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0ZET

Bu galisgmada, plaka yakit elemanli niikleer reaktlr ge-
gici ve slirekli rejim termohidrolik analizi bilgisayar prog-
rami TERHID ve kismi kanal yaklagimi ile plaka veya silindi-
rik yakit elemanli niikleer reaktdrlerin gegicl ve siirekli re-
jim termohidrolik analizi yapan COBRA III-C bilgisayar prog-’

ramlarinin analizi ve mukayesesi yapilmigtir.

Her iki programin mukayesesi ve analizi, programlanan
1s1 iletim ve 1s1 tasinim modellerini, bu modellerde yapilan

kabulleri ve sayilsal ¢dziim ydntemlerini igermektedir.

Sayisal uygulama iki kisimdan olugmaktadir. Birinci
kisimda TERHID bilgisayar programina uygulanan tek kanal
problemi, COBRA III-C programinda kullanilarak gegici rejim
ara ¢bzimlerinin kendi aralarinda gegitli zaman araliklar:

kullanarak mukayesesi yapilmigtir.

fkinci kisimda ise gegici rejim analizinde, sogutucu
girig sicakligi ile miktarinda ve gig iretiminde zamana bagl:
degigimlerin etkileri, ayri ayri basamak degigimi olarak ayn:

‘problemi her iki programa uygulayarak incelenmisgtir.

—



ABSTRACT

In this work the thermal-hydraulic programmes TERHID,
which makes steady state and transient thermal-hydraulic
analysis for plate type nuclear fuel elements, and COBRA
III-C, a computer programme for steady state and transient
state thermal-hydraulic analysis of rod bundle fuel elements

with subchannel approach analysed and compared.

Tue comparison of the two programmes cover the analysis
of the conduction and the convection models, the assumptions

made in the models, and the solution algorithms.

The numerical applications consist of two parts. In
the first part the sample problem given in TERHID is applied
as input to COBRA III-C. The transient solutions for diffe-
rent time increments are intercompared for this programme. In
the second part another application 1is carried out for the
identical problem using both codes by considering the effect
of the inlet temperature change, inlet mass flux change angd

power change as a function of time during transients.
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CHAPTER 1
INTRCDUCTION

a) Background

The economically recoverable fossil fuel resources
of coal, oil, and natural gas are finite, while hydro-power
have a limited exploitation potential. Available fossil fuel
reserves cf the world will not be sufficient to supply the
huge energy demand in the future. Also some of the fossil
fuels are very valuable for other purposes like chemical
industry, heavy industry, transopratiton, heat production,

etc.

It is very important tc develop new sources of emergy
production and to produce a constant replacement of classiczal
resources by new ones. Therefore, nuclear emergy, produced

by fissionable materizls, is a very attractive alternative

pa
o)

today and since late sixties it is economically feasibile

many regions of the world,

The demand for electric energy consumption is increas-

o

ing much faster then the total energy production, and due tc

the preference for conversion into electricity and subtantial

reduction in air pollution, the role of nuclear energy is

expected to gain importance with time (Avbers.N.,-1970){(Searbv.P..].
P g \ 3

19693 .
It is expected that, during the next decade world's
nuclear generating capacity will increase frem 21.00C gy i
MiW(e) in 19285. This amount will be

cut one-eight of the world's electricity generating cap
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In addition to the power reactors Producing useful

energy there are many research reactors at low-power levels

and material testing reactors etc.

heat generation within the reactor fuel element and the hesat
transport from the fuel element, and the thermal tarnsport
parameters in various operating conditions play an important
role. The term various operating conditions include the steady
state analysis for a given power level; transient analysis
with the change of power, inlet coolant temperature, inlet
mass flux, as a function of time, and also includes the effect
of accident possibility. Therefore the thermal-hydraulic
analysis are closely associated with safety considerations.
For example; in water reactors a loss-cf-coolant accident can
lead to a decrease in heat, removal capacity cf the primary
coolant system as it vaporizes during blecwdown.

Generally in a typical system the thermal-tr ns

or

o
hwl
et

=
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]

path proceeds from a point of fission energy depositic

I t
within the fuel, through layers of the fuel, through the
cladding-coolant interface. The heat is then transported into
the body of the flowing fluid (coolant). This causes a rise
in the temperature of the coolant. The ccolant transpecrts the

absorbed energy to the heat exchanger, in which steam is

[

generated and the stearm is then led to the turbine to
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electricity. However in some research reactors the ener

+h

[}

ues

In the design of all reactor types, the process of

the secondary cooling system is not converted into electri-

+
~

city, the secondary coocling system is used to cool the

i o]

mary system and the core. |

As mentioned above, the energy released by fissicn

3
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o
m
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takes place within

»
s

must be transported through the fuel e

1
transfer medium, withcut producing temperatures that could



cause failures of the fuel. The word failure in this sense
means a change in physical properties or dimensions, as well
as melting or corrosion. In a general sense therefore failure

is a loss in the functional abilities of the fuel element.

The thermal design of a fuel element must meet certain

criteria; (Sesonske - 1973).

- Maximum temperatures must not lead to deteriorations
of the fuel material, such as change in physical properties
or in dimension of the fuel materials, or lead to melting,

corrosion, etc.

- Stresses due to the effects of thermal gradients and
accumulated fission gases should lie within the limitations
and must not lead to the possibility creep or embrittlement

of the cladding.

-~ The thermal flux must be below the critical heat £flux,
which causes a2 marked decrease in heat transfer ccefficient
resulting in an increase of the fuel element temperature at
constant heat generation rate. The thermal design of a fuel
element is therefore concerned with the effect of temperature

and thermal transport on the fuel element.

Therefore from the point of possibility of fuel rod
damages, and from the point of safety of a nuclear power
plant, the thermal hydraulic analysis is the mest important

and the most complex part of the reactor design.

The complexity is due to the spatial variastions,
physical properties of the fuel material, fuel rod dimensions,

during transient state, economics, and neutronic parameters

depending on temperature, evaluations of normal and zbnormal

transient conditions. Therefore this detailed, complex, and



time requiring analysis can be made by using thermal-hydrau-

lic computer codes.

The reactor thermal-hydraulic programmes can be class-
ified into a few catagories . Some programmes include a
solution of neutron-diffusion equations or neutron~transport
equations and perhaps kinetic equations in addition to an
analysis of fuel-element thermal-transport and channel
hydraulics. Other programmes are limited to a detailed steady
state and transient thermal-hydraulié calculations of the

reactor core including primarly and secondary coolant systems.

Each type has it's use.

As examples of the thermal-hydraulic codes, the fo-low-
ing programmes can be mentioned (Weisman, Bowring - 1973)(C.P.A.-
ANL.).

CAT-II, makes transient analysis, based on an open

channel model, without considering the crossflow resistance.

COBRA III-C; steady state and transient thermal~hydrau-

lic programme of rod bundle and plate type fuel elements.
HAMBO; makes subchannel analysis of rod bundles
MIXER; THINC, make subchannel analysis of rod bundles.

TERHID; steady state and transient thermal-hydraulic

analysis of water coocled plate type fuel elements. For some

m
P
rt
o
M

of the codes cnly limited information 1s availabl
literatures. The hydraulic model for most o©f these thermal-

i lic programmes are almost the same but they differ froo
ydraulic proeg 3

each other in the solution method and in the input informaticro

uirement especially for operating co
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b) Scope

There are two thermal-hydraulic programmes opera-
tional at Bogazigi University, namely TERHID (Borak-79) and

COBRA III-C (Rowe-73).

TERHID performs the thermal-hydraulic analysis for
steady state and transient state of water—-cooled reactors

with plate type fuel elements.

COBRA III-C performes the steady state and transient

thermal-hydraulic analysis of rod bundle and plate type fuel

elements.

The object of this thesis is to analyse the mathema-
tical modelling and assumptions used in the codes, the solu-
tion algoritm of the two programmes and to compare numerical
solutions for identical transient problems in order to deter-
mine whether <consistent set of results are
obtain the effect of the assumptions on the numerical values

in the numerical analysis,



CHAPTER-11
CONDUCTION MODEL OF THE CODES

The purpose of this chapter is to discuss the conduc-
tion model, which forms a part of the mathematical model of
the codes developed for nuclear thermal-hydraulic analysis

during both steady state and transient conditions.

