864 AT, jsin W if 6 mil <z < 18 mil
1= 1
. TCS; . ”(24 - Zj) : . .
Uys - 0.0864 ATy jsin | o—— | sin [———=——| if 18 mil < z; < 24 mil

(F-56a)

(F-56b)

Eq. (F-56Db) is split up into two parts in the cod’ehesin(zj) part is written separately in a

conditional statement that depends on the randethells in.

Do j=1,n
IF (zi(j,k)<6) THEH
sinz(j.k)=sin((pi*z(j. k1) /12)
ELSE IF (z(j,k)<18) THEHN
sinz(j, k=1
ELSE
sinz(j,k)=sin((pi*(24-z(j, k) )1/12)
END IF
END DO
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The rest of Egs. (F-56) are shown below.

DO i=1,m
DO 3=1,n
IF (DELTAT MnnH(j,k)<=0) THEN
delta MnnH(i,3,k)=0

ELSE
delta MnnH(i,3,k)=U(14)*.0864*DELTAT MnnH (i, k)*(sin((pi*=(i, k))/ &
SUMMATICON1Z2 (1,m+1,1,2,k,2,m, DELTAs)) ) *sinz (i, k) 'mil

END IF

IF (DELTAT MnnC(j,k)<=0) THEN
delta MnnC(i,3,k)=0

ELSE
delta MnnC(i,3,k)=U(14)*.0864*DELTAT MnnC (i, k)*(sin((pi*=(i, k))/ &
SUMMATICON1Z2 (1,m+1,1,2,k,2,m, DELTAs)) ) *sinz (i, k) 'mil

END IF

IF (DELTAT MnwiH (j,k)<=0) THEN
delta MnwH(i,3,k)=0

ELSE
delta MnwH(i,3,k)=U(14)*.0864*DELTAT MnwH (i, k)*(sin((pi*=(i, k))/ &
SUMMATION1Z2 (1,m+1,1,2,k,2,m, DELTAs))) *3inz (j,k) 'mil

END IF

IF (DELTAT MnwC (j,k)<=0) THEN
delta MnwC(i,3,k)=0

ELSE
delta MnwC(i,3,k)=U(14)*.0864*DELTAT MnwC (i, k)*(sin((pi*=(i, k))/ &
SUMMATION1Z2 (1,m+1,1,2,k,2,m, DELTAs))) *3inz (j,k) 'mil

END IF

IF (DELTAT Mww(j,k)<=0) THEN
delta Mww(i,j,k)=0

ELSE
delta Mww(i,3,k)=U(14)*.0864*DELTAT Mww(j, k)* (sin((pi*s(i,k))/ &
SUMMATION1Z (1,m+1,1,2,k,2,m, DELTAs))) *3inz (j,k) 'mil

END IF
END DO
END DO

The narrow channel thicknesses are then calculated.

If & oré, =1:

Dinij = en + Sapui + Oapci — Srnw,ranij + Ornw,racij — Onwhij — Onwcij — Omnwaij + Omnweij
- 6onHi,j - aonCi,j - 26VR (F'57a)

If & =1:

Dinij = en + 6apci — Ornnranij + Ornwracij — Onnnij — Onweij — OMnntij + Omnweij — Oontij
- 50nCi,j - 2("\VR (F'57b)
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Dinij = en — Ornnranij * Otnnracij — Onnnij — Onncij — Omnnnij + Omnncij — Sonnij — Gonci
— 28,8 (F-57¢)
. [ 2mz
Dni,j = Dlni,j - ADS]n T (F'57d)
g

IF (xi{l)==1.CR.xi(2)==1) THENW
D Inii,j,k)=e n(k)+delta DELTA PH(i, k)+delta DELTA PC(i k)- &
delta Tnw TAH(i,j,k)+delta Tnw TAC(i,j,k)-delta nwH(i, j, k)- &
delta nwC(i,j,k)-delta MnwH (i, j, k)+delta MnwC(i,j, k)-delta onH{i,j, k)- &
delta onC(i,j,k)-(2*delta VR] !'mil
ELSE IF (xi(3)==1) THENW
D Inii,j,k)=e n(k)+delta DELTA PC(i, k)-delta Tnn TAH(i, j k)+ &
delta Tonw TAC(i,j,k)-delta nnH(i,j,k)-delta nwC(i,j, k)- &
delta MnnH{i,j, k)+delta MonwC (i, j, k) -delta onH{i, j, k)- &
delta onC(i,J,k)-(2%delta VR] !'mil
ELSE IF (xi(4)==1) THENW
D Inii,j,k)=e n(kj-delta Tnn TAH({i,j,k)+delta Tnn TAC({i, j, k)- &
delta nnH{i,j,k)-delta nnC(i,j, k)-delta MonH(i, j k)+ &
delta MnnC(i,j, k)-delta onH{i,j,k)-delta onC(i,j, k)-(2*delta VR) !mil
END IF
Dnii,j,k}=D In(i,j, k) (DELTAD (k)*sin{(2*pi*z (], k))/lambda g(k))) 'mil

The thicknesses in the wide channel are calculadst

Dlwi,j =éy — SAPHi - SAPCi + 5an,TAHi,j - STnW,TACi,j - 5ani,j - SnWCi,j + 5anHi,j - 6anCi,j
_-SOWHLj_-SOWCM _'25VR (F-58a)
Dyyij = ew — Sapni + Ornw,ranij — Orww,racij — OnwHij — Owwij T OmnwHij — Omwwij — Gowni,
_'50wcu _'25VR (F-58b)
Dlwi,j =éy — SAPHi - SAPCi - 5an,TAHi,j + STnW,TACi,j - 5ani,j - SnWCi,j - 5anHi,j + 6anCi,j
— Gownij — Sowcij — 20yr (F-58¢)
[ 2mz
Dwij = Diwij — ADsin | —— (F-58d)
g

A correlation is not available for the wide chantietkness whe@, = 1.
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IF (®i(l1)==1) THEHN
D 1lwii,j,k)=e w(k)-delta DELTA PH(i, k)-delta DELTA PC(i k)+ &
delta Tonw TAH(i,j,k)-delta Tnw TAC(i,j,k)-delta nwH(i, j, k)- &
delta nwC(i,],k)+delta MowH(i,Jj,k)-delta MowCi(i,]j, k)-delta owH(i,j, k|- &
delta owC(i,j,k)-(2*delta VR) !'mil
ELSE IF (xi(2)==1) THEN
D lwii,J,k)=e_w(k)-delta DELTA PH(i,k)+delta Tnw TAH[1i,J,k]- &
delta Tww TA(Li,]j,k)-delta nwH(i,j, k) -delta wwii,j, k)+ &
delta MnwH(i,j,k)-delta Mwwi(i,j,k)-delta owH(i,j, k)- &
delta owC(i,j,k)-(2*delta VR) 'mil
ELSE IF (xi(3)==1) THEN
D lwii,Jj,k)=e_w(k)-delta DELTA PH(i,k)-delta DELTA PC(i,k)- &
delta Tnw TAH(i,j,k)+delta Tnw TAC(i,Jj,k)-delta nwH{i,j, k)- &
delta nwC(i,j,k)-delta MnwH(i,]j,k)+delta MnwC(i,j,k)-delta owH({i,Jj, k)- &
delta owC(i,j,k)-(2*delta VR) 'mil
END IF
D wii,j,k)=D 1w(i,]j,k)-(DELTAD (k) *sin((2*pi*z(j, k) ) /lanbda g(k))) 'mil

Once the channel thicknesses have been solved¢cesasire set up that involve the thicknesses

andAz;, and are used to calculate the mass flow ratedalkdluid temperatures.

DO i=1,m
DO §=2,n
D nz(i,Jj,k)=(DELTAz (j,k)/1000)* ((D n(i,3-1,%)+D n{i,j,¥%))/2) !in"2
D wz(i,3j,k)=(DELTAz (j,k)/1000)* ((D w(i,3-1,%)+D w(i,3,¥k))/2) !in"2
D3 nz(i,Jj,k)=(DELTAz (j,k) *1000%12000%*2)/ ((D n(i,i-1,k)+ &
D nii,j, k))/2)**3 11/£ft"2
D3 wz (i,3,k)=(DELTAz (j,k) *1000%12000%*2)/ ( (D w(i,i-1,k)+ &
D wii,j, k))/2)**3 11/£ft"2
END DO
END DO

The subroutiné/lassFlowis used to calculate the mass flow rates in tewneand wide

channels, using the matrices set up wiith andD,,;;.

CALL MassFlow (fluwid,k,m,n,n,t,f,Q,F,zin, k), DELTAFP F,F coef, T in,rho in, &
Q H2O,g,g _c,ep2ilonD e,U temp,e ne,U,o0ldw n,phi z,D nz, D3 nz,w no)

CALL MassFlow (fluwid,k,m,nn,t,f,Q,F,zin, k), DELTAP F,F coef, T in,rho in, &
Q HXO,g,g _c,ep2ilonD e, U temp,e we,U,o0ldw w,phi z,D wz,D3_wz,w_wWo)

DO i=1,m

Ww nii,kj=w no(i) !lb m/in-=
W wWii,kj=w wo(i) !lb m/in-=
END DO

From the mass flow rates, the bulk fluid tempemgun the narrow and wide channels are
calculated using@ulkFluidTemp The viscosity of the fluid at each temperatsralso

determined.
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CALL BulkFluidTemp (fluid,k,m,n, A, £, Q, P, F coef, T in,rho in,{ H20,g,g o, £
epsilonl e, U temp,e ne,U,w n, 2,0 n,phi 2,0 nz, 03 nz,T no,rho no,mu no,Re Dnoj
Do i=1,m

e §=1,n
T ni{i,j,k}=T no{i,j) !'F
ma n(i,j,k)=mu no(i,j) !lb m/ft-hr
END Do
END Do

CALL BulkFluidTemp (fluid,k,m,n, A, £, Q, P, F coef, T in,rho in,{Q H20,g,9 c, &
epsilonl e, U temp,e we,U,w w, 2,0 w,phi 2,0 wz,D3 wz,T wo,rho wo,mu wo,Re Dwo)
Do i=1,m

Do j=1,n
I wii,J,k)=T wo(i,j) !F
mu Wii,j,k}j=mu wo(i,j) 'lb m/ft-hr
END DO
END DO

Next, the surface temperature distribution is deteed fromSurfaceTemp Surface
temperatures are determined for a hot plate in aathrrow and wide coolant channel, and for a

cold plate in both a narrow and wide channel.

CALL SurfaceTemp |(fluwid,k,m,n,U(8),F,w n,z,0 n, T n,oma n,g flux H, T SnHo)
CALL SurfaceTemp |(flwid,k.m,n,U(8),F,w n,z,0 n, T n,oma n,g flux C, T SnCo)
CALL SurfaceTemp |(fluwid,k,m.n,U(8),F,w w,2,0 w,T w,mu w,g flux H, T SwHo)
CALL SurfaceTemp |(fluwid,k.m,n,U(8),F,w w, 2,0 w,T w,nmu w,g flux C, T Swlo)
DO i=1,m

Do j=1,n

T SnH(i,j,k)=T SnHo(i,j) 'F
T SnC(i,3j,k)=T _SnCo(i,j) 'F
T SwH(i,j,k)=T SwHo(i,j) 'F
T SwC(i,3j,k)=T SwCo(i,j) 'F
END DO
END DO

The surface temperatures for each type of plat¢hareused to calculate the oxide film

thickness on the surface of the fuel plates. Eh@one using Egs. (F-22) and (F-23).
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DO i=1,m
DO 5=1,n
IF{1==1) THEN
¥ nH(i,3,k)=443*U(9) *theta (1) **.778*exp (-8280/ (T_SnH(i, 3, k)+ &

458.67)) 'mil

X nC(i,3,k)=443*U(9) *theta (1) **.778*exp (-8280/ (T_SnC(i, 3, k)+ &

458.67)) 'mil

X wH(i,3,k)=443*U(9) *theta (1) **.778*exp (-8280/ (T_SwH(i, i, k)+ &

458.67)) 'mil

X wC(i,3,k)=443*U(9) *theta (1) **.778*exp (-8280/ (T_SwC(i, 3, k)+ &

458.67)) 'mil

ELSE
psi nH1(i,Jj,k)=(psi nH2(i,j,k)+theta(1-1))*exp((10643* &
(T_SnH1(i,j,k)-T SnH(i,j,k)))/((T_SnH1(i,j, k)+459.67)* &
(T_SnH(i,j, k)+459.67))) !hr
psi nC1(i,Jj,k)=(psi nC2(i,j, k)+theta(1-1))*exp((10643* &
(T_SnC1(i,j,k)-T _SnC(i,3,k)))/((T_SnCl(i,j, k)+459.67)* &
(T_SnC(i,j, k)+459.67))) !hr
psi wH1(i,Jj,k)=(psi wH2(i,j,k)+theta(1-1))*exp((10643* &
(T_SwH1(i,j,k)-T SwH(i,j,k)))/((T_SwH1(i,j, k)+459.67)* &
(T_SwH(i,j, k)+459.67))) !hr
psi wC1(i,Jj, k)=(psi wC2(i,j, k)+theta(1-1))*exp((10643* &
(T_SwC1(i,j,k)-T SwC(i,3,k)))/((T_SwCl(i,j, k)+459.67)* &
(T_SwC(i,j, k)+459.67))) !hr
X nH(i,3,k)=443*U(9) % (theta(1l)+psi nH1(i, 3, k))**.778%exp (-8280/ &
(T_SnH(i,j, k)+459.67)) 'mil
X nC(i,3,k)=443*U(9) % (theta(l)+psi nCl(i,j, k))**.T78%exp (-8280/ &
(T_SnC(i,j, k)+459.67)) 'mil
X wH(i,3,k)=443*U(9) % (theta(1l)+psi wH1(i, 3, k))**.778%exp (-8280/ &
(T_SwH(i,j, k)+459.67)) 'mil
X wC(i,3,k)=443*U(9) * (theta(1l)+psi wC1(i, 3, k))**.T78%exp (-8280/ &
(T_SwC(i,j, k)+459.67)) 'mil

END IF
END DO
END DO

Again, these thicknesses will equal zer6ifD = 1 since the final time increment is equal to
zero. The temperature distribution is calculatettha cladding to oxide layer interface for each

i,j using Eq. (F-24). This is done for all four pkate
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DO i=1,m

Do j=1,n
IF (X nH{i,J,k)=<=3) THEHN
T MnH{1,3,k)=T SnH{i,J,k)+i(g flux H{i,J,k)*X nH(i,j,k))/ (12000 &
k oxide) ) !F
ELSE
T MoH(1,3,k)=T SnH{i,J,k)+((3"g flux H(i,J,k))/ 12000k oxide)) !F
END IF
IF (X nCi{i,J,k)=<=3) THEHN
T MnCii,3,k)=T SnCii,Jj,k)+i(g flux C(i,J,k)*X nC(i,],k))/ (12000 &
k oxide) ) !F
ELSE
T MnCii,3,k)=T SnCii,J,k)+((3"g flux C(i,J,k))/ 12000k oxide)) !F
END IF
IF (X wH{i,J,k)=<=3) THEHN
T MwH({i1,3,k)=T SwHii,J,k)+i(g flux H{i,J,k)*X wH(i,],k))/ (12000 &
k oxide) ) !F
ELSE
T MwH(1,3,k)=T SwH{i,J,k)+((3"g flux H(i,Jj,k))/ 12000k oxide)) !F
END IF
IF (X wCi{i,J,k)=<=3) THEHN
T MwCii,3,k)=T SwCii,J,k)+i(g flux C(i,J,k)*X wC(i,],k) /(12000 &
k oxide) ) !F
ELSE
T MwCii,3,k)=T SwC{i,J,k)+((3"g flux C(i,J,k) )/ (12000k oxide)) !F
END IF
END DO
END DO

The average metal temperature at egéh determined for each type of plate.

Tynnnij = Tunnij (F-59a)

Tynncij = Tuncij (F-59b)
Tommui + Totwii

Tynwhij = ) > il (F-59c¢)
Tuncij + Tmweij

Tnweij = —————— (F-59d)

Trvwwij = Tmweiyj (F-59e)
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DO i=1,m
DO j=1,n
T MnnHi (i,3,k)=T MnH(i,j, k) !F
T MnnCi(i,3,k)=T MnC(i,j, k) !F
T MnwHi(i,3,k)=(T MnH(i,3,k)+T MwH(i,3,k))/
T MnwCi(i,3,k)=(T MnC(i,d,k)+T MwC(i,3,k))/
T Mwwi(i,j,k)=T MwC(i,3,k) !F
END DO
END DO

[
L]

From these values, the average metal temperatwe tihe length of the fuel plates are

determined.
m—2 <TMX,i—1,j + TMX,i,j) As
i=4 2 i
Tux, S (F-60)
DO i=4,m-2
Do §=1,n
T MnnSH(i,3j,k)=((T_MnnHi(i-1,3,k)+T MnnHi(i,j, k))/2)*DELTAs (i, k) !F-in
T MnnSC(i,j,k)=((T_MnnCi(i-1,3,k)+T MnnCi(i,j, k))/2)*DELTAs (i, k) !F-in
T MnwSH(i,3j,k)=( (T MnwHi(i-1,3,k)+T MnwHi(i,3j,k))/2)*DELTA=s (i, k) !F-in
T MnwSC(i,3j,k)=( (T MnwCi(i-1,3,k)+T MnwCi(i,j, k))/2)*DELTA=s (i, k) !F-in
T MwwS(i,3,%k)=((T Mwwi(i-1,3,k)+T Mwwi(i,j,k))/2)*DELTA= (i, k) !F-in
END DO
END DO
Do §=1,n

T MnnH(j,k)=SUMMATICN123(4,m-2,1,n,1,2,k,3,4,m-2,T MonSH)/ &
SUMMATION12 (1,m+1,1,2,k,4,m-2,DELTAs) !F
T MnnC (i, k)=SUMMATICN123(4,m-2,1,n,1,2,k,3,4,m-2,T MonsC)/ &
SUMMATION12 (1,m+1,1,2,k,4,m-2,DELTAs) !F
T MnwH (3, k)=SUMMATICN123(4,m-2,1,n,1,2,k,3,4,m-2, T MowSH)/ &
SUMMATION12 (1,m+1,1,2,k,4,m-2,DELTAs) !F
T MnwC (3, k)=SUMMATICN123(4,m-2,1,n,1,2,k,3,4,m-2, T MowsC)/ &
SUMMATION12 (1,m+1,1,2,k,4,m-2,DELTAs) !F
T Mww (i, k)=SUMMATION123(4,m-2,1,n,1,2,k,3,4,0-2, T MwwS)/ &
SUMMATION12 (1,m+1,1,2,k,4,m-2,DELTAs) !F

END DO

The average differential pressure is calculatechfuel plate between a narrow and wide coolant

channel, across each strip of unit span
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. a0 2 : a2
1.04p; Wy, - 1210.12,000 T wy; - 1210.12,000 !
APiyor; = pminz ( wi ft ft> _ ( ni ft ft) (F-61a)
ch - 144 ez Pinwe Pin€ne
: a2
AP~ [ _ (1 __ Cwe >Zl Deswi <WWi -121-12,000 mf_t“>
o ewe +t/ |2g - 14412 PexwiCwe
. i\ 2
B ll B (1  ene >Zl Pexni_ Z(Wni -1211.12,000 %) (F-61b)
ene T 1 ch - 144 % Pexni€ne
Ain,i = APinlet,i + APexit,i (F-61c¢)

The exit condition densitigs,, ,; andp,, ,,; are set equal to output values form the subroutine
BulkFluidTemp

DO i=1,m
rho ex nii,k)=rho noii,n) !lb m/fc"3
rho ex wii,k)=rho woi(i,n) !lb m/fc"3

END DO

DO i=1,m
DELTAP inlet (i, k)=((1.04*rho in)/ (2*g c*144))* (((w w(i k)*12*12000)/ &
irho in*e we (k) ) )**2-((w_n(i, k) *12*%12000)/ (rho_in*e ne(k)))**2) !p=ia
DELTAP exit(i,k)=((1l-(1-({e_we(k)/ (e wel(k)+t)))**2)* (rho ex wii k}/ &
(2*g_c*144))* ((w_w(i,k)*12*12000)/ (rho ex w(i, k)*e we(k)))**2) &
- (1-(1-(e_ne (k) /(e ne(k)+t)))**2)* (rho ex n(i, k)/(2*g_c*144))* &
((w n(i, k)*12*12000)/ (rho_ex nii, k)*e_ne(k)))**2) !psia

DELTAP nwi (i,k)=(DELTAP inlet (i,k)+DELTAP exit(i,k))/2 !psia
END DO

The average differential pressure across the espima of the fuel plate is determined.
m—2 (Apnw,i—l + Ain,i) ASi

i=4 2
AP, = (F-62)
m-—2
Do i=4, m-2
DPF=s (i, k)=( (DELTAF nwi (i-1,k)+DELTAP nwi(i, k))/2)*DELTA= (i,k) !psia-in
END DO

DELTAP nw(k)=SUMMATION12(4,m-2,1,2,k,4,m-2,DP5)/ &
SUMMATION1Z2 (1,m+1,1,2,k,4,m-2,DELTAs) !psia

Finally, the differences between the previous amdent values for the average metal
temperatures down the length of the fuel platecal®ulated. The maximum temperature

differenceM AX is determined from all of these values.
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DO 5=1,n

DIFF TMnnH (j)=ABS (T MnnH(j, k)-0ldT MnnH(j, k)) !F

DIFF_TMnnC (j)=ABS (T MnnC(j,k)-0ldT MnnC(j, k)) !F

DIFF TMnwH (j)=ABS (T MnwH(j, k)-0ldT MnwH (3, k)) !F

DIFF_TMnwC (j)=ABS (T MnwC(j, k) -0ldT MnwC (3, k)) 'F

DIFF TMww (j)=ABS (T Mww (j,k)-0ldT Mww(j, k)) !F
END DO

DIFF T (1)=MAXVAL (DIFF TMnnH); DIFF T (2)=MAXVAL(DIFF TMnnC) !F
DIFF T (3)=MAXVAL (DIFF TMnwH); DIFF T (4)=MAXVAL(DIFF TMnwC) !F
DIFF T (5)=MAXVAL (DIFF TMww) !F

MAX T=MAXVAL (DIFF T)

The DO loop for this subroutine is repeated, using thetmaxsent values of the mass flow rate,
average metal temperatures, oxide film thicknesse®$AP,,,. The loop keeps repeating until
MAX; < 0.1°F, which ensures that all of the average metal teatpees down the length of the
fuel plates converge to within 0.1°F.

F.4. Partlll.F90

SUBROUTINE HotStreak(fluid , LCO, CCO, DFN, HSF, m, n, 4, t, f, @, P, APy, F ey,
Tin, Pin» Quy0, 9 9,0 €/De, Vs, €, €min, €e, AD, Wy, Uss, 83, Bz, Zj, @y, Dy, King, Lings jing,
Kot imots Kmfrs imgrs MINy, Pipg, Wing, Rang, TSing, Tings Qings Tmot» Wmots Wmgfrs Tmfr):

INPUTS:fluid, LCO, CCO, DFN, HSF, m, n, A, ¢, f, Q, P, APg, Feoef, Tins Pins @uy0s 95 9,

E/De, VAS! €, €min» e, AD, Wi, U25, Si, AZ]', Zj' d)i,jl Di,j

OUTPUTSKpf, ings jings Kmots imots Kmprs imprs MINp, Pingy Wings Rings TSings Tingy Qing s

Timots Wmots Wmsrs Tmgsr

HotStreakalso performs a series of thermal-hydraulic caloute, but they are done on the hot
streak in the channel. This subroutine also Usedriting criterion to determine where the
hottest location is in the channél,,,,, is the first variable defined idotStreak

U _temp=U (1) *U(2) *U(3) *T(24)

The pressure at the inlet to the fuel assemblglsutated using an equation similar to Eq. (4-
134).