The first part, of this chapter includes a general
description of the conduction models of the codes COBRA III-C
(Rowe~71) and TERHID (Berak-79) and in the second part the
conduction models of two codes will be compared and a SURTUTY

will be made.

II-A. BASIC ASSUMPTIONS AND GENERAL DESCRIPTION OF THE
CONDUCTIOX MODELS

The fuel rod heat transfer model of COBRA III-C (Rowe)
allows calculation of fuel and cladding temperatures during

steady state and transients by specifying power density.

For fuel and cladding temperature calculatiens the
fuel rod heat transfer model included in COBRA ITII-C considers
‘radial conduction within the fuel by dividing the fuel into

equally spaced radial modes and plus a node for the cladding,

in treating the problems of heat removal from the fuel ele~
ment, as & simplifying assumption axial and circumferentcial
heat conduction are ignored. Axial heat conduction can be

ignored because axial temperature gradients are usually small



compared to the radial temperature gradients. The circum-
ferential heat conduction is neglected to maintain a reason-
able limit on the number of fuel nodes. This last assumption
is acceptible particularly if the heat transfer coefficients
and fluid temperatures are rather uniform arocund the fuel

rod.

The numerical solution of conduction model of COBRA
ITII-C uses an implicit finite difference scheme that 1is

stable for all time steps. The equations used for the numeri

cal solution of COBRA III-C are given in subchapter II-B~1 and

derivation of equations for conduction model are given in

App. A.

The fuel heat transfer model included in TERHID con-

siders plate type fuel elements and allows the calculation of

the fuel and cladding temperatures by specified power. The

fuel and cladding temperatures are calculated by using lumped

parameter technique and assuming one dimensional heat trans-

fer, so thus the thickness of the plate must be small compared

with other dimensions.

The heat tramsfer coefficients at fuel-cladding and
cladding-coolant interfaces are evaluated by considering
steady state conditions. For the numerical soluticns in con-
duction model TERHID uses equations of heat conduction given
in subchapter II-B-ii and derivation of fuel heat transfer

equations are given in App. B.

II-B., MATHEMATICAL MODEL OF CONDUCTIOX

The time dependent general conduction equation (Wakil



with heat generation in cylindrical coordinates by making the
assumptions that axial and circumferential heat conduction is

negligible;

3T 1321 1 57 , \
— = k + = == 4 B 2.
Pe 3t 2719 T 9 (z.1)
Lor |
where p, ¢, k, T, r, q'" are density (lb/ftB), specific heat

(Btuflb.OF)_thermal conductivity (Btu/hr.ftoF), temperature
o . .
("F) and radius of the fuel rod for plate type r 1s taken to
be equal to the plate thickness (inc.) and volumetric thermal
source strength (Btu/hnftB) respectively.
From equation (2.1) the heat transfer equations for

the fuel are written in finite difference form (App. A) as;

CLADDING

FUEL

FUEL

FIGUEE 1I-1- Tuel Model Node Designation with concentrig rings.



The temperature at fuel center:

T r ¥
1 moo T, 128, 4k Ak | 5
e TE A s Ty —| - AR (2.2)
L Ar Ar |

where subscrip (1) denotes the fuel center designated in

Figure (II-1) and the overscore bar (—) denotes previcus

time.

The temperature in fuel region:

Ei ? 1 ZkT '-k 1
Pe FE * 4y = |pc == 4 5| T - + 5 | Terq
- L Ar”] AT 20r 7 (i-1) |
T .
N b -7 Tig (2.3)
L28r°(i-1)  ar?|
For fuel temperature at fuel-cladding interface.
TN - ;2k c k .hgagl 2k -
€T %W T T 2T T arneny) W 2 “N-1
AT | Ar
k . hgap (2.4)

Ar(N-1) “N+1

where the locations i and N+1, N, N-1, are designated in
Figure (II-1) and hgap is the gap conductance (Btu/hrft2 OF)
To combine the conductance of the cladding and the gap, at
the fuel-cladding interface hgap is taken as an effective
heat transfer coefficient (App. A) for the cladding tempera-

ture:



_10..

T Th I -

(pc) _Eil.+ g o surf+ hgap X _(pc)clad[T

' clad t N+1 © | i T

, Ltclad telad ™1 t ]
urf h Tn
== 1, - —E2R Lor (a5
clad clad Tn+1 :
» Where hsurf denotes surface heat transfer coefficient and Tf

is the fluid temperature.

II-B~ii. CONDUCTION MODEL IN TERHID

The unsteady state temperature problem of the fuel and
the cladding are formulated and solved by using lumpecd
parameter technique (Wakil, Arpaci-66) and assuming one
dimensional heat transfer in fuel and cladding. For the fuel,

the heat balance equation (Borak-79) is given as; Figure
(I1-2)

dTl(t}
plclLlydz —5r— = gy . dz . L. - q".vdz (2.6)

11

2
Where; pps €7» Lys Tys 97, and q" are fuel demsity (kg/m”)

b
fuel specific heat (J/kg®C), fuel half thickness (m), fuel

ipl
temperature (OC), power density (W/m3) and heat flux (W/m“)

respectively,

The left side of equation (2.6) gives the accumulation
of heat and the right side indicates heat generation in the
fuel minus the heat conducted through the fuel to the

cladding.

Equation (2.6} canr be written as;

+ o, T,(t) - o ‘Tz(t) = et (2.73



Coslant
Fuel

dz

Claa’a’:bj
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s
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FIGURE II-2~ Fuel and Cladding Design of TERHID,



Where;

h
1

oy =T
As written for the fuel, the heat balance equation for the

cladding is;

1

de(t)

-
¥V dz e———— hl['fl(t) - T2(t)§ ydz - h2 {Tz(t) - T (2.8)

f
- J

P2l e
Where; pgs Cos L2, Tz(g), If, hl’ h2 in equation (2.8) are
cladding density (kg/m”), cladding specific heat (J/kg’C),
cladding thickness (m), cladding temperature (°C), fluid

o - .. ; .
temperature ( C), heat transfer coefficient from the fuel to

the cladding, and from the cladding to the coolant (W/m2 OC).

These ccocefficients are taken as equivalent heat transfer

coefficients.

Equation (2.8) can be written as;

dT2(t)
(12 Tl{t>* gt +Ol3 lz(t) = <33-_ 0.2) ‘Lf (2-9)
Where:
=
. hl . hl h2
P an [e3 = = T
r2%2k; 3 pgc,L,

Equation (2.7) and (2.9) are coupled differential equations

and can be sclved for Tl(t) and Tz(t} (Appendix B).

The fuel temperature 1s calculated from;

+3
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Where

C; and C2bare constants {(are given in Appendix B) and

the cladding temperature:

(r,+r.) (r. +1.)
T, (t) = C __£_~Z_,er1t + C 2 17 eT2-F a8 + T
. 2 1 ¢} 2 o 2° f
1 1
(2.11)
where
17t
q /Qlc
1
B = - (App. B)
al(a3 az)

The equivalent heat transfer coefficients are derived by

assuming steady state temperature distribution in fuel and

cladding (App. B);

1 S
hl = T T (.4..;4)
Ly 2
]
3 1 akz
1 -
- I
h2 = T (2.13)
1, l2
h 2k ,

Where h denctes the convective heat transfere coefficient.

II-B-1iii. SUMMARY AND COMPARISON OF CONDUCTIION MODEL OF TEE

CODES

In this chapter the conduction models of COBRA III-C,
and TERHID are descriped. Two codes do net have the same

conduction model. They differ from eachother by the formula-



tion. COBRA III-C calculates the fuel center temperature from
equation, (2.2) temperature in fuel region from (2.3) cladd-
ing temperature from (2.5) and the temperature at fuel cladd-
ing interface from (2.4) by using an implicit finite diffe-
rence sheme for plate type and cyclindrical fuel element
(App. A).

An effective gap conductance coefficient is used at
fuel-cladding interface. The surface heat transfer coefficient

is arbitrarily specified through heat transfer correlations.

The set of equations given in section II-B-1i are
arranged into a tridiagonal system of equations and solved by
using Gauss elimination method. The same set of equations are
used for the plate type fuel element except the radial coor-
dinate term ;l/r rif {(App. A) used for the cyclindrical fuel

ar’
element.

In TERHID the fuel temperatures, and claddi

tures are calculated from equaticns (2.10) and (2 t
constants used in the equations are found from (B.26), B(40)
and (B4l) only for the plate type fuel element, wit e

cf the lumped parameter approach. For the fuel and cladding
temperature calculations, equivalent heat transfer coeff
ents are used by assuming the formes for steady state tempe-
rature distribution within the fuel and the cladding. The
cladding temperature 1s calculated by ignoring the gap conduc-

tance.
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The surface heat

through heat transfer correiations (App. E).

TEREID requires the reactor power and periormes the
calculations of the povwer produced at each plate or power



produced at each plate can be supplied as input, this may
supply a more accurate result for the transient analysis, but
COBRA-III-C requires the heat flux and the power density 1is

defined in terms of the equivalent impressed flux by neglect-—

ing the capacitance of the fuel element.

These form the main difference between the codes for
conduction model.



CHAPTER-111
CONVECTION MODEL OF THE CODES

In this chapter the convection models of the codes,
COBRA III-C and TERHID will be discussed. The first part
consists of a general description of the convection models
used in the codes. The second part includes the conservation
equations of mass, energy and momentum forming the foundation
of the convection model. And the third part gives a summary

and comparison of the models.

III-A. BASIC ASSUMPTION AND GENERAL DESCRIPTION OF THE
CONVECTIOK MODELS

The convection model included in COBRA III-C considers
subchannel analysis. In this technique the rod cluster,
cooled by a fluid passing axially along the rods, is consi-
dered to be subdivided into a number of parallel interacting
flow subchannels between the rods. The equations of mass,
energy, and momentum conservation are solved to give the
radial and axial variations in fluid enthalpy and mass
velocity. The interactions between subchannels form the
important part of the physical model.

This interaction is divided into two processes, i.e.,
crossflow and turbulent mixing. The crossflow consists of
mass transfer between subchannels, in the presence of a2 radial

pressure gradient and the turbulent mixing consists of a



mixing process independent of the pressure gradient, but due

toc the turbulent nature of the flow.

a) Basic principles of subchannel analysis;

The cross—sectional areas of subchannels are

usually defined by lines joining the rod centers (Figure 3-1).

The analysis is made by dividing the channel length
into a number of smaller intervals for calculation purposes.
The set of simultaneous differential equations of mass, energy
and momentum conservation are written in finite difference
form and solved iteratively, taking into account crossflow
and turbulent mixing, to give a map of the massflew and

enthalpy at each mesh point in the cluster.

(™
tn

The general simplicaticn in the subchannel analysis
made by neglecting the flow and enthalpy gradients in the
subchannels, and assuming that there is only flow and
enthalpy gradients across the subchannel boundaries, se¢ in a

sense this is also a lumped approach.

b) Cross flow;

The magnitude of cross flow is much smaller than
that of axial flow. It's effect on the axial flow is negli-
gible, at least under normal treactor operatien. Even under
abnormal operation conditions, where a few flow
blecked, the induced perturbation on the axial flow will be
small. This small crossflow however, could have a2 noticeable

influence on the thermal fied.
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equalizing the temperature differences of the coolant, across

and within a fuel rod bundle. Therefore the selection of

accurate mixing coefficient is crucial in correctly predi

ing the thermal-hydraulic behaviour ¢f fuel-rod bundle f1
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On the other hand according to the studies , it is
known that the turbulent mixing depends strongly on the
geometrical arrangement of the fuel pins between two adjacent
subchannels and is relatively sensitive to the rod spacing -
effective centroid length ratio. When this ratio is reduced,
the turbulent interchange decreases due to the possible
relaminarization of the flow between the narrow gap of two
fuel pins. This is expected by its physical intuition that
wij (turbulent crossflow between adjacent subchannels i, j)

must be zerc as the ratio rod spacing - effective centroid

length goes to zero.(C.Gazley., et al.,-71).

Using subchannel approach and by making suitable
assumptions concerning the flow and crossflow in the sub-~
channels and between the subchannels the equations involved
in the convection model of COBRA III-C are written for each

subchannel,

The basic assumptions are given below:

Each subchannel contains one dimensional, two phase,
seperated slip flow including turbulent crossflow and diver-
sion crossflow as a result of flow redistribution between
adjacent subchannels. It is assumed that the turbulent cross-
flow existing between adjacent subchannels causes no net flow
redistribution. Sonic velocity propagation effects are
ignored. The diversion crossflow velocity is small compared

to the axial velocity within a subchannel.

The convection model of TEREID is simpler than the
convection model of the programme COBRA III-C. Basically the

conservation equations of mass, energy and momentum are
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similar except the terms existing due to the subchannels in
COBRA III-C. TERHID performs single channel thermal-hydraulic
analysis, and also agsumges single phase flow within the
channel. The equations in convection model of TEREID are
solved to give the axial variations in fluid enthalpy and

pressure differences along the channel.

The system considered by TERHID where it is applic-
able, provides more simple and more economical and rapid

solutions to the single channel thermal hydraulic analysis.

ITI-B. MATHEMATICAL MODEL OF CONVECTION

I1I-B-i. CONVECTION MODEL IN COBRA III-C

The equations of the mathematical model for fluid
transport are derived by using the assumptions given in the
general description of the codes, and by applying the conser-
vation equations to a segment of arbitrary subchannel (i)

which is connected to another subchannel (j) as shown

=
-9

rt

Appendix C. For more than one subchannel the coupling

are summed cover all adjacent subchannels.

If the summation over all subchannels adjzcent to —-i-

is indicated by 5 we obtain the mass balance eguation as;

g
(App. C)
3C o N
ol oml Fa =
A, e b e = - L W {(3.1)
1 ot gx .. 4]
Jj=4
Where ., Ai, mi, W,y are density, cross-sectionzl area, mass
S o«
flow rate, and diversion crossflcow between adjzcent subchan-

nels respectively, the subscripts i, and j dencte the sub-



channel identification numbers.

Equation (3.1) gives the net rate of change of sub-
channel flow in terms of diversion crossflow per unit length.
The turbulent crossflow does not appear because it does not

cause a net flow change as indicated in section III-A.

The Energy balance is given in equation below; (App.

C)n

Sh - ! N . N N ;
1 on dh q Wz B C:: W .
Stttz = 1 (h,-h,) =2 - I (t;-t) ==+ & (h;-h*) —=
i ¢ i 3=l 3omy a1 Imy = my

(3.2)

Where, Ug, h., qt, wi.., h* are the effective enthalpy

§
i i ij
thermal velocity, enthalpy, that thermal conduction term,
turbulent crossflow between adjacent subchannels, diversion
crossflow between adjacent subchannels, and enthalpy carriecd

by diversion crossflow respectively.

The first two terms on the left side of equation (3.2)
give the transient and spatial rate of change of enthalpy.
These are convective terms with a transport enthalpy velo-
city. Since the transport velocity represents the effective
velocity for energy transport, the time change of energy is
related to this velocity. The right side of eq (3.2) contains
three terms for thermal energy transport in a rod bundle
element. The first term on the right hand side gives the rate
of energy change, the second term is related to the turbulent
enthalpy transport between all adjacent subchannels. Here the’

turbulent ned through the empirical
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The third term accounts for the thermal conduction
mixing and thelast term accounts for thermal energy carried
by diversion crossflow between all adjacent subchannels. The

last term depends on the enthalpy transport carried by diver-

sion crossflow.