7-1078gp;, V2 V7
Pr=P— Ii’: =+ — Pinds . (F-63)
. — in m
9 20,144 (4488312 m. Ag)
P F=P-(((7E-&*rho_in*g)/ (g_c*144))*V _A5**2)+( (rho_in*V AS**2)/ &
(2*g_c*144* (448.831*A fi)**2)) !p=ia

The minimum possible channel thickness is calcdl&te eachi,j using the thicknesses
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calculated fronPartlIDeflections

Dmin,i,j = Di,j —e+ Cmin — AD (F‘64)
LC i=1,m
L j=1,n
IF (DFHN==2) THEN
D minii,j, kj=D(i,Jj,k)-e(k)+e minik)-DELTAD (k) 'mil
ELSE
D minii,j, kj=D(i,]j,k) !mil
END IF
END Do
END Do

Matrices involving products/quotients of the powlensities and minimum channel thicknesses
with the axial increments are set up, and useddarsummation terms for calculating the mass
flow rates, bulk fluid temperatures, and absolutsgures in the channel.
DO i=1,m

DO j=2,n

phi_z(i,3,k)=((phi(i,i-1,k)+phi(i,J,k))/2)*DELTAz (i, k) 'in
D z(i,j,k)=(DELTAz(],k)/1000)*((D min(i,j-1,k)+D min(i,i,k))/2) !in"2

D3 _z(i,3,k)=(DELTAz (3, k) *1000%12000%*2)/((D min(i,j-1,k)+ &
D min(i,j,k))/2)**3 !1/fc"2
END DO
END DO

From the minimum thicknesses, the hot streak magsrhtes are calculated.
CALL MassFlow (flwid,k,m,n,2,t,£,Q,F,zin, k) ,DELTAP F,F coef, T in,rho in,
Q H20,g,g9 c,epsilonl e, U temp,e e, U,w,phi z,D 2,03 z,w _hso)
DO i=1,m
w_h=(i,k)=w _h=so({i) !lb m/in-=
END DO
Next the hot streak bulk fluid temperature disttibn is determined usingulkFluidTemp

Thermophysical properties of the fluid are als@ukited at each hot streak temperafte .

&

CALL BulkFluidTemp (fluid,k,m,n,4,f,Q,P, F coef, T in,rho in, HIO,g,9 c, &

epzilonD e, U temp,e e,U,w_hs,z,D min,phi z,D 2,03 2, T hso,rho_o,mu_o,Re Do)

DO i=1,m

o j=1,n
T h=(i,j,k)=T _h=so(i,]) 'F
rtho(i,j,k)=rho o(i,j) 'lb m/ftc"3
ma{i,j,k)=m o{i,j) !'1b m/ft-hr

Re ave(i,j,k)=Re_Do(i,])
k cond(i,j,k)=ThermCond (fluid,T hs(i,j, k},P} !'Bru/hr-ft-F
Ee D(i,J,k)=(2%w_hs(i,k)*12*3600) /mu(i, ], k)
Pr(i,Jj,k)=FPrandtl (fluid,T h=s(i,j,k],F)
END DO
END DO
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Local nonbond factors are calculated for the fualgs at each spatial position

_ (1.33687 — 0.35423s; + 0.14503s? — 0.01669s for inner element (F-652)
201711180171 — 0.278079s; + 0.15175652 — 0.014261s> for outer element
U = 0.863686 — 0.016507s; — 0.01095s2 + 0.004797s?  for inner element (F-65b)
21171 0.881393 — 0.249204s; + 0.181639s% — 0.033932s3 for outer element
DO i=1,m
IF (k==1) THEN
U20(1,k)=1.33687- (.35423%3(i,k) )+ (.14503%s (i, k) **2)-(.01669%s (1, k) “*3)
U21(i,k)=.863686- (0165075 (1, k))—(.01095%3 (i, k) *+2)+(.0047976%3 (i, k) **3)
ELSE
U20(1,k)=1.180171-(.278079%s (1,k) )+ (.151756%s (1, k) **2) - &
(.014261%s (i,k) **3)
U21(i,k)=.881393— (.249204%5(1,k))+(.181639%5(1,k)**2)- &
(.033932%s (1, k) **3)
END IF
END DO

These values are then multiplied by the fuel seajreq factorl, 3 or U,4, depending on if the
cold channel option has been selected. If theshot factors are neglected, then these factors are

all set equal to 1.

_ {U18U20,i for the hot channel (F-66)

- Uy;9U;q; for the cold channel

e i=1,m
IF (H5F==1) THENW
U barii, k)=1
ELSE
IF (CCC—=1) THENW
U bar(i, k)=U(18)*020(1i, k)
ELSE
U barii, k)=U(19)*021(1, k)
END IF
END IF
END Do

The hot streak surface temperatures, surface heaisf and heat transfer coefficients are

calculated using the subroutin@tSpotHeatFlux
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CALL HotSpotHeatFlux(fluid, k,m,n,2,£,Q,F, T, T bar,U25,2,D min,T hs,mu, &
kX cond,Re D, Pr,phi,T Shso,q flux hso,h hso)

Do i=1,m
e §=1,n
T Sh=(i,j,k)=T Sh=o(i,j) !F
g flux hs(i,j,k)=g flux hso(i,]j) !Brtu/hr-fc"2
h h=(i,j,k)=h h=aoii,]j) !'Bru/hr-fr"2-F
END Do
END Do

The absolute pressure of the coolant is calculateéch positiofyj in the channel, using an

equation similar to Eq. (4-133).

a0 2 i 2
po—ps (g) piE_, ( 1 004 ><thi +12,000 mf—;‘> 1 <thi +12,000 mf_tﬂ>
Y gc (12if—1t1 3 gcpin chpin €e gcpi,j Dmin,i,]'

j i i1 2
_ ffric,i,jWI%si Z Az - 1,000 r:l_ri] ] (12'000 mf_tll (F-67)
4gcpave,i,j =2 <Dmin,i,j'—1 + Dmin,i,j')3
2

The friction factorsf;,;.;; are calculated using the subroutibelebrookFac Once the pressures

have been determined, the saturation temperatfoenmsl for the coolant for eadh;.

DO i=1l,m

Pij{i,1,k)=P _F+((g/g c)*((rtho(i,1, k)*z(1,k))/12**3))+(((1/(g_c*rho in))- &

(.04/ (2*g_c*rho _inj))*((w_hs(i, k)*12000)/e _e(k))**2)-((1/(g_c* &

rho(i,1,k)))*((w_hs(i, k)*12000)/D min(i, 1, k))**2) !psia

T =atc(i,l1,k)=5atTemp(fluid, Pij(i,1,k)) !'F

Do j=2,n
CALL ColebrookFaciepsilonD e, Re ave(i,j, k) ,F coef, f fric(i,j, k)]
Pijii,j,k)=F _F+il(g/g c)*((rhoi(i,Jj, k)*2(],k))/12**3))+(({(1/ (g _c*rho _in))- &
[.04/(2*g_c*rho inj)))*((w_hs(i, k)*12000)/e e(k))**2)-((1/(g_c* &
rho(i,Jj,k)))*(iw_h=s(i,k)*12000)/D minii,J, k) )**2)-((({f_fric(i,j, k)" &

w_h=(i,k)**2)/(4"g _c*rho(i,CEILING(J}/2.),k)))* &
SMATIONZ213(1,m,2,n,1,2,k,1,2,3,03_z)) !psia
T zacii,j,k)=5atTemp (finid,Pij(i,j,.k)) 'F
END DO
END DO

The limiting criterion is then used on all sectiarighe fueled region of the plate, i.e. in the
range3 <i<m-—2and3 <j<n-—2. Adifferent subroutine is called, depending dmck
criterion is selected, that returns valueagf These values are the differences between hot
streak wall heat fluxes and corresponding limitinigeria heat fluxes. If incipient boiling or
saturation is selected, then the values;pfire equal to the difference between surface

temperatures and corresponding incipient boilirtgfséion temperatures.
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IF (LCC—=1.CR.LCC==2) THEN
CALL Burnout (flwid,LCO,m,n,g,g ¢, T h=s,T sat,g flux hs,Pij,D min,Re D, Pr, &
k cond, DELTR)
END IF
IF (LCC—=3) THEN
CALL IncipientBoiling(m,n,U(23),T Shs,T sat,g flux hs,Pij,DELTA)
END IF
IF (LCC—=4) THEN
CALL FlowExcursion|(fluid,m,n,w h=s,T h=s,T sat,q flux h=s,Pij,D min,Re D, Pr, &
k cond, DELTE)
END IF
IF (LCC—=3%) THEN
CALL CriticalHeatFlux (fluid,m,n,g c,w _hs,T h=s, T sat,g flux hs,Pij, &
D min,DELTA)
END IF
IF (LCC——&) THEN
CALL NetVaporGen (m,n,w _hs,T hs,T sat,gq flux hs,rho,D min, DELTA)
END IF
IF (LCC—=T7) THEN
Do k=1,2
Do i=3,m-2
Do j=3,m-2
DELTR(L1,],kK)=T =satii,J,k)-T _hs(i,],k)
END Lo
END Lo
END Lo
END IF

The next part of the subroutine goes througljah both the inner and outer elements and
determines the lowest value &f;, which corresponds to the most critical locatiorthe channel.
FORTRAN has &1INVAL function that returns the minimum value of a matbiut it does not
give the location of that value in the matrix. Thaawhy the following lines of code are needed
to find thei,j location of the minimum value. The limiting suwéaheat flux, bulk fluid
temperature, surface temperature, heat transféfictert, mass flow rate, and absolute pressure

are then declared at this specifjc
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Do i=3,m-2
MINi (i, k)=DELT& (i, 3, k)
J if{i,k)=3
END Do
Do i=3,m-2
Do j=4,n-2
oldHMTNi (i, k)=MINi (i, k)
oldj if{i,k)=3 i(i, k]
IF (DELTA(i,j,k)<MINi(i,k)) THEN
MINi (i,k)=DELTRA(i,j, k): J i{i, k)=]
ELSE
MINi (i, k)=oldMINi (i, k)
J i{i,k)j=0ld]j i(i k)
END IF
END Do
END Do
MIN D(k)=MINi (3, k]
J limic(k)=3 i(3,k)
i limic(k)=3
Do i=4 m-2
oldMTN (k) =MIN D (k]
old]j ik)=j limirt (k]
oldi (k)=1i limirt (k]
IF (MINi(i,k)<oldMIN|(k)) THENW
MIN D(k}=MINi (i k); i limit(k)=i; j limitik)=j i{i, k)
E15E
MIN D(k)=o0ldMIN k]
J limit (k)=0ldj (k]
i limirc (k)=0ldi k]
END IF
END Do
g limit (k)=g flux hsii limit(k),j limitik],k) !Btu/hr-ft"2
T 1imic(k}=T hs({i limitc(k),j limic(k),k) !'F
Tz limit (k)=T Shs(i limic(k},j limit(k),k) !'F
h limitc(k}=h hs(i limit(k),j limict(k),k) !Bru/hr-fr"2-F
w_limit(k)=w _hs(i limit(k),k} !'lb m/in-=
P limic(k}=Pij (i limit(k),j limit(k), k] !psia

A similar loop is run to find the location of theamimum outlet bulk fluid temperature of the

channel. The outlet temperature and mass flowaragte¢hen declared at this location.
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LC i=3,m-2
T outii,k)=T hs({i,n, k)

END DO

T max (k=T out(3,k)
i1 mt(k)=3

LC i=4 m-2

0ldT Max (k)=T max (k)
oldi mtik}=1i_mt (k)
IF (T _outii,k)>0ldT max(k)) THEHN
T maxik)=T out(i,k) !F
i1 mt(k)=1
ELSE
T maxzik)=o0ldl max(k) !F
i1 mt(k)=oldi mt (k)
END IF
END DO
w_mt (k)=w_h=(i mt(k), k) !lb m/in-=s

Finally, the location of the minimum mass flow r&dound. The flow rate and outlet bulk fluid

temperature are declared at that location.