Axial Momentum Equation (App. C) is given by;

1 9my 50. &P fmA2 |v.' £.¢. K, Vv.' SV{1
A AR S S RS e S|
Al et idt ox LAu 2 D, 24 x ox |
N W, N w!.
- gp.cosb - £ I (U.-U,) ==+ T (U, - UF) —=L (3.3)
1 T . J° A. . 1 A
j=1 i j=1 i

here; Us, P Vi, fi’ ¢., K., Di’ gy Lo, U* are effective
momentum velocity, pressure, effective specific volume for
momentum, friction factor, friction multiplies, spacer losses
coefficient, diameter, gravitational constant, turbulent
mixing factor and effective velocity carried by diversioen

crossflow.

Equation (3.3) contains terms governing the axial
pressure gradient in a subchannel. These are frictional,

spatial, accelarational and elevational components oi the

g. (3.3)

Pty
™

pressure gradient, given in the right siole of

respectively. The fourth term accounts for the momentum due
to the turbulent crossflow and tends to equelize the veloci-
ties of adjacent subchannels, containing the turbulent mixing
factor to equalize'the turbulent transport of enthalpy and

momentum. The last term inciuding the diversion crossflow

accounts for the momentum changes 1n subchannels due to
changes in velocities carried by the diversion crossilow
between all interconnected subchannels.



Computation of cross flow between the subchannels of
an assembly requires a different formulation of the trans-
verse momentum balance equation. Hence at any agial level
there will be pressure gradients leading to transvers flow in

the presence of blockages around the bundle circumference.

Thus the subchannel thermal-hydraulic code COBRA III-C
considers a transverse momentum balance equation for the
small gaps between the rods (Fig. C-4, App.C). The transverse

momentum equation is given by (eq. C.36, App. C).

Q2
=
Qo
=
=
[}
X
R

,

Leae
o
L.,
-+
~~
!

pY

1) c W, = (Pl + Pl) (%) (3.4

Q)]
ot ] e
Q2
g

Equation (3.4) accounts for the transverse momentum balance.
The first term on the left side represenis the temporal
change of the transverse momentum and the second term the
spatial accelaration of the crossflow. The last term on the
left side gives the frictional force, and the term on the
right siole represents the pressure differences due to the

crossflow.

III-B-ii. CONVECTION MODEL IN TERHID

Convection Model of TERHEID considers the conservaticro
equations of mass, energy and momentum for a given control
volume with the relevant conserved quantities (App. D). The
equations are derived for single channel with the required

assumptions given in Appendix D.
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Where Ai’ ., m

i» ®j», are cross sectional area, density of
the fluid,

and mass flow rate respectively.

Equation (3.5) gives the net rate of change of flow in

the flow channel in terms of density and flow rate.
The energy balance is given asy; (App. D)

’\h. Bh 1

1 oty i 94
v, * 3t * 5z . m. (3.6

1 1

Where, Vi’ hi’ qi are fluid velocity within the channel,
enthalpy of the fluid, and heat addition per unit length
from the fuel plate to the coolant.

m

The terms on the left side of eq. (3.6) represent the

temporal and spatial rate of change of enthalpy. The time
change of energy is related to the velocity of the fluid. The
only term on the right side is the power-to-flow ratio in a
channel and gives the rate of enthalpy change due to the

energy added to the channel.

The momentum balance (eq. D.16. App. D) is given by

[ )

8p . 50 §mi§ o(l/%cy) F, , °m,

1 + 1 | i < 1

= . + 2 F - + }——‘ et ——— T . ® e e

3z g 0 i Bt R | 5z A, K, Ft
L1

Where p., g, V., F., denotes pressure, gravitational
Fi i

K
constant, fluid veleocity, and frictional force losses within
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tional and frictional pressure gradients. The second and the
last term on the right side account for the transient com-

ponents of the pressure gradient.

III-B-iii. SUMMARY AND COMPARISON OF CONVECTION MODELS OF THE
CODES

COBRA-III-C as compared with TERHID draws a complex
picture in convection model. This complexity is due to the
subchannel analysis and the variation in hydraulic conditions

among the various subchannels in the presence of crossflows.

The equations used in for the fluid transport in
TERHID are similar to COBRA-III-C except the crossflow terms,
and the turbulent mixing factor in energy balance equation,
of frictional losses in momentum equation, and the additional

conservation equation of transverse momentum balance.

TERHID solves the coolant enthalpy and pressure
differences by using the equatiens (3.5) through (3.7) and
the temperature of the coolant might be found with the use of

the calculated enthalpy from eq. (3.6).

COBRA III-C solves the pressure difference, enthalpy,

fluid temperature, by using the equations (3.1) through (3.4

Both codes, COBRA-III-C and TERHID, use finite diffe-
rence procedure for solving the equations for the fluid trams-
port. The main difference between COBRA III-C and TERHID

exists by assuming the flow direction.

TERHID assumes a downward flow which provides the dis-

advantages with the need for sealing the reactor plug, orf




cover, against the maximum pPump discharge pressure. On the

other hand COBRA-III-C assumes any direction. However the up-

ward flow provides the advantage of natural circulation.,
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CHAPTER 1TV
NUMERICAL APPLICATION

In this section the numerical solutions obtained using

COBRA III-C and TERHEID will be presented.

The first part includes the application o

[
(a4
o]

ho]
~
(o]
&
ot
m
2]

solved in TERHID to the program COBRA III-C.

In the second part, using various time steps the
effect of the time increments on the temperature solutions

is gnalysed.

A comparison of the numerical solutions for identical
problems using both programmes take place in the third par
The comparison is carried out for the same time steps in both
programmes, includiﬁg the forcing functions of heat flux

power, temperature, and mass flow at a given time.

IV-A, APPLICATION COF A TRANSIENT PROBLEM TC IEREID AND TO
COBRA I1I-C
As explained in the preceeding seciicns the computer

program COBRA III-C makes the thermali-hydravlic znalysis of

rod bundle nuclear

channels.



The computer program TERHID makes the steady and tran-
sient state thermal-hydraulic calculations of single channe
reactors, and calculates the temperature distributions withi=z
the fuel, cladding and cooclant and the pressure differences

from the inlet up to the outlet.

Since COBRA III-C makes subchannel analysis its con-
vective model considers the effect of the crossflows betweer
adjacent subcheannels. Hense it includes mixing which results
from the convective transport between interconnected sub-

channels resulting from both turbulent and diversion cross-

il

flow. Accordingly to the subchannel analysis & single channe:

may 1interact with up to four adjacent subchannels.

Due to the formulation of the subchannel analysis,
considerations and the dependency of the required subchanne:l
informations of the program COBRA III-C, the problerm sappiiec
to single channel program TERHID can not be calculated witn-—

out making some modifications on the model of
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o
the problem, the interactions between the two

subcheannelis
(between the interconnected channels) must be eguaiized te
zeroc, as if there is no net flow crossing the subchannel
becundary.
For this purpcose & minimum value is supplied for the

required mixing correlaticn factor. Then the transient steg
cscluticns of COBRA TII-C can be comparedc usinmg Lhe gingie
hannel problem of TEREID. Thus the transient problem of
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required data in the manner as mentioned above.

The subchannel lagout is shown in Figure IV-1 and the

lnput parameters are given in Table IV-l-a and in Table IV-1-b.

As obtained from Tables IV-l-a and IV-1-b, the system
properties of the codes are the same, but the units input and

. ‘c e - .. . -
output different. Therefore they are expressed 1n different

units,
i ]
T 8
4 5 &
i 2 3
! T

FIGURE IV~1l. Subchanmnel layout for a 1/4 Section of symmetry



TABLE IV~l-a

Input Parameters for the problem solved by the programme COBRA III-C

Fuel conductivity
Fuel specific heat
Fuel density

Fuel thickness
Cladding conductivity
Cladding specific heat
Cladding density
Cladding thickness
Friction factor

Heat flux distribution

Yomentum turbulent factor
ITransverse momentum
Parameter fS/L)

Turbulent mixing parazeter
Channel orientatiocn

-
of

rt

Momentum turbulent fac
Channel length

no.of axial nodes
no.o0f time steps

ftotal

96,48 Btu/hr.ft ©

0.1767 Btu/lb °F
1186.2 1b/ft°
0.02 1in

121.32 Btu/hr.ft.

0.2140 Btu/1lb.°F

F

169.0 1b/ft3
2.0150 in

£ = 0,047 Re™002
X/L Relative flux
3.3 0.165

0.1 0,432

2.3 0.84%8

J.,4 0.980

2.5 1.069

7.6 7.860

2.7 0.846

7.8 3,665

2,9 0.432

1.9 0.165

3.5

2.5

£ = 0,91

O

]

23,47 in.