W _min(k)=w_hs (3, k)
i mwik)=3
Do i=4,m-2
oldw min(k)=w_min (k)
oldi mw(k)=1i_mw(k)
IF (w_hs(i,k)<oldw minik)) THEHN

W nmin(k)=w_hs(i,k) 'lb m/in-=
i mwik)=1
ELSE
W_min(k)=oldw min(k) !1b m/in-s
i mwik)=o0ldi mw(k)
END IF
END DO

T mwik)=T hs(i mwik),n, k) !F
The above values are found for both the inner antdrduel elements. Therefore, the program
determines the overall limiting heat flux, maximonutlet fluid temperature, and minimum flow

rate between the two elements.
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IF (MIN D(1)<MIN D(2)) THEHN
MIN DELTA=MIN D(1)
k 1hf=1; i 1hf=i limit(l); j_1hf=j limit(1l):
g lhf=g limit(l); T 1hf=T limit(l); Ts_1hf=Ts limit (1)
h 1hf=h limit(l); w_1hf=w limic(l); P _1hf=F limict (1)
ELSE
MIN DELTA=MIN D(2)
k 1hf=2; i 1hf=i limit(2); j_1hf=j limit(2):
g lhf=g limit(2); T 1hf=T limit(2); Ts_1hf=Ts limit (2)
h 1hf=h Jlimit(2); w_1hf=w limitc(2); P_1hf=F limict (2]
END IF
IF (T max(1)>T max(2)) THEN
Emot=1; i mot=i mt(l); T mot=T max(l); w_mot=w mt(l)
ELSE
Emot=2; i mot=i mt(2); T mot=T max(2); w_mot=w _mt (2]
END IF
IF (w min(l)<w min(2)) THEN
Enfr=1; i mfr=i mw(l); T mfr=T mw(l); w_nfr=w min(l)
ELSE
Eknfr=2; i mfr=i mw(2); T mfr=T mw(2); w_nfr=w min(2)
END IF

SUBROUTINE HotSpotHeatFlux(fluid , k, m, n, A, f, Q, P, U, U;, U;s;, Zj, Diinjijs Thsij

Hijs Kconaijs Repijs PTij, Dijs Tsnsijs Qhsij Phsij):

INPUTS:fluid, k, m, n, 4, f, Q, P, U, Ui, Ussi, 2, Diin s Thsijs Mijs Kconaijs Repijs PTij, $i
OUTPUTS: Tspsijr Gnsijr Msi

The subroutinéiotSpotHeatFlwis similar toSurfaceTem@xcept that it uses an uncertainty
factor that considers both the maximum local fegiregation and the nonbond factors.
Furthermore, this subroutine returns the hot spat Huxes and heat transfer coefficients at each
location in addition to the surface temperatur&s.with SurfaceTempthe surface temperatures

are given an initial value df,;; and the values d#/FF;; are set equal to 1°F.

DO i=1,m
DO 3=1,n
T Shs(i,3)=T hs(i,i, k) 'F
END DO
END DO
DIFF T=1 !F

A DO loop is set up that runs until the values of tinéace temperature converge to within
0.1°F. The previous values for the surface tenmpezare kept, then the viscosity of the fluid is
calculated at those surface temperatures. TheeMumsnber and heat transfer coefficient are

also determined.
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o0ldT Shs({i,3J)=T_Shs=(i,j) !F
ma 5(i,j)=Visc(fluwid,oldT 5hs(i,3j),P) 'lb m/frt-hr
IF (zi(j,Ek)>0) THEN
Ha(i,j)=.0235*(Be D(i,],k)*~.8-230)*((1.8%Pr(i,J,k)*~.3)-.8)"(1+((1./3.)" &
((2°D min(i,J,k) )/ (1000*z (3, k)) )=~ (2./73.)) ) ma(i,],k) /mu S{i,3))"*~.14
ELSE
Hu(i,j)=.0235*(Re D(i,J,k)**.8-230)*((1.8*Pr(i,J,k)**.3)-.8) " (muii,J, k}/ &
ma S5(i,j))**.14
END IF
h h=(i,J)=(U(8)*k cond(i,],k)*Hua(i,]j)*12000)/(2*D min(i,j,k)) !'Brtu/hr-ft"2-F

The surface temperature is then calculated thraugjlghtly modified form of Newton’s Law of

Cooling that has the uncertainty factor:

116 Btu/h Qf — hhﬂj
3.412 - 10° BB U, U, UsUpsi =i |1 + (U — DW
Tsnsij = Thsij + (F-68)

hhsi,j

The factorU,;, which is the flux peaking factor for fuel extengibeyond its nominal axial
boundaries, is only used in Eq. (F-68) whenn — 2 where the fuel portion of the plate ends.
The values foDIFFy;; are also calculated. The loop is repeated iifil7;;; = 0.1°F.

IF (§==n-2) THEHW
T Shs(i,J)=T hs(i, i, k)+((3.412E6*U(1)*U(2)*U(3)*U25(i, k) *((Q*E)/A)* &
phi (i,3,k)*(1+((U bar(i, k)-1)*(h hs(i,3)/15000))))/h hs(i, j)) 'F
ELSE
T Shs(i,j)=T hs(i, 3, k)+((3.412E6%U(1)*U(2)*U(3)*((Q*E)/A)*phi(i, ], k)* &
(1+( (U bar(i,k)-1)*(h_hs(i,3)/15000))))/h hs(i,j)) 'F
END IF
DIFF T(i,j)=T Shs(i,Jj)-o0ldT Shs(i,J)

The hot spot heat flux is then calculated. Oneerad,-; is only used whejp=n — 2.

"o _ . 6 Btu/hr Q_f 7o hhsi,j
Ghsij = 3.412-10 i U,U,U3U,5; ) ¢i,j 1+, -1) —15'00011 Bt;xo (F-69)
r-ft%-°F
DO i=1,m
Do 3=1,n

IF (§==n-2) THEN
g flux hs(i,3)=3.412E6*U(1)*U(2)*U(3)*U25 (i, k) *((Q*£)/A)*phi (i, 3, k)* &
(1+( (U bar(i,k)-1)*(h_hs(i,3j)/15000))) !Btu/hr-ft~2

ELSE
g flux hs(i,3)=3.412E6*U(1)*U(2)*U(3)* | (Q*£) /B)*phi (i, J, k) *(1+ &
((U bar(i, k)-1)*(h hs(i,3)/15000))) !Btu/hr-ft"2
END IF
END DO
END DO
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SUBROUTINE Burnout(fluid, LCO, m, n, 9, 9, Thsij» Tsatij» Ghsij P
kcondi,ja Ai,j):

|NPUTSﬂUM,LCOJnJLg,QyﬂmyYmeQ&uJ%’ minij» Repijs PTijy Kconaij
OUTPUTS:A;

Dinij» Rep;j, Py

i,].l 'j!

This subroutine calculates the burnout heat fluuesig Gambill’'s [22] correlation, at each point
in the fueled region of the plate and compares tteethe surface heat fluxes. The constafits

C, andK,, ,,;; are first defined, which are used in the burnautedations, as well as the static
equilibrium quality for liquid and vapor.

IF (LCC==1) THEN
K prime=.013; C=.8; K boboil=.1
ELSE
E prime=.023; C=1; K boboil=.18
END IF
= f=0.; x g=1.

The rest of the code is run for both the inner amigr fuel elements. The saturated liquid and
vapor densities, heat of vaporization, surfaceitensnd saturated liquid heat capacity are
determined for the coolant at eagh

rho f(i,Jj,k)=5atDens (fluwid,P(i,j, k),x_f) !'lb m/fr"3
rho gii,]j,k)=5atDens (filuwid,P(i,Jj, k) ,x_g) !'lb m/fr"3
h fg(i,j,k)=HeatVap (fluid,P(i,j, k)] !Bru/lb m
sigma(i,j, k)=5urfTens (fluid,T sat({i,j.k)) !'1b f/ft
cp fii,J,k)=5atCp(fluid,PFii,J,k),x f) !'Btu/lb m-F

An equation similar to Eq. (4-160) is used to ckltaithe superheat, designateddsy;;.

YEaﬁj
X = — F-70
il = 1 000°F (E-70a)
—127.04 + 929.94X; + 89.266X2 — 3714.4X3 if T,q; < 254°F
DTW;; = : - Jh s (F-70b)
77116551 — 700.49%,; + 1259.4X2 — 837.21X3  if Ty, > 254°F

X(i,j,k)=T sat(i,j, k)/1000
IF (T sat(i,j, k)<254) THEN

DTW(i,3,k)=-127.04+(929.94*X(i,3,k) )+ (89.266*X (i,3,k) **2)- &
(3714.4#*X(i,5,k)**3) IF
ELSE
DTW(i,3,k)=165.51—(T00.94*X(i,5,k))+(1259.4*¥(i,5,k)**2)- &
(837.21+X(i,5,k)#*3) IF
END IF

The nonboiling and boiling portions of the burnbett flux are calculated separately, then
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combined together. The values for are determined afterwards.

, (kconaij - 12,000 21 5
Qvonvij = K < T A ReSEPEY 3 (DTW,j + Tsarij — Thsig) (F-70a)
min,ij
" 1/2 1/4
Tbo,boitij = Kbo,poir = 3,600 % hfgi,jpgi,/j [Ui,jgcg(l)fi,j — pgij)]
3/4
1 +_C,<pfu> [ Pfu( sati,j hmd) (F-70b)
Pyij 9.8Mygi,
Qboij = Gbonbij + dboboilij (F-700)

g flux bonb(i,],k)=KE prime*((k cond(i,Jj,k)~12000)/ (2D min{i,j,k})|* &
Re Dii,j, k)**.8*Pr (i, j, k)**(1./3.)*(DITW(i,]3,k)+T =at(i,j k)- &

T h=s(i,j k)) !'Btu/hr-ft~2

g flux boboil (i,],k)=KE boboil*3600*h fgii,Jj, k) *sgrt(rho g(i,Jj, k)" &
(sigma (i,],k)*g c*g*(rho f(i,Jj,k)-rho g(i,j,k)))**.25% (1+(C* &

irho fi{i,j,kl/rho gii,j,k})**.75%((cp £(i,],k)*(T _=at(i,j, k)- &

T h={i,Jj,k)))/(9.8*h fg(i,J.k))))) !'Btu/hr-ft"2

g flux bo(i,j,k)=g flux bonb(i,]j,k)+g flux boboil(i,j, k) !Btu/hr-ft"2
DELTA(i,],k)=g flux bo(i,]j,k)-g flux hs(i,]j, k)

SUBROUTINE InCipientBOi”ng (m, n, U23, TShSi,]" Tsati,j’ q;l,Si,]" Pi,]" Ai,j):
INPUTS:m, n, Uz, Tsnsijy Tsarij Qhsij Py
OUTPUTSZAL]-

IncipientBoiling calculates the incipient boiling temperaturesaahepoint in the fuel region and
compares them to the surface temperatures. Thadteémperatures are found using Bergles

and Rohsenhow’s [41] correlation shown in Eq. (2)16llowed by the values faf;;.

Pi(j.0234-
r a5 a
Ghsi 23
Tsipij = Tsatij + <— (F-71)
1) sati,j 1.156
156Ph
Do k=1,2
Do i=3,m-2
Do §=3,n-2

T Sib(i,j,k)=T sat(i,j,k)+(U23*% (g flux hs(i,J,k)/(15.6* &
P(i,3,k)**1.156))**(P(i,3,k)**.0234/2.3)) 'F
DELTA (i,3,k)=T Sib(i,j,k)-T Shs(i, i, k)
END DO
END DO
END DO
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SUBROUTINE F|OWEXCUI‘SIOn(f|UId , M, N, WhSi' ThSi,]" Tsati,j’ q;{Si,]" Pi,]" Dmin,i,]'l ReDi’]', Pri
kcondi,ja Ai,j):

. H r
INPUTS:fluid, m, n, Wy, Thsijy Tsatijs Gnsijr Pijs Dmingijs Repijs PTijs Kcondi,

;j’

OUTPUTS:A;

This subroutine calculates the heat fluxes requmeflow excursion at each point in the channel
and compares them to the surface heat fluxes. i klisne using the correlation from Siman-
Tov et al. [42]. The static equilibrium quality ledquid is first defined.

x f=0.