60

from 3 to 263
3.20%2 sec.

30

0.034002 Million Bru/hzft?
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TABLE IV-1-a(continued)

Input Parameters for the problem solved by the program COBRA III-C

Mass velocity
System pressure

Inlet temperature

Forcing function for heat

flux

0.308 Mib/hrft
2000,0 PSI

98.6 °F

Time (sec)

0.000
0.040

0,041
30,000

2

Heat flux
factor

1.090
1.000
0,800
2,800

For convection heat transfer coefficient Dittlus-Bs

correlation is used,

elter




Input Parameters for the problem solved by the programme TERH1D

TABLE IV-1-b

Fuel conductivity
Fuel density

Fuel specific heat
Fuel witdhness

Fuel thickness

Fuel length

Cladding conductivity
Cladding density
Cladding specific heat
Cladding thickness
Channel witdhness
Channel thickness

The extrapclated length
tof neutron flux

Mass flow rate

Inlet Temperature
Power

Friction factor

Heat flux distribution

167.0 w/n°c
19000.0 kg/m2
740,0 J/kg°c
69,698 mm
0.508 mm
596,138 mn
210.0 W/m°C
2707.0 kg/m3
896.0 J/kgOC
3,381 mm
69.9 mm
6.476 mm
35,2 mm

417.275 kg/sn.m2

370¢C
8926.0 W

£f = 0,047 Re 12

Z/B Q(n.)/Q(0.)
0.0 0.165
0.1 0.432
0.3 0.846
0.4 0.962
0.5 1.090
0.6 0,962
0.7 0.846
0.8 0,665
0.9 0.432

¥l

1.0 0,165

!
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IV-A- THE TEMPERATURE CHANGE WITH TIME AT SOME TIME
STEPS,

The time step determination in TERHID depends on the
channel length, fluid velocity, and on the number of axial
nodes., Therefore the calculations of TERHID is carried out
for a defined time step. But the computer programme COBRA
ITII-C is able to consider the transient problem using different
time steps At. The required data for the different step
calculations are the total calculating transient time, and

the number of time steps.

To carry out the calculations during the identical
transient time using both computer programmes the value
obtained for the total calculating transient time is 5.292

sec,

In COBRA III-C, during the same transient time
=5.202 sec. the number of time steps are changed, The
variations of results using different time increments are
intercompared, with the change of inlet heat flux between

0.040 sec. and 0.041 sec. by a factor of 0.800.

The radially fuel centerline temperatures at t=1.3050
sec.; t=2.601 sec., and t=4.,1616 sec. with the use of differen
time increments are given in Tables IV-2, IV-3 and IV-4,

respectively.

As given in Table IV-2 at t=1,3050 sec. the values of
fuel centerline temperatures from time step 1.0 sec. up to
time step 0.6 sec. are obtained by interpolation., The value

6f the fuel centerline temperature obtained using time

increment of 0.09 sec. and 0.02Z sec. are almost the same.
However the value of fuel cent rline temperature obtained for
time increment of 0.6 sec. 0.8 °F more than the value

is
obtained for time increment J. sec.



TABLE 1IV-2
The fuel centerline temperatures at t=1.3050 sec. with

different time steps in COBRA III-C

t=1,3059 sec.

Time Steps ¢t sec, Temperature OF
1.0 167.3%
0.9 166.9%
0.8 166.5%
0.7 166,2%
0.6 166.1
0.5 166.0
0.4 165.6
0.3 165.5
0.2 165.4
0.1 165.4
0.09 165.3
0.08 165.3
0.07 165.3
0.06 165.3
0.04 165.3
0.03 165.3
0.02 | 165.3

* Yalues obtained by interpolatien



TABLE 1V-3
The fuel centerline temperatures at t=2,601 sec, using

different time steps in COBRA III-C

t=2.601 sec,

Tinme Steps 2t {seag Temperature EORE
1.0 163.1
0.9 162.9
0.8 162,7
0.7 162.5
0.6 162, 4
0.5 162.3

0.4 | 162.1
0.3 161.9
0.2 161,38
g.1 161.7
0.09 161.6
0.08 161,6
0,06 161.6
0.04 161.6
0.03 161.6
0.02 161.6




TABLE 1V-~4

'The fuel centerline temperatures at t=4,1616 sec. using

different time steps in

COBRA I11-C

t=4,1616 sec.

Time Steps At !secJ

1 H
Temperature IOF.

160.5

160.5

160,3

160.2
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TABLE IV-5
The time required for the completion of 50 % and 99 7 of the

total fuel centerline temperature change for different time steps

Total fuel-

The time The time centerline
Time steps required for required for temperature
At 50 Z of the 90 7 of the change ©CF at
fsec.f 'total change total change t=5.202 sec,
§sec.f {sec.] ﬁor scme
time steps,
1.0 1. 4,
0.9 1. . 13.60
0.8 1.3 3.7 |
0.7 1.3 3.7
0.6 1,3 3.7
0.5 1.3 3.6 13,89
0.4 1.2 3.5
0.3 1.2 3.4
0.2 1.2 3.4 14,190 5
0.1 1.1 3.4
.09 1.1 3.4
G.08 1.1 3.4
5,07 1.1 3.4 14,10
0.06 1.1 3.4
0.04 1.1 3.4
0.03 1.1 3.4
0.02 1.1 3.4




As given in Table IV-3 at time tw2.671 sec, the values
of the fuel centerline temperatures obtained using time
increments of 0.09 sec. and 0.02 sec. are almost the same.

The required time for fluid to go through one node is 0,04

sec. The value obtained using that time step is 0.1°F and

0.2°9F less than the value obtained using time increments of

0.1 sec. and 0.2 sec. respectively., However using time
increment 1.0 sec. the value of the fuel centerline temperature
is increased by the value of 1.5°F compared with time step

0.04 sec.

At time t=4.,1616 sec, (Table IV-4) the differences in
the fuel centerline temperature for each time increments
changes between 0.2°F and 0.1°F., The fuel centerline
temperature obtained using time increments of 9.0% sec., and
0.02 sec, are again almost the same, However the wvalue
obtained in the fuel centerline temperature using time step
0.02 sec. is 0,9°F, 0,7°F, 0.6°F, 0,4°F less than the values
obtained for time increments of 0.1 sec., 9.8 sec., J.7 sec.,

and 0.4 sec. respectively.

The time required time for the completion of the 50 %

t

and 90 7 of the total fuel centerline temperature changes for

V3]

different time increments and the total temperature change
at some time steps are given in Table IV~53,

+

The values obtained in the toctal fuel centerline

temperature change for time increments of 1.0 sec., and 0.9
sec. is 13.60°F,for time increments of 0.7 sec. aand 3.3 sec.
this wvalue increases €0 13.80%°F., Using time increments of

ﬁ.l sec. and 0.02 sec. the total fuel centerlime temperature
o

change rises to 14.10°F. Thus different steady state values
are reached. The recuired time for the completion of 50 Z of
the entire total change using time increments of 3.1 sec. and

e
-, and for the completion of 90 7 of

3]

i3

¥
o

0.02 sec. is 1.1

[
[W

totzl change the time reguisite is 3,4 sec.