Using the liquid quality and pressure values, ttersited heat capacity is determined for each
ij.

cp fii,j,k)=5atlp (fluid,Pi{i,j,k),x f) !'Btuw/lb m-F

Next, the subcooling correction factor is calculatsing Eq. (4-164c):

0.55 + 20.178 (F-72)
Nsubij = 0. — -
SubL) Tsati,j - Thsi,j

eta subii,j, k)=.55+(20.178/ (T =sat(i,],k)-T _ h={i,j, k}}]
The mass flux is then calculated, as well as tletePaumber.

_ Whsi12 n.12,000 213,600
1) - D

(F-73)

min,i,j
G flux=(w _h=s(i,k)*12*12000%3600)/D min(i,j, k) !lb m/ft"2-hr
Pe(i,j,k)=Re Dii,3j,k)*Frii, ], k)

Finally, the flow excursion heat flux is determingging an equation similar to Eq. (4-164a),

followed by the values fof; ;.

conaij - 12,000 20

k
"o_ 455775ubi,j( )(Tsati,j — Tysij) if Pe;j; < 70,000

Afeij = (F-74)

Dmin,i,j
0'0065n5ubi,jGi,jCP,fi,j (Tsati,j - ThSi,j) if Pei,j > 70,000

IF (Pe(i,j,k)<=TE4) THEN
g flux fe(i,j,k)=455%eta_sub(i,j, k) *((k_cond(i,j,k)*12000)/ &

D minii,j, k))*(T_=satii,j, k)-T _hsii,j, k)) !Btu/hr-ft"2
ELSE
g flux fe(i,j,k)=.0065*%eta_sub(i,j, k)*G_flux{i,j, k) *cp f{i,j,k)* &
(T sat(i,),k)-T _hs(i,j,.k)) !'Bru/hr-ft~2
END IF

DELTA(i,]j,k)=g flux fe(i,j, k)-g flux h=(i,]j, k)
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SUBROUTINE CriticalHeatFlux (ﬂU|d ,y M, N, gc, Whsis Thsi,j! Tsati,ja q;llsi,j’ Pi,]" Dmin,i,j: Ai,j):
INPUTS:fluid, m, n, 9, Wnsi, Thsijs Tsatijs q;l,si,ji Pijs Dinin,ij

OUTPUTS:A;;

The subroutin€riticalHeatFluxcalculates Hall and Mudawar’s [45] critical helatxes in the

channel and compares them to the surface heatflukiee constants, throughCs are defined,

along with the liquid and vapor qualities.

C 1=.0722; C 2=-.312; C 3=-.644; C_4=.9; C 5=.T724
x f=0.; =®= og=1.

The enthalpy, saturated enthalpy, and heat of vagtayn are determined for each pairit the
channel exitj(= n), and used to calculate the exit quality.

hexit,i - hf,exit,i

Xexiti = A (F-75)
fo.exit,i

h exit(i,k)=Enthalpy(fluid,T hs(i,n k), P(i,n k)) 'Btu/lb m

h f exic(i,k)=5atHeat (fluid,PF(i,n, k) ,x f) !Btu/lb m

h fg exit (i, k)=HeatVap(fluid,P(i,n, k)} !Btu/lb m

X exit(i,k)j=(h exit(i,k)-h f exitc(i, k))/h fg exit(i, k)

Next, the saturated liquid and vapor densitiest beaaporization, surface tension, and mass

flux are all calculated for ead}j in the fuel region.

rho fi(i,]j,k)=3atDens (fluid,P(i,j, k),x_f) !'lb m/fc"3

rho g(i,]j,k)=3atDens (fluid,PF(i,j.k),x g) !'lb m/ft"3

h fg(i,Jj,k)=HeatVap (fiuid,PF(i,Jj,. k)] !'Btu/lb m

gigma (i, ], k)=5urfTens (fluid, T =at(i,j, k)) !l f/fc

G flux=(w hs(i, k)*12*12000%3600)/D min(i,j, k) 'lb m/fr"2-hr

Using an equation similar to Eq. (4-168), the catiheat fluxes are calculated, along with

C
. GZ * 2Diin iy ’ Prij “
Aeritiy = ClGijhfgij - 2 1
’ ’ ’ mil | s Paii
12,000 3+ (3,600 %) g pyi 0 0ij
p .. CS
-C, (L) Xexit, (F-76)
Py

g flux cric(i,j, k)=C_1*G flux(i,j,k)*h fgi(i,Jj, k)= ((G_flux(i,j, k)**2* &
2*D min(i,j,k))/(12000.%3600.%*2*g c*rho f(i,j,k)*sigma(i,j, k)))*~C 2" &
rho fii,j,k)/rho gi(i,j,k))**C_3*(1-(C_4*(rho f(i,j,k)/ &

rho gii,j k) )**C_5*x exit (i, k)] !Btu/hr-fr~2
DELTRA(i,j,k)=g flux cric(i,j,k)-g flux h=(i,j, k)
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SUBROUTINE NetVaporGen(m, n, Wi, Thsijs Tsatijs q;{su, Pij» Diningij» Aij):
INPUTS: m, n, Wi, Thsijs Tsatij qilllsi,j: Pijs Dmin,ij
OUTPUTS:A;;
NetVaporGercalculates the heat flux at the point of net vagemeration for each fuel region
point in the channel and compares them to the ceiti@at fluxes. The constdfy, is defined,
which is used in the net vapor generation equation.
K nvg=1.3167E-4
The flow velocity is then calculated, using thddaling:
Wi - 121-12,000 2

PijDmin,i

v hs(i,j,k)=(w hs(i,k)*12+%12000)/ (rho(i,J,k)*D min(i,J,k)) 'ft/s

Uhsij = (F-77)

The net vapor generation heat fluxes are deternfnoed an equation similar to Costa’s [49]

shown in Eq. (4-171b), followed by the values £gr.

_ (Tsati,j - Thsi,j)\/ Vhsij (F-78)

n
angi,j K
nvg
g flux nvg(i,j, k)=((T _=sac(i,j,k)-T h=s(i,j, k)" &
sgrt(v_hs(i,j, k) )} /K nvg !'Bou/hr-fc"d

DELTA(i,3,k)=g flux nvg(i, i, k)-g flux h=(i, i, k)
F.5. Subprograms.F90

FORTRAN has &UM function that can calculate all of the valuesnnaaray or matrix.
However, this function cannot be used to sum thagegawithin a certain range; it can only sum
up all of the values. Therefore, several diffennhmation functions have been set up for the
PFSC which allow for the specification of a ran§ealues to be summed up from an array or
matrix. The different functions are used for diffiet dimensional matrices and whether to sum
up a row or column.

FUNCTION SUMMATION (ng, n, a, b, array;):

For SUMMATION, the values for a one-dimensional array are sunupefdoma to b This

array has values ranging framg to n, which may differ frona and b
b
SUMMATION = Z array; (F-79)

i=a
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EUM=0

Do i=a,b
SUM=5TUM+array (i)

END DO

SUMMAT ICH=S5TM

FUNCTION SUMMATION21 (mg, m, ng, n, o, a, b, arrayi']-):
This function returns the summation of rowaf a matrix of dimensiom{,:m, n,:n) froma to h

This summation is represented by
b

SUMMATION21 = Z array,; (F-80)
j=a
5UM=0
Do j=a,b
SUM=5UM+arravyio,j)
END DO

SUMMATIONZ21=5UM
FUNCTION SUMMATION12 (mg, m, ng, n, o, a, b, arrayi']-):
SUMMATION12 is similar toSUMMATIONZ21, except it returns the summation of columaf

a matrix of dimensionnf,:m, ny:n) fromato b
b

SUMMATION12 = Z array;, (F-81)
i=a
SUH=0
D2 i=a,b
SUM=5TM+array (i, o)
END Do

SUMMATICH1Z2=51THM
END FUNCTICH

FUNCTION SUMMATIONZ213 (mg, m, ng, n, po, P, 4, 0, a, b, array;;y):
This is similar tacSUMMATIONZ21, butarray;; is a three-dimensional matrix of dimension
(mgy:m, ny:n, po:p). The summation of row in sectionq is calculated froma to b This is

represented by
b

SUMMATION213 = Z array,;q (F-82)

j=a
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EUH=0

Do j=a,b
SUM=5UM+arravio,j,q)

END DO

STMHMATICHZ213=5TM

FUNCTION SUMMATION123 (mg, m, ng, n, pg, P, 4, 0, a, b, array;;):
SUMMATION123is essentially the same 88MMATION213, the summation is done for

columno in sectionk = q.

b
SUMMATION123 = Z arrayieq (F-83)
i=a
SUM=0
Do i=a,b
SUM=5UM+array (i,o0,d)
END DO

SUMMATION123=5UM
FUNCTION DOUBLESUM (mg, m, ny, n, pg, p, q, a, b, X, y, arrayi']-,k):
This function returns the double summation of thkigs of a three-dimensional matrix in

sectionk = q. The values are summed frarx a toi = b, fromj =xtoj=y.

b ¥
DOUBLESUM = Z Z array;;q (F-84)

i=aj=x
STHGLESUM=0
Do i=a,b
Do j==x,v
STHGLESUM (j ) =SINGLESUM (j) +arrav (i, j.d)
END DO
END DO
DOCUBLESUM=STUMMATICH (n0, n, x, v, SINGLESTUM)
END FUNCTIICH

FUNCTION ABCISA (x3, X2, X1, V3, Y2, Y1)-

ABCISA returns an updated guess value for the soluti@ancdmmplex function. It uses three

other guess values;, x,, andx,, and their corresponding function valugs,y,, andy,.
(y1y3 — y2y3) (X3 — x1) (X2 — X3)

V1¥2 (X1 — X2) + y1¥3(X3 — X1) + y2y3(Xz — X3)

ABCISA=X3+ ( (Y1*Y3-Y2*Y3)* (X3-X1)* (X2-X3))/ (Y1*¥2* (X1-X2)+ &
Y1#Y3* (X3-X1)+Y2#Y3* (X2-X3))

ABCISA = x5 + (F-85)
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F.6. IAPWS.F90

This file contains all of the functions used toctdéte the thermophysical properties of water.
Many of the equations used in these functions arg ng and complex. Therefore, only a
brief description is given for each function anthwutine in this file. The inputs are all some
combination ofluid, which is specified as ‘H20O’ for light water or 2O’ for heavy water, the
temperaturd” in °F, the pressurg in psia, and the static equilibrium quality

FUNCTION Dens(fluid, T, P):

Returns the density of water init>.

FUNCTION Enthalpy (fluid, T, P):

Returns the enthalpy of water in Btyjlb

FUNCTION Cp (fluid, T, P):

Returns the isobaric heat capacity of water inIBfu?F.

FUNCTION Cv (T, P):

Returns the isochoric heat capacity of water inIBf°F.

FUNCTION CompresS(T, P):

Returns the isothermal compressibility of watet/psia.

FUNCTION Visc(fluid, T, P):

Returns the viscosity of water inft-hr.

FUNCTION ThermCond (fluid, T, P):

Returns the thermal conductivity of water in BtuffafF.

FUNCTION Prandtl (fluid, T, P):

Returns the Prandtl number of water.

FUNCTION SatTemp(fluid, P):

Returns the saturated temperature of water in °F.

FUNCTION SatDengfluid, P, x):

Returns the saturated density of water jgfi5.

FUNCTION SatHeat(fluid, P, x):

Returns the saturated enthalpy of water in Btu/lb

FUNCTION HeatVap (fluid, P):

Returns the heat of vaporization of water in Big/Ib
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FUNCTION SatCp(fluid, P, x):

Returns the saturated isobaric heat capacity afmmatBtu/I,-°F.

FUNCTION SurfTens(fluid, T):

Returns the surface tension of water igfih

SUBROUTINE Gibbs(, T, ¥, ¥Yu: Yams Yor Yerr Vr)-

Inputs:m, t

OUutputs:y, ¥u, Vams Yor Yers Ve

This subroutine uses the nondimensional pressutéeamperaturer andr, as inputs to
calculate the nondimensional Gibbs energg the liquid region of light water using the
IAPWS-97 formulation presented in IAPWS [52kibbsalso calculates the first and second
derivatives ofy with respect tar andz, and the second derivativejofvith respect to both and
T at once. The Gibbs energy and its derivativesiseel in most of the above functions to
calculate the thermophysical properties of lighteva

SUBROUTINE VaporGibbs(mt, T, ¥, YV Yams Yor Yerr Virr)-

Inputs:m, T

OutpUtS:y, ¥, Vars Vo» Vars Vae

VaporGibbsis the same subroutine @shbs except that the IAPWS-97 formulation is used to

calculate the Gibbs energy and its derivativeti@mapor region of light water.
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Appendix G. Example of “AllinputFiles.txt”

This section shows the text file “AllinputFiles.txtThe number at the top of the file is the value
for noif, which is the number of input files listed belaw if the user wishes to add more or less
input files into “AllinputFiles.txt”, then the vatiofnoif must be modified accordingly. Beneath
noif are the names of all the input files that canumely the PFESC. This example of
“AllinputFiles.txt” contains the names of the indilés provided by Cook [23].