The solutions indicate that in some cases the
temperature changes are so close, that «ng important
differences are obtained. Such as using time increments 0.1
sec. and 0.02 sec. almost identical result's are obtained.
For time step 0.2 sec. compared with the time increment J.04
sec., which corresponds the required time for the fluid to
cover the node length, the obtained difference is not
important compared the differences of time increments 1.0
sec. However in some cases the temperature difference get
less sensitive; like 1.5°F as obtained using time increments
of 1.0 sec and 0.02 sec. Therefore only fuel centerline
temperature changes with time for time increments of 1.0 sec.
and 0,02 sec. are compared in Figure IV-2., and the fuel
centerline temperature changes as a function of time steps

are shown in Figure IV-3,

As shown in Figure IV-2 and obtained from the sclutions,
the result obtained for time step 1.0 sec. 1s not sufficiently
sensitive and the exact steady state value is not reached
during 5.202 sec., However using time increments of 0.1 sec.
up to 0.02 sec., the obtained solutions are more sensitive
than using time increment of 1.0 sec. down to 0.3 sec. and

c
the entire total change is completed in 5.202 sec,

These differences obtazined in the fuel centerline
temperature change using different time increments is due to
the performation of the transient calculation, The transient
calculations are performed over the channel length for =z time

step., At. The transient finite difference terms are evaluated

from the solutions for the previous time step and this
T 1 tinous, following the whole transient. Therefore
procedure contin ;

for increzced values of the time increments the transient

nough,

o)
m

solutions are not sensitive
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IV-C- COMPARISON OF THE TRANSIENT PROBLEM OF COBRA III-C AND
OF TERHID AND RESULTS

a- COBRA-III-C-Heat flux changes with time at
t=0.041 sec. by the heat flux factor of 0,800
TERHID-Power changes with time at t=0.041 sec.
by the power factor of 0.800
The time interval used by TERHID for the Previous

problem is 0,236 sec.

The corresponding time step of the computer program
COBRA III-C to the computer program TERHID, during the same
transient time 5.202 sec. is 0,236 sec, The calculated fuel
center temperature distributions at t=0,236 sec. with both

thermal-hydroulic programmes are given in Table IV-6, and the

fuel center temperature distribution is given in Figure IV-4,

According tc the solutions of TERHID the fuel center
temperature is reduced from 76.6°C to 69.5°C. The total fuel
center temperature change is 7.10°C, The 50 % and 99 7 of the

total change are completed at 1,0 sec and 3.3 sec respectively,

On the other hand as obtained from Table IV-§ the
total change of COBRA III-C is 7.8°C, To complete the 50 7

and 90 7 of the teotal change 1.2 sec. and 3.4 sec. are taken,

Taking care the differences in the total changes
between both programmes, the time difference for the percent

of the total changes are 0.2 sec, and 0.1 sec.
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Change of

TABLE 1V-6

fuel centerline temperature with time

COBRA-III-C

Heat flux changes at t=0,041 sec.
by a factor of 0.800 and At=0.236 sec,

Time [sec.j Fuel Center Temperature {OC?

0,0 78.4

0.473 76.5

0.946 75.1

1.419 73.9

1,892 73.6

2.365 72.4

2.838 71.9

3.311 71.5

3.784 71.2

4.257 70.9

4,730 70.7

5.202 70,6
TERHID Power changes at t=0.041 sec.

by a factor of 0,800

and At=0,23% sec,

Time [secej

Fuel Center

3
6
1.419
1,892
2.365
2.838
3,311
3.784
4,257
4,730
5,202

0.0
0.4
0.9

e

. irn Toprl
Temperature _©Cj

76.06
74,86
73.
72,
71,
790,
70.
70,
69,
69.
69,

69,

G ON O D WO ops PN




b- COBRA III-C-Inlet temperature changes with time
at t=0.041 sec. by the inlet temperature factor of
0,811,
TERHID-Inlet temperature changes with time at

t=0,041 sec. by the inlet temperature factor J.811.

The value of the reference inlet temperature of COBRA
ITII-C, which corresponds to the value of the reference inlet
temperature of TERHID, is reduced between 0,040 sec. and
0.041 sec, from 37°C to 30°C. Accompanying the decrease in
the inlet temperature, the fuel centerline temperature
changes from 78.4°C to 74,4°C at the end of 5.202 sec. The
change of the fuel centerline temperature for time step
0.236 sec. in both programmes are given in Table IV-7 and the

temperature distribution are given in Figure IV-5,

The total temperature change in COBRA III-C is 4.0°C.
The 507 and 907 of the total change are completed in 1.9 sec.

and 4.0 sec. respectively.

On the other hand using computer code TERHID the fuel
center temperature is reduced from 76.6°C to 72.0°C., at the
end of 5.202 sec. The total chenge is 4.6°C, The difference
obtained in both programmes is due to the computation
procedure and the required input of the heat flux in the
COBRA III-C code. To complete the 50 % and 90 % of the total
change the time durating of TERHID is 1.7 sec. and 3.6 sec.

respectively.
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TABLE IV-7

1 centerline temperature with time

COBRA-III-C

Inlet Temperature changes at t=0.041 sec
by a factor of 0,811 and At=9.236 sec.

- )

Tinme Isec.j. Fuel Center Temperature .PC§§
0.0 78.4 ‘
0.473 78.2
0.946 77.7
1.419 77.1
1.892 76 .4
2.365 75.9
2.838 75.5
3,311 75.2 _
3.784 74.9 |
4,257 74,7 :
4,730 74,6 5
5.202 74,4 ;

TERHID

Inlet Temperature changes at te=3,041 sec.f
by a2 factor of 0,811 and At=0,236 sec.

;

—)

Time

[}
(7]
¢}

e
Fuel Center Temperature { C

®

i

- i

. @

“ 4 5 v s o a
L I B S N 7E I o - B TO O 5 N SNV o B N i
W W0 W NAD By

W Bt N R e O OO
B D S B OO0 T RO WD O W

~J
(@)

76.
75.
74,
T4,
73.
73.
72,
72,
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According to the calculations the difference in the
total changes between both programmes is 0.6°C and the
differences in the percent changes are 0.2 sec. and 2.4 sec,

c= COBRA III-C- Inlet flow changes with time at

t=0.041 sec., by the inlet flow factor of 7.809

r-n

TERHID- Inlet flow changes with time =zt

t=0.041 sec, by the inlet flow factor of 3.809.

m
IS
%
o
m
s}

It is assumed that the inlet flow changes b

0.040 sec. and 0,041 sec. by the inlet flow factor 3.820 in

COBRA III-C and in TERHID. The changes in the fuel center
temperature at time step 4t=0,236 sec. for both programmes
are given in Table IV-8 and the fuel center temperature
distributions are given in Figure IV-6.

In COBRA-III-C-the inlet flow is reduced ‘rcz 3,338

M.1b/hr.ft? to 0.2461 M.1b/hr,ft? at time 0,741 se
center temperature increases from 78.49C to 85.7°C 2t the
end of 5,202 sec. The total change in the fuel cencer

temperature is 7.39C. For the completion of the 37 % and 90

of the total change 1.4 sec. and 3.7 sec. are taksr,

(8
B
.
~3
s
m
ty
fod
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TABLE~-IV-8

centerline temperature

with

time:

COBRA III-C

Inlet Flow changes at t=5.041 sec.
by a factor of 0.800 and At=3.,236 sec

Time {sec.}. Fuel Center Temperature EOC]
0.0 78,4
0.473 79.9
0.946 81,2
1.419 82.2
1.8392 83.9
2,365 83,7
2.838 84,2
3.311 84.6
3.784 85.0
4,257 85,2
4,730 85.5
5.202 85.7
: Inlet flcw changes at t=0.241 sec.
TERELD by a factor of 0.800, and 4:=3,236 sec.
0.9 76 .6
0,473 78.2
0.946 7.4
1.419 80.4
1.892 81.2
2,365 81.8
2,838 82.3
3.311 82.5
3.784 82.9
4,257 83.1
4,730 83.3
5,202 83.4




On the other hand the reference inlet flow in TERHID
is reduced from 417,275 kg./sn.1? to 333.8290 kg/sn.m? between
9.0492 sec. and 0.041 sec. The fuel center temperature
increases as inlet flow decreases from 76.6°C to 83.49C at
the end of 5,202 sec. Hence the total change is 6.8°C. The
time durating for the completion of the 50 7 and 90 I of the

total change TERHID needs 1.2 sec. and 3.5 sec. respectively.

The dlfference between the temperatures in COBRA-III~C
are J.1°C more than the difference between the temperatures
obtained in TERHID., Also the difference in the total change
between both thermal~hydraulic programmes is 0,5°C, TERHID
completes the 50 % and 99 % of the total change 0.2 sec.
earlier than COBRA III-C.
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The comparison of the coolant exit temperature is carried out

by changing the inlet temperature of the inflowing fluid in
both programmes. It is assumed that the inlet reference
temperature of the cooclant in both codes is reduced from

o
37°C to 30°C between G040 sec. and 0.041 sec. by a factor
of 0.811.

The total coolant exit temperature change obtained in TEREID
. o - . . . o .
is 6.807°C. The required time for the completion of 50 7 and
90 %Z of the entire total change is 1.5 sec. and 2.5 sec.

respectively.

The value obtained in the total coolant exit temperature
change in COBRA III-C is 7.60°C. For the completion of 50 Z
and 90 7 of the total change COBRA III-C requires 1.8 sec.

and 2.8 sec. respectively,

At the end of 5.202 sec. the obtained exit ccolart temperature
difference of COBRA IT1I-C is 6.8 7 less than TEREID. However
both programmes approach asymtotically to the steady solutions

from 4.2 sec.
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CHAPTER V
DISCUSSION 9F THE RESULTS AND CONCLUSINY

The cenduction and convection models of the computer
programmes COBRA III-C and TERHID, and assumptions used in

both programmes and the solutions of the two codes have been

analysed,

The transient solutions of COBRA III-C for some time
increments have been presented, and the soluticn of TERHID
for the corresponding time step to COBRA III-C has been
compared. The effect of the assumpticns on the

values in the numerical analysis has been discussed

Several set of calculations have been carried out by
using COBRA III-C and the solutions for different time
increments have been compared to show the effect of time
increments on the results, The results show that the fuel
heat transfer model and the flcocw are coupled by their time
responses. If the time interval between calculations is mnore
than twice the time taken the flowing fluid in going through

one node then the temperature of the fuel is changed less

']

transient

o
ot

during the transient as compared with the identic

time calculated with longer time increment,

[N
-
4

As obrained from the solutions exact and more sensit

results are reached using increased time steps than the result

Y

iven total

ne st

[¢]

o a

=1

- 1
L4

ps

transient time, However, after some time increments the

L0

1

effect o0f the time steps on the solutions beccme negl

[

4o
Joto
o
ek
0]

®



Another comparison of the two codes has been carried
out including the transient effects of the inlet power,
temperature and mass flow rate changes. The obtained results
for all cases from both codes indicate that the fuel centerline
temperature takes the asymptotic form and so approaches to
steady state conditions. But there exists a temperature
difference between both programmes. This difference might be
due to the heat flux information as inpﬁt and the assuaption
of the steady state coﬁditions to calculate the power from
the given heat flux results in approximate solutions. Therefore
TERHID provides more accurate and sensitive solutions

especially for the transient calculations than COBRA III-C,

‘ Including the computational efficiency to this, COBRA-
III-C requires 32K of memory, on the other hand TERHID
requires 9K of memory. The memory requirements for both codes
in addition to the solution technique depends on the number
of axial and radial nodes, number of time steps of the prob-
lem. Using the same time step At=0.236 sec. during the same
total transient time 5.202 sec. and same axial node number
it is obtained that COBRA III-C spends 29 min. and TERHID

spends 35 sec. computation time.

Considering the use of the power input specially in
transient state calculations, and the short time requirements
to perform the calculations, for the problems ccrresponding

to it's nature TERHID can be prefered to COBRA III-C,

To extend the use of the program TERHID the following

additions can be made,

The time increments can be determined independently
length and axial node number. The
f the inflowing fluid and the channel areas is assummed to

11 channels. the program can be arranged to



allow the calculations for different flow rates, and for
variable channel areas. A subprogramme for subcooling conditions

and for correlations at that conditions can be added to the

programme by making the required changes in the code.
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APPENLIX A

DERIVATION CF EQUATIONS
FOR FUEL HEAT TRANSFER MODEL
OF COBRA TIT-C



DERIVATION OF EQUATIONS FOR FUEL HEAT TRANSFER MODEL IN
COBRA IIl-C

The time dependent one dimensional general conduction

equation with heat generation in cyclindrical coordinate system

system 1is given as

2.
3T _ 81 1 8T .
e 3t ksLarz*‘f?; + 4q (a.1)

-

at each location -i- designated in Figure (II-1).

It should be noted that at the nodal point 1=1, at the

. 1 5T . . . .
center of the rod the term T 57 1n equation (4.1) is indeter-—
o

+
i

minate and therefore must be replaced by it's limit as r>0

(L.Kuipers-R.Timman 67). It follows from L'Bospital's rule

that
. 1 8T _ .. 3T/3r 94T .
Lim — 77 = Lim =+ = 5 (4.2
r>0 -0 ¢ 5r

Inserting equation (A.2) intec (A.1) equation (4.1) reduce to

3T 321
pc =— = 2k = + g (A.3)
ot N
ar
To write equaticn (A.3) for the nodal point i=1 in

finite difference form the right side and the left side of
equation (A.3) 1is expanded intc Taylor's series (K.Kuipers-

R.Timman 67}

Hence:

[y
o]

[*¥)
af e

)
0
L]

Pl

=]



where overscore (-) denotes previous time.

condition for i=1

a7 -
5tli=1 = 0 at r=0
wZ. r
¢ T 2

25 7N T Ty
ar Ar J

Inserting equations (A.4), (A.5) into (a.3)

Using the boundary

(A.6)

and using

the boundary condition given in (4.6) the finite difference

form of equation (A.3) will be as

pc _:[Q — 4k (Tz_Tl) + 1251
AT 2 Sl
Ar

Rearranging equation (A.8) the temperature at

center is found as; i=1
T 1
1 \ 111 L}k cc ! 4k
—_— T 7 = T1 -+ ~ | = T
Perr T 91 1 {Arz Ee |~ 2 72

To find the temperature distribution in fuel

we use equation (A.1)
For 1 < 1 < N
The finite difference form of the second
(Wakd) is;
m
T i T - 7
2 BTg _ 3T i+l i i i-1
3" T srii+l 3rii _ Lr Ar
.2 - Lr - Ar
or
o] ™ - T + T
" L i . £ 4 Lo
¢ T 14 L 1 1-1
2 2

Q2
o]

(4.9

derivatice



- T - T
81 _ it1 i-1
or 2L
A T. -~
1 o7 - 1t1 Tl'l
r sr (i-1)Ar 201

Inserting equations

equation (A.1) the temperature

for the nodal points

(A.10),

1 <1 < XN are

(A.11),

foun

T, - T Cr, - 2T

be i i k% i+l
- At | 2
L o r

. i I :
* (T. - T. + gt
5 ¢ L2 i+1 l-l)f 1
2{(i-1)Ar B
Rearranging equation (A.13)
— = = ~
4. ~ i i
e AT H - 1.
T R S e S
Mt i It L2 1 | Z st a2
Ly | lar 2(i-1)A4r
- - =
; _ -
N PUPIRRT A B O
_4.(1 J.) r JAY 4
lexperature distribution at the fuel-clodding
condition. For i=N
Using equation (A.1) and the boundary conditi
fuel-cladding interface
The boundary condition is given by
-k = hgap (T.7Ty
and using the Taylcr series expansicn for isX

distribution

and (A.12)

(a.