28

BURN1
BURN1C
BURNZ2
BURN2C
BURN3
BURN3C
BURN4
BURNA4C
SL1FNOMI
SL1IMD2
SL1VF145
SL2FNOMI
SL2MD2
SL2V10IB
SL2V20IB
SL2VF6I1B
SL2VF145
SL3FNOMI
SL3VF145
SLAMD2
SL4AVF1x2
SL210BO
SL220BO
SL235BO
SL260BO
SL280BO
SL2100BN-v
SL2100BO

241



Appendix H. PFSC Input File Example

This section shows an example of an input file usegtle PFSC. The file BURN4C.DAT is

shown because it has values for all five time in@pts.

HFIR P/F SL 4-STAGE BURN, U25 (1-6)=1.85
'H20' 112222

11 31 5428.8 51.0 0.975 6000.0

4475.0 350.0 85.0108.0 0.235 135.0 0.0
0010

1.00 1.01 1.199 1.00 1.00 1.00 1.05
0.901.251.10 1.10 2.00 1.00 1.00

1.00 1.00 1.00 1.27 1.27 1.00 1.00

0.801.001.12
0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90
0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90
0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90
0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90
0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90
0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90
0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90
0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90
0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90
0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90
0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90
0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90
0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90
0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90
0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90
0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90
112 1.12 112 1.12 112 1.12 112 112 1 A2 1,12 1.12
112 1.12 112 1.12 112 1.12 112 112 1 A2 1,12 1.12
112 1.12 112 1.12 112 1.12 112 112 1 A2 1,12 1.12
112 1.12 112 1.12 112 1.12 112 112 1 A2 1,12 1.12
112 1.12 1.12 1.12 1.12 1.12 1.12 112 1 A2 112 1.12
112 1.12 1.12 1.12 1.12 1.12 1.12 112 1 A2 112 1.12
112 1.12 1.12 1.12 1.12 1.12 1.12 112 1 A2 112 1.12
112 112 1.12 1.12 1.12 1.12 112 112 1 A2 112 1.12
112 112 1.12 1.12 1.12 1.12 1.12 112 1 A2 112 1.12
112 1.12 1.12 1.12 1.12 1.12 1.12 112 1 A2 112 1.12
112 1.12 112 1.12 112 1.12 112 112 1 A2 1,12 1.12
112 1.12 112 1.12 112 1.12 112 112 1 A2 1,12 1.12
112 1.12 112 1.12 112 1.12 112 112 1 A2 1,12 1.12
112 1.12 112 1.12 112 1.12 112 112 1 A2 1,12 1.12
112 1.12 112 1.12 112 1.12 112 112 1 A2 1,12 1.12
1101.101.101.101.101.101.101.10 1.10 1.10 1.10
1.101.101.101.101.101.101.101.101.101.10 1.10
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1.101.101.101.101.101.101.101.101.101.10 1.10

1.101.101.101.101.101.101.101.101.101.10 1.10
1.101.101.101.101.101.101.101.101.101.10 1.10
1.101.101.101.101.101.101.101.101.101.10 1.10
1101.101.101.101.101.101.101.101.10 1.10 1.10
1101.101.101.101.101.101.101.101.10 1.10 1.10
1101.101.101.101.101.101.101.101.10 1.10 1.10
1101.101.101.101.101.101.101.101.10 1.10 1.10
1101.101.101.101.101.101.101.101.10 1.10 1.10
1101.101.101.101.101.101.101.101.10 1.10 1.10
1.101.101.101.101.101.101.101.101.101.10 1.10
1.101.101.101.101.101.101.101.101.101.10 1.10
1.101.101.101.101.101.101.101.101.101.10 1.10
1.101.101.101.101.101.101.101.101.101.10 1.10
0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0 .88 0.88 0.88
0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0 .88 0.88 0.88
0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0 .88 0.88 0.88
0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0 .88 0.88 0.88
0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0 .88 0.88 0.88
0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0 .88 0.88 0.88
0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0 .88 0.88 0.88
0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0 .88 0.88 0.88
0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0 .88 0.88 0.88
0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0 .88 0.88 0.88
0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0 .88 0.88 0.88
0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0 .88 0.88 0.88
0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0 .88 0.88 0.88
0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0 .88 0.88 0.88
0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0 .88 0.88 0.88

5.068 5.442 10.075 10.58 11.26 11.745 16.623 17.134 SI. PL. DIF.
7.867 10.98 97. 1.35E-5 AMIN ALAB CONDSP ALSP
1.3 12E-4 KOXIDE ROUGH./DIF.

50. 27215 2.00 2.00 44. 56. 40.
40. 40. 56.171
0. 0.0895 0. 0.3386 0.3937 0.3937 0.3937
0.3937 0.2362 0. 0.0794
0. 2.0000. 0.55120.78740.78740.7874 0. 7874 0.7874 0.7874
0.7874 0.7874 0.7874 0.7874 0.7874 0.7874 0.7874 0. 7874 0.7874 0.7874
0.7874 0.7874 0.7874 0.7874 0.7874 0.7874 0.7874 0. 7874 0.5512 0.
2.0
0.0

1.001.001.181.251.411.851.43
1.301.20 1.00 1.00

121.2121.2121.2121.2121.2121.2121.2 121.2 121 2121.2121.2
121.2121.2121.2121.2121.2121.2121.2 121.2 121 2121.2121.2
121.2121.2 180. 190. 200. 210. 210. 210. 210 . 121.2121.2
121.2121.2 180. 180. 180. 180. 190. 190. 200 . 121.2121.2
121.2121.2 190. 180. 180. 180. 180. 180. 190 . 121.2121.2
121.2 121.2 200. 190. 180. 180. 190. 190. 190 . 121.2121.2
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121.2 121.2 210. 200. 190. 190. 190. 200. 200 . 121.2121.2

121.2 121.2 220. 200. 200. 200. 200. 200. 210 . 121.2121.2
121.2 121.2 220. 210. 210. 210. 210. 210. 220 . 121.2121.2
121.2 121.2 230. 220. 210. 210. 210. 220. 220 . 121.2121.2
121.2 121.2 240. 220. 220. 220. 220. 220. 230 . 121.2121.2
121.2 121.2 240. 230. 220. 220. 220. 230. 240 . 121.2121.2
121.2 121.2 250. 230. 230. 230. 230. 230. 240 . 121.2121.2
121.2 121.2 250. 240. 230. 230. 230. 240. 250 . 121.2121.2
121.2121.2 260. 240. 240. 240. 240. 240. 250 . 121.2121.2
121.2121.2 260. 250. 240. 240. 240. 250. 260 . 121.2121.2
121.2 121.2 260. 250. 240. 240. 240. 250. 260 . 121.2121.2
121.2 121.2 260. 250. 240. 240. 240. 250. 260 . 121.2121.2
121.2 121.2 270. 250. 240. 240. 250. 250. 260 . 121.2121.2
121.2 121.2 270. 250. 250. 240. 250. 250. 260 . 121.2121.2
121.2 121.2 270. 250. 240. 240. 250. 250. 260 . 121.2121.2
121.2 121.2 270. 250. 240. 240. 240. 250. 260 . 121.2121.2
121.2121.2 260. 250. 240. 240. 240. 250. 260 . 121.2121.2
121.2121.2 260. 250. 240. 240. 240. 250. 250 . 121.2121.2
121.2121.2 260. 240. 240. 230. 240. 240. 250 . 121.2121.2
121.2 121.2 250. 240. 230. 230. 230. 240. 250 . 121.2121.2
121.2 121.2 250. 240. 230. 230. 230. 240. 250 . 121.2121.2
121.2 121.2 250. 240. 240. 240. 240. 250. 260 . 121.2121.2
121.2 121.2 240. 250. 250. 260. 270. 270. 270 . 121.2121.2
121.2 121.2 200. 190. 190. 190. 190. 190. 200 . 121.2121.2
121.2 121.2 200. 190. 190. 190. 190. 190. 200 . 121.2121.2
50. 58730 2.00 2.00 44. 56. 40.
40. 40. 56. 369

0. 0.0739 0. 0.3346 0.3937 0.3937 0.3937
0.3937 0.3937 0. 0.0443

0. 2.0000. 0.55120.78740.78740.7874 0. 7874 0.7874 0.7874
0.7874 0.7874 0.7874 0.7874 0.7874 0.7874 0.7874 0. 7874 0.7874 0.7874
0.7874 0.7874 0.7874 0.7874 0.7874 0.7874 0.7874 0. 7874 0.5512 0.
2.0

0.0

1.001.001.231.231.261.351.31
1.36 1.26 1.00 1.00

121.2121.2 121.2 121.2 121.2 121.2 121.2 121.2 121 2121.2121.2
121.2121.2 121.2 121.2 121.2 121.2 121.2 121.2 121 2121.2121.2
121.2 121.2 220. 220. 220. 210. 190. 170. 140 . 121.2121.2
121.2 121.2 200. 200. 190. 180. 170. 160. 140 . 121.2121.2
121.2 121.2 190. 180. 180. 170. 160. 150. 140 . 121.2121.2
121.2121.2 190. 190. 180. 180. 170. 160. 150 . 121.2121.2
121.2121.2 200. 200. 190. 180. 170. 160. 150 . 121.2121.2
121.2121.2 210. 200. 200. 190. 180. 170. 160 . 121.2121.2
121.2121.2 220. 210. 200. 190. 180. 170. 160 . 121.2121.2
121.2121.2 220. 220. 210. 200. 190. 180. 170 . 121.2121.2
121.2121.2 230. 220. 220. 210. 200. 190. 180 . 121.2121.2
121.2 121.2 240. 230. 220. 210. 200. 190. 190 . 121.2121.2
121.2 121.2 240. 240. 230. 220. 210. 200. 190 . 121.2121.2
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121.2 121.2 250.
121.2 121.2 250.
121.2 121.2 260.
121.2 121.2 260.
121.2 121.2 260.
121.2 121.2 260.
121.2 121.2 260.
121.2 121.2 260.
121.2 121.2 260.
121.2 121.2 260.
121.2 121.2 250.
121.2 121.2 250.
121.2 121.2 250.
121.2 121.2 240.
121.2 121.2 250.
121.2 121.2 270.
121.2 121.2 200.
121.2 121.2 200.

240.
240.
250.
250.
250.
250.
250.
250.
250.
250.
240.
240.
240.
240.
240.
260.
190.
190.

230.
230.
240.
240.
240.
240.
240.
240.
240.
240.
230.
230.
230.
220.
230.
250.
190.
190.

220.
230.
230.
230.
230.
230.
230.
230.
230.
220.
220.
220.
210.
210.
220.
240.
180.
180.

210.
220.
220.
220.
220.
220.
220.
220.
210.
210.
210.
200.
200.
200.
200.
220.
170.
170.

200.
210.
210.
210.
210.
210.
210.
200.
200.
190.
190.
190.
190.
190.
190.
200.
160.
160.

200
200
200
200
200
200
200
190
180
180
180
170
170
170
170
170
160
160

. 121.2121.2
. 121.2121.2
. 121.2121.2
. 121.2121.2
. 121.2121.2
. 121.2121.2
. 121.2121.2
. 121.2121.2
. 121.2121.2
. 121.2121.2
. 121.2121.2
. 121.2121.2
. 121.2121.2
. 121.2121.2
. 121.2121.2
. 121.2121.2
. 121.2121.2
. 121.2121.2

ecNeoNoloNooolololololololololoNolololeoololeololololNoNeNoNeNe)

ecNeoNoloNolololololololololololoNolololeolololeololololNoNeNoNeNe)

0O 0 0 0 0 O O

0O 0 0 0 0 O O

0.6781.109 1.3791.5151.4701.344 1.1
0.722 0.741 0.738 0.771 0.809 0.830 0.8
0.815 0.753 0.738 0.767 0.802 0.830 0.8
0.924 0.848 0.810 0.821 0.850 0.889 0.8
1.031 0.952 0.904 0.917 0.939 0.980 0.9
1.130 1.043 0.990 1.007 1.027 1.067 1.0
1.227 1.126 1.068 1.089 1.107 1.146 1.1
1.3121.1981.1371.1631.1791.217 1.2
1.387 1.264 1.200 1.233 1.241 1.280 1.3
1.447 1.322 1.255 1.285 1.294 1.334 1.3
1.493 1.372 1.306 1.3321.3391.380 1.4
1.520 1.398 1.338 1.369 1.3721.410 1.4
1.532 1.408 1.350 1.386 1.388 1.422 1.4
1.533 1.403 1.349 1.386 1.388 1.420 1.4
1.5231.3931.3351.3721.3751.418 1.4
1.494 1.368 1.305 1.3421.3451.380 1.4
1.448 1.324 1.256 1.289 1.295 1.330 1.3
1.384 1.264 1.193 1.221 1.2351.283 1.3
1.3121.1951.127 1.150 1.167 1.212 1.2
1.2351.120 1.057 1.077 1.097 1.144 1.1
1.148 1.039 .982 1.000 1.023 1.069 1.0
1.050 0.952 .903 .920 0.9450.988 1.0
0.944 0.859 .820 .839 0.864 0.904 0.9
0.8190.762 .735 .755 0.783 0.816 0.8
0.709 0.668 .667 .698 0.7350.762 0.7
0.706 0.678 .680 .713 0.749 0.760 0.7
0.7031.028 1.231 1.342 1.319 1.216 1.0
0O 0 0 0 0 O O

0O 0 0 0 0 0 O
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0 O
0 O
860
370
240
930
880
770
620
410
160
830
450
780
900
850
64 0
250
720
120
48 0
770
98 0
110
160
120
530
620
780
0 O
0O O

eNeolololoNeololoNololololololoNoNolololololololoNoloNe]



eNelooNololeololoNololoololololeololololojololoNololNoleNoNe o)

cNoNoloNoNolololoNoNoNoNoloNoNo N

N

Il eleolololojlolololololololololololololololeololoNeoloNeololoNeNeNe]

w

0O 0 0 0 0 O O

0O 0 0 0 0 O O

1.580 1.512 1.394 1.254 1.119 0.719 0.2
0.970 0.934 0.770 0.660 0.542 0.442 0.2
0.943 0.860 0.758 0.650 0.533 0.425 0.2
0.961 0.885 0.796 0.691 0.578 0.467 0.3
1.043 0.978 0.881 0.781 0.669 0.562 0.4
1.146 1.075 0.977 0.878 0.767 0.669 0.5
1.239 1.165 1.064 0.964 0.864 0.775 0.6
1.320 1.247 1.143 1.045 0.946 0.875 0.7
1.3881.3191.2141.117 1.027 0.973 0.8
1.448 1.382 1.2791.180 1.101 1.073 1.0
1.499 1.437 1.337 1.2391.168 1.169 1.1
1.539 1.480 1.382 1.284 1.222 1.246 1.2
1.558 1.500 1.404 1.306 1.242 1.285 1.3
1.559 1.500 1.405 1.306 1.242 1.285 1.3
1.543 1.4831.389 1.291 1.222 1.237 1.2
1.5101.4481.353 1.2551.1741.150 1.1
1.448 1.387 1.286 1.190 1.101 1.067 0.9
1.3791.3111.209 1.112 1.021 0.968 0.8
1.303 1.232 1.129 1.030 0.937 0.868 0.7
1.222 1.149 1.045 0.944 0.846 0.767 0.6
1.135 1.060 0.957 0.854 0.750 0.662 0.5
1.044 0.969 0.865 0.760 0.649 0.552 0.4
0.951 0.876 0.770 0.662 0.544 0.433 0.3
0.8450.783 0.675 0.567 0.449 0.321 0.1
0.741 0.700 0.616 0.517 0.403 0.282 0.1
0.744 0.695 0.613 0.521 0.420 0.296 0.1
1.342 1.294 1.173 1.016 0.848 0.451 0.0
0O 0 0 0 0 O O

0O 0 0 0 0 O O

0O 0 0 0 0 0 O

0O 0 0 0 0 0 O

0.616 1.000 1.2301.339 1.2811.163 1
0.655 0.678 0.685 0.707 0.708 0.717 0
0.733 0.688 0.682 0.703 0.714 0.732 0
0.8530.792 0.746 0.771 0.797 0.831 0
0.956 0.904 0.861 0.873 0.8950.928 0
1.054 1.003 0.963 0.970 0.989 1.022 1
1.147 1.093 1.050 1.058 1.074 1.109 1
1.2301.168 1.122 1.138 1.152 1.188 1
1.3051.2331.181 1.207 1.2191.258 1
1.369 1.2851.230 1.269 1.279 1.319 1
1.4241.3291.2711.3201.3291.371 1
1.459 1.362 1.302 1.351 1.361 1.400 1
1478 1.3801.321 1.3701.3721.411 1
1.4821.3851.326 1.3721.3721.410 1
1.469 1.373 1.313 1.360 1.358 1.399 1
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98 0
930
910
230
290
520
700
870
98 0
190
270
240
080
080
250
170
980
820
69 0
610
550
380
040
740
380
120
340
0 O
0 O

cNeololololololoNoNolololololololeololoNoloNoloNoNoNoeNe

0 O

0 O
.036 0
7190
7510
.856 0
.956 0
0490
1380
2210
2940
3590
4180
4650
4900
4910
4710

cNeoNoloNoNoNolololoNoloNoNoNe]



COO0O [\ WOOOOOOOOODOOODODODODOODOOOODOOODOODOODOOOOOOO0OOOOOOOOOOO

[6)
w

1.4431.347 1.2851.3331.3321.373 1
1.3951.302 1.242 1.286 1.292 1.329 1
1.323 1.246 1.190 1.218 1.229 1.268 1
1.246 1.180 1.128 1.147 1.160 1.199 1
1.165 1.1051.058 1.068 1.087 1.125 1
1.077 1.023 0.978 0.987 1.008 1.045 1
0.988 0.933 0.892 0.897 0.926 0.963 0
0.894 0.837 0.799 0.813 0.841 0.874 0
0.799 0.735 0.701 0.724 0.753 0.785 0
0.700 0.649 0.638 0.655 0.666 0.691 0
0.651 0.642 0.644 0.660 0.653 0.655 0
0.598 0.9291.1191.2051.149 1.036 0
0O 0 0 0 0 O O

0O 0 0 0 0 O O

0O 0 0 0 0 O O

0O 0 0 0 0 O O

1.343 1.293 1.197 1.068 0.933 0.587 0
0.854 0.789 0.697 0.600 0.494 0.368 0
0.850 0.784 0.692 0.597 0.494 0.414 0
0.895 0.828 0.737 0.651 0.577 0.516 0
1.001 0.924 0.835 0.758 0.683 0.621 0
1.125 1.038 0.940 0.862 0.789 0.727 0
1.224 1.137 1.039 0.958 0.887 0.836 0
1.306 1.222 1.125 1.047 0.980 0.945 0
1.3711.295 1.202 1.123 1.068 1.058 1
1.4251.3541.268 1.1931.1491.1731
1.468 1.404 1.323 1.252 1.221 1.293 1
1.505 1.444 1.366 1.302 1.281 1.363 1
1.537 1.477 1.408 1.341 1.3151.397 1
1.548 1.492 1.418 1.347 1.324 1.406 1
1.538 1.480 1.403 1.334 1.309 1.389 1
1.510 1.4451.367 1.297 1.260 1.332 1
1.4511.3801.297 1.2211.1741.209 1
1.369 1.296 1.208 1.136 1.083 1.085 1
1.281 1.208 1.120 1.048 0.988 0.967 0
1.191 1.116 1.030 0.955 0.892 0.851 0
1.095 1.017 0.935 0.860 0.792 0.737 0
0.999 0.921 0.841 0.764 0.690 0.625 0
0.906 0.830 0.746 0.667 0.589 0.5150
0.815 0.742 0.650 0.569 0.485 0.407 0
0.744 0.677 0.590 0.491 0.390 0.303 0
0.736 0.677 0.588 0.491 0.386 0.258 0
1.136 1.095 1.001 0.872 0.737 0.378 0
0O 0 0 0 0 0 O

0O 0 0 0 0 0 O

0
0
0.947

eoNeoNe]

0O 0 0 O
0O 0 0 O
1.1811.258 1.2

OO

.50 18 111.0900
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0.545 0.669 0.709 0.723 0.718 0.731 0
0.575 0.669 0.688 0.689 0.707 0.705 0
0.6850.769 0.751 0.751 0.7850.785 0
0.818 0.872 0.836 0.839 0.860 0.893 0
0.903 0.965 0.928 0.932 0.932 0.981 0
0.9791.052 1.016 1.019 1.004 1.063 1
1.0451.1301.096 1.098 1.078 1.137 1
1.1051.200 1.169 1.169 1.157 1.203 1
1.1551.259 1.230 1.232 1.232 1.262 1
1.191 1.306 1.281 1.288 1.293 1.305 1
1.2141.3391.3141.3291.3311.334 1
1.228 1.359 1.336 1.350 1.346 1.351 1
1.239 1.365 1.342 1.352 1.346 1.358 1
1.230 1.354 1.329 1.334 1.3391.345 1
1.2191.329 1.299 1.300 1.3101.3151
1.197 1.289 1.249 1.256 1.265 1.274 1
1.161 1.237 1.198 1.206 1.202 1.223 1
1.108 1.176 1.140 1.146 1.136 1.170 1
1.032 1.106 1.079 1.079 1.065 1.110 1
0.948 1.028 0.999 1.003 0.996 1.044 1
0.863 0.943 0.911 0.918 0.928 0.965 0
0.783 0.851 0.819 0.826 0.848 0.872 0
0.689 0.745 0.736 0.738 0.766 0.760 O
0.569 0.653 0.673 0.676 0.679 0.677 0
0.540 0.661 0.694 0.716 0.720 0.684 0
0.491 0.926 1.150 1.221 1.168 1.041 0
0O 0 0 0 0 O O

0O 0 0 0 0 O O

0O 0 0 0 0 O O

0O 0 0 0 0 0 O

1.289 1.281 1.199 1.082 0.950 0.607 O
0.802 0.777 0.720 0.652 0.569 0.482 0
0.768 0.743 0.670 0.608 0.540 0.459 0
0.825 0.806 0.741 0.689 0.631 0.560 0
0.917 0.892 0.824 0.772 0.722 0.7150
1.007 0.981 0.912 0.863 0.814 0.880 0
1.088 1.069 1.004 0.951 0.906 0.989 0
1.162 1.155 1.097 1.033 0.999 1.079 0
1.2251.2341.186 1.112 1.0951.165 1
1.276 1.306 1.260 1.189 1.1851.243 1
1.3251.366 1.315 1.252 1.251 1.308 1
1.366 1.412 1.3551.2921.2911.352 1
1.4001.4381.379 1.316 1.3131.370 1
1.4151.4491.3911.3251.3221.370 1
1.4001.4351.3851.3141.3101.364 1
1.362 1.405 1.358 1.287 1.284 1.342 1
1.3121.3551.3051.2441.2391.291 1
1.2541.2861.2351.1711.156 1.194 1
1.189 1.204 1.146 1.077 1.045 1.062 0
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1.122 1.113 1.049 0.984 0.933 0.925 0
1.044 1.017 0.950 0.891 0.834 0.813 0
0.960 0.921 0.858 0.798 0.743 0.709 0
0.864 0.830 0.769 0.710 0.656 0.609 0
0.775 0.748 0.681 0.624 0.567 0.517 0
0.722 0.693 0.614 0.542 0.476 0.424 0
0.742 0.713 0.644 0.578 0.489 0.369 0
1.111 1.107 1.032 0.920 0.788 0.459 0
0O 0 0 0 0 0 O

0O 0 0 0 0 0 O

0O 0 0 0 0 O O

0O 0 0 0 0 O O

0.3790.874 1.183 1.276 1.218 1.053 0
0.403 0.594 0.695 0.711 0.706 0.671 0
0.460 0.599 0.675 0.707 0.705 0.677 0
0.547 0.659 0.707 0.749 0.757 0.752 0
0.624 0.759 0.790 0.835 0.845 0.836 0
0.688 0.847 0.883 0.923 0.926 0.914 0
0.742 0.927 0.969 1.006 1.003 0.987 0
0.788 0.998 1.046 1.081 1.074 1.054 1
0.8241.0551.1151.150 1.1391.116 1
0.8571.1031.1761.209 1.197 1.171 1
0.887 1.143 1.225 1.260 1.246 1.219 1
0.9141.177 1.261 1.298 1.282 1.251 1
0.9401.203 1.281 1.3151.296 1.266 1
0.962 1.224 1.286 1.315 1.297 1.268 1
0.9511.2101.275 1.304 1.284 1.254 1
0.9341.182 1.248 1.276 1.256 1.232 1
0.9111.1451.207 1.236 1.218 1.193 1
0.8801.102 1.1591.1891.1741.147 1
0.844 1.050 1.100 1.131 1.120 1.094 1
0.798 0.988 1.031 1.066 1.059 1.035 1
0.744 0.916 0.954 0.990 0.990 0.969 0
0.680 0.832 0.869 0.910 0.915 0.900 0
0.607 0.737 0.776 0.822 0.833 0.825 0
0.526 0.637 0.694 0.728 0.748 0.746 0
0.437 0.589 0.656 0.680 0.678 0.664 0
0.407 0.589 0.663 0.682 0.674 0.638 0
0.3790.866 1.165 1.251 1.191 1.027 0

[eNeoNoNe)
[eNoNoNe)
[eNoNoNe)
[eNoNoNe)
[eNoNoNe)
[cNoNoNe)
[cNeoNoNe)

1.120 1.244 0.226 1.165 1.050 0.709 0
0.725 0.740 0.695 0.651 0.601 0.534 0
0.722 0.740 0.691 0.646 0.607 0.565 0
0.757 0.799 0.767 0.731 0.710 0.705 0
0.826 0.895 0.870 0.837 0.826 0.821 0
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0.901 0.984 0.965 0.934 0.925 0.923 0
0.970 1.067 1.049 1.018 1.013 1.0150
1.034 1.139 1.123 1.092 1.088 1.094 0
1.090 1.202 1.187 1.150 1.154 1.160 0
1.141 1.256 1.242 1.199 1.208 1.214 0
1.184 1.300 1.285 1.2401.2511.259 1
1.2191.3381.323 1.2721.286 1.289 1
1.250 1.367 1.349 1.297 1.300 1.302 1
1.264 1.377 1.349 1.301 1.299 1.303 1
1.2491.359 1.330 1.284 1.280 1.292 1
1.214 1.328 1.304 1.260 1.253 1.269 1
1.172 1.288 1.269 1.228 1.221 1.237 0
1.1251.242 1.2251.1891.181 1.196 0
1.0721.187 1.1751.1391.1331.148 0
1.0111.1211.1131.080 1.076 1.089 0
0.947 1.045 1.038 1.008 1.007 1.014 0
0.877 0.961 0.949 0.919 0.917 0.914 0
0.804 0.867 0.847 0.813 0.802 0.783 0
0.729 0.764 0.731 0.692 0.653 0.612 0
0.688 0.704 0.657 0.614 0.575 0.514 0
0.686 0.703 0.659 0.618 0.572 0.510 0
1.016 1.150 1.120 1.054 0.950 0.627 0
0O 0 0 0 0 0 O

0O 0 0 0 0 O O

0O 0 0 0 0 O O

0O 0 0 0 0 O O

0.358 0.850 1.170 1.265 1.198 1.019 0
0.363 0.358 0.634 0.654 0.662 0.645 0
0.422 0.571 0.633 0.657 0.665 0.657 0
0.497 0.648 0.688 0.725 0.733 0.727 0
0.568 0.735 0.772 0.808 0.821 0.815 0
0.629 0.814 0.853 0.885 0.898 0.894 0
0.684 0.886 0.929 0.955 0.973 0.966 0
0.730 0.950 0.999 1.032 1.041 1.029 0
0.768 1.006 1.065 1.099 1.100 1.083 1
0.8011.0541.124 1.160 1.152 1.129 1
0.826 1.094 1.176 1.2151.198 1.166 1
0.848 1.126 1.213 1.246 1.228 1.195 1
0.866 1.1451.231 1.263 1.243 1.211 1
0.877 1.147 1.234 1.269 1.248 1.215 1
0.868 1.134 1.229 1.261 1.2421.210 1
0.854 1.114 1.210 1.242 1.222 1.193 1
0.8331.087 1.1761.208 1.190 1.167 1
0.809 1.054 1.1321.166 1.1531.133 1
0.7781.0121.0791.112 1.108 1.092 1
0.741 0.960 1.014 1.052 1.053 1.043 0
0.692 0.895 0.943 0.983 0.991 0.983 0
0.631 0.813 0.861 0.906 0.918 0.913 0
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100.0
108.0

0.552 0.707 0.770 0.821 0.836 0.831 0
0.452 0.595 0.677 0.7310.746 0.738 0
0.395 0.552 0.626 0.671 0.676 0.662 0
0.392 0.557 0.635 0.665 0.668 0.647 0
0.356 0.829 1.1291.217 1.1450.971 0
0O 0 0 0 0 O

0
0
0
0

[oNeoNe)
[oNeoNe)
[oNeoNe)
[oNeoNe)
[oNeoNe)
[oNeoNe)

1.1311.294 1.284 1.243 1.141 0.805 0
0.746 0.757 0.723 0.704 0.690 0.643 0
0.718 0.759 0.722 0.709 0.702 0.693 0
0.739 0.808 0.794 0.785 0.786 0.791 0
0.808 0.896 0.884 0.877 0.867 0.879 0
0.883 0.980 0.967 0.959 0.943 0.957 0
0.951 1.057 1.043 1.034 1.0151.026 0
1.0111.1241.111 1.101 1.078 1.087 0
1.064 1.1831.170 1.159 1.136 1.142 0
1.1101.236 1.220 1.208 1.1851.191 0
1.147 1.275 1.259 1.249 1.224 1.232 0
1,172 1.299 1.283 1.270 1.241 1.243 0
1.1851.3121.294 1.277 1.243 1.243 0
1.1891.316 1.295 1.278 1.243 1.243 0
1.186 1.312 1.294 1.277 1.243 1.243 0
1.1731.299 1.284 1.268 1.240 1.243 0
1.152 1.276 1.264 1.246 1.222 1.236 0
1.1171.239 1.223 1.210 1.186 1.200 0
1.0751.1901.174 1.162 1.139 1.152 0
1.024 1.1311.1141.102 1.081 1.095 0
0.965 1.062 1.092 1.033 1.014 1.030 0
0.896 0.986 0.965 0.954 0.938 0.958 0
0.818 0.896 0.875 0.862 0.849 0.874 0
0.750 0.811 0.778 0.764 0.752 0.786 0
0.724 0.767 0.728 0.714 0.702 0.686 0
0.738 0.766 0.732 0.724 0.700 0.653 0
1.090 1.245 1.231 1.189 1.086 0.739 0
0O 0 0 0 0 O O

0O 0 0 0 0 O O
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Appendix I. PFSC Output File Example

This section shows an example of an output filenftbe PFSC, which is modeled after
examples of output files shown in McLain [1]. katild be noted that these output files can be
modified to display any information that the usesides. The output for BURN4C.DAT is
shown below.

HFIR P/F SL 4-STAGE BURN, U25 (I-6)=1.85

FLUID = H20

Upper Limit Defined by Burnout Heat Flux, Recommen ded Curve
Case Number: 3

Channel: Hot

Oxidation: Yes

Deflections: Yes

Hot Spot Factors: Yes

Timestep: 5

Limiting power level, MW: 118.13

Fuel element flow rate, gpm: 13429.

Limiting Heat Flux

Location, Fuel element(i,j): Inner ( 6,29)
Heat flux, Btu/hr-ft"2: 3.858E+06
Bulk water temperature, F: 269.77
Surface temperature, F: 447.35
Heat transfer coefficient,

Btu/hr-ft"2-F: 21724.

Flow rate, Ib_m/in-s: 0.7138
Absolute pressure, psia: 241.58
Maximum Hot Streak Outlet Bulk Water Temperature
Location, Fuel element(i): Outer ( 5)
Magnitude, F: 282.45

Flow rate, Ib_m/in-s: 0.6878
Minimum Flow Rate

Location, Fuel element(i): Outer ( 6)
Magnitude, Ib_m/in-s: 0.6840

Bulk water temperature

at outlet, F: 281.37
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Appendix J. Issues Found in the SSHTC

This section describes the issues found in the @& FRAN source code for the
SSHTC, as mentioned in Section 5.2. The four sguéhis section were corrected one at a time
in the simplified PESC. The code was then run,rasdlts for the maximum power were
calculated for the input files. These results wammpared to the PFSC without the corrections.
It was found that when issues 1, 2 and 3 were ctadandividually, the results for the
maximum power did not change. But when issue 4aga®cted, the results were affected. The
highest discrepancy in the maximum power was 4.117%

1). A simplified form of Eq. (F-43) is used in the SSEiTo calculate the temperature
distribution of the coolant on the nonfuel siddgtw side plates. Specifically for the fluid in the
annulus between the inner fuel element and thetaegion, this temperature distribution is
calculated as

U10Qz;
100 MW - 8.021 4w V0,

Tiij = UsTin + (0.345pUs6Qsp + AminU17Qu,0) (J-1)

There are two issues with this equation in the@®uode. First, the arelg, is supposed to be

the cross sectional area of the inner side plateeoinner fuel element, which is equal to

A :E D2 .. — D2 .. -2
SP 4( SPiio SPlll) (] )

whereDsp;;, andDsp;;; are the inner and outer diameters of this sideplinstead4s, is

calculated as

n 2 2 2 2
Agp = Z [(Dspoio - DSPoii) + (DSPioo - DSPioi)] (]'3)
which is the same area calculated for the outer gldte of the inner fuel element and the inner
side plate of the outer fuel element. The secesdea with Eq. (J-1) is thdt,;, is used instead
of Amin'
2). There are a couple of issues with Egs. (F-47a)Bat¥b) as used in the SSHTC. In the
denominator of’;;, the two fractions are multiplied lfy;, when they should not be.

Furthermore, the first term on the right hand sitlEq. (F-47b) is also mistakenly multiplied by

Qsp. These issues appear in the calculations oball $ide plate temperature distributions. For
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the inner-inner side plate specifically, theramsextra problem with the calculation@f. In
the denominator, the heat transfer coefficiéx]mndﬁj have been switched between the two
fractions. Fortunately, this issue does not oattine C;; values calculated for the other side
plates.

3). A simplified form of Eq. (F-45) is used in the SSEiTo calculate the temperature

distribution of the fuel plate coolant next to theer side plate of the outer fuel element:

_ 05 - tsp(t + eA)
Ty = UgTin + {l A + t|Ui6Usp
Sm

U1QZ]‘
100 MW - 3,600 & - 1,000 ™. (M)

+ eAU17QH20} J-4)

However, the source code uses a fraction of Otéalsof 0.5. Even though 0.7 is used in the
fuel plate coolants of the other three side pldi€sjs supposed to be used for the outer side

plate of the outer fuel element.

4). The SSHTC source code uses the wrong conditionsdsr (F-57) when calculating the
narrow channel thicknesses. Equation (F-57a)ppased to be used whénor ¢, = 1, and

Eq. (F-57b) wheg; = 1. Instead, the SSHTC has these conditions switahaahd; it uses Eq.
(F-57a) whert; = 1 and Eq. (F-57b) whef, or ¢, = 1. Furthermore, in Eq. (F-57a),

Srnn,ranij IS SUbtracted in the source code when it shoul&i-RE 74y -
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