(A1

into

1

i

in fuel regions

1

]

)

)

M



2
- _ + Lr OT Ar™ 9T 1
v-1 7 Iy TIT R T T2 (4.16)
or
T.. = T. + 9T :
y - Iy f At 5% (A.17)

Rearranging equations (A.16) and (A.17) and inserting
into equation (A.1l) with the use of the bcundary condition

given in equation (A.15)

T, -1 [T -
e T Pl £ W - S P
Ir § f o2 -5 PEaP(Ty Tyayp)
L r
-t hga;(T -T ); + g™ (A.18)
(N-D)br N N+1J Ix
Rearranging equation (A.18)
T.. .
be N 4 gm o= 2k _ pc _ k.hgap T - 2k .
' At N L2 At Ar{N-1) N , 2 "N-1
— i
k.hgap ] 10
(N—l)ArJ‘ Ty+1 (4.19)

For the cladding temperature at 1 = N*1.

The cladding is treated as lumped parameter node. 50

that the conductance through the cladding is lumpecd (Arpaci,V.)

The heat transfer equation for the cladding is given as;

RN A
\ Qo |, .= - (A.ZO
PeTTii=N+1 qgap . Qcoolant - )
! cond. surface
s R _ denotes the heat conducted from the gap to the
g4Pcond
cladding and Qeoclant, ) . denotes the heat conducted from



The heat conducted through the gap to the cladding is

given as;

ha r\}
qgap - tg P rx (T.. - T ) (A.21
cond clad "N+1

S

Where t . . is claddinm ick
clad ing thickness.

The heat transfered from the cladding to the coolant

p [N a0
= h T.., - T_.J (A.22
Ycoolant - surf t . (Tyss £
surface clad
where T,. is the coolant temperature and h _surface heat
i P surf
transfer coefficient.
From equations (4.20), (A2.1) and¢ (A.22) the finite
difference equation for the cladding may be wirtten as;
- -
Lh - st T,.
e Lo _i_surf . _gap R - _
o dagy = & : La-an
! N+ L [ < Y., STl
| clad clad "N+l
. -

v
[}
ot
o
[aW
[@]
-
i8]
9
2
$
-

At the fuel-cladding interface emn effective heat
transfer coefficient is used, to combine the comcuctance of
the cladding and the gap.

. £ .
1 1 . clad o
= = T (A..:.-,-
n h .
ap ;A . clad
gs &4F comd.

The ruel power density ig defined in terms -f equive—

lent impressec fiuw gs if there 1 Do fuel total



|
oy
w

|

power is given as.

2 ~
3T P DY
Y Ax = g L. ﬁf Ax - q".7m.D.Ax

(A.

where D is the fuel pellet diameter, and q" is the heat

25

)

flux. The power density is found by assumming equation (A.26)

in stegdy state conditions, hence the left side of equation

(A.26) 1is equal zero

=~
)

111 LH

Kl
1l
L
7|
L}

D is the fuel rod diameter including the cladding.

The plate fuel is comsidered tc be equivalen

rod fuel such as the thickness c¢I the plate is take

the radius of the fuel rod. The tnickness 1s 1in th1
distance from the outer surface c¢I the cladding to

line of the plate Figure (A-1).

And the power density defined as ior the rod
e _ s T . D . Ax
q - q D
£
— .T.D.4x
2
where 7T.D is the width of the plate, D, 1s the thic
the plate fuel including the cledding (Figure A-1).

The plate fuel is cemsicered tc be equivalen
fuel. The thickness of the plate 1is taken equivalen

radius of the rod, and the circumierence of the red

T
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For the plate
tions are used as for
ALl -

the cyclindrical fuel
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+
v

Ype

the

the radia

o]
(oY
|

Plate eguivalen

[N

)
©

ry
'R

n

Lo

&}

95}



_67_

FPPENLIX B

IO( OF EQUATICNS
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DERIVATION OF EQUATIONS FOR FUEL HEAT TRANSFER MODEL CF

TERHID

With the use of the Lumped Parameter Technigque (Arpac:

Wakil-71, Holmann-76) the lumped first law of thermodynamics

applied to the system (Figure II-2) reduces to

(B.1

Making use of the definition of specific heat the left

side of equation (B-1) becomes;

4T, (t)
_d.g - _______]-____ - "
dt - P1%14qh T e - AL

Inserting equation (B.Z)

“form of the first law of thermodynamics (Bcrak).

T .4 1 - LIS - 1 1
picqtiydz —— = ¢ Llydz g .ydz

Equation (B.3}

into (B.1) we get

is the governing equation of

plate. The left side of equation (B.3) 1is the time

(B.

2.

Y
:

the lumpec

the fuel

rate of

change of the heat, the first term on the right side gives

the heat gemeration in the fuel and the second term

the heat conduction from the fuel to the cladding.

L1 Iy = - T ()

q = h1<‘1("j 2& )
where 21(:} and T,(t) are the time dependent
temperatures. With the definition of the heszt

(B.3) will be as below.

Hh
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th

m

fot

ot

£
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dTl(t)
chlLlde —ar ¢ q"'.ydz.L1 - hlydz Tl(t}—Tz(t)
(B.5)
Rearranging equation (B.5)
T, (t 1
d l< ) qus [11 (T ( ) T ( 3 (B £
- = - { t -— t y
dt e} ] 2 / <Y
€161 Picihy -
where;
hl (B.7)
— = O <)
c.L
Preihy t
at. {t) s
= b gl To(t) - 6. T.(t) = =2 (B.8)
dt A B 1 28 T o ¢ A
1 1
The heat conduction equation for the cladding is
written in the same way as written for the fuel, but without
the heeat generation term {(Borak-79)
deit)
o c, L,yydz —= = T - dz-h, (T -T.)
pyc,L,vd T h. ( 1(t) Tz(t))ydé 5 ( 2(t) £
(B.9)
aTz{t) hl b,
= T.(t}-T.(t)) - —— (T _(t)-T,
T el (T, (e)-T,(t)) P IEAR =T
27272 27272 T A
(B.10;
making the definitions of o, and G,
b1
- B.11)
%y T T L ( 1
T27272
h, . h2 (B.12
& = - T .
37 ek, 0 Prel
(G, ~2,) = = F_z. (B.1
5 & [
L L e



Introducing equations (B.11),
cne obtains
de(t)
-a, T (t) + ~ ‘
2T (e at a3t
Equations (B.8) and

equations and solved with the

(Hildebrand-63).

70 -

(B.12) and (B.13)

2(t) = (&3 - 012> T

(B.14) are coupled di

use of commutative

differential

written as;

o
rt
b
O
jal
Pt
lvs]
¥
O\

With the use o©f linear
tions (B.8) and (B.14&) may be
OlTl(t) + 02T2{t) = H
0,7 t) + 0, T.{ct =
371 (®) APALY
For the commutative operators
|0 0,1
1 2
A = i
l_‘..,| -— | !
1 » ]
Vs Yl
. 0 !
"1 2!
AT, (t) = %
i {
E., Oéf
0, ﬁl
AT t) = i
._\42<t.-
U3 By
. - ¢
with the definition D = ¢ @4
vy !
: Do

operators O.

into (B.10),

th

fferential

egua~

4

P
L
i

o~
1
N

(B.18&°

(B.18
written as;

s e

{B.1%



o>
1

(Dray) (Dray) = (u,) (o)

(g
H

and equation (B.17)

j qvn ’
AT, (t) ~i P14 RS
1 = ¢ '
l (ay-0,) T, D+a, l
( a3ql|'
T.(t) = + o, (0. -u
1 (8) = 5 Gplagmay) Ty
1 1
from equation (B.18)
it
D+ a, 49
i Qlc_!
ﬁTz(t)= -
—az (u3—a2)Tf
O‘,?q”,
aTz(t) = 5. + &1(a3—02)Tf

Turning to equation (B.20) with r=D

2 : . o = s
r- + (a1+a3)r + (QIQB ¢1@2)

Taking the right side of equat

to solve the homogenous part of the diffZerentiel

"
e

2
D+ + ' o
(a;7e)D + (o 0y -0 0,)

{B.25) equal

eguation

i

r* o+ {o.to)r + (o u, T oGLG,)
L > . i &
5 ~ - y —— \L[ — ~,
”§Q1+r3) v’(&i ;3' 4o
1,27 2

(B

(B.

(B.

(B.

O

.20

a0
AN

wn

ja]
S

Z2erc



From (B.26) it can be shown that i, < 0, hence the
homogenous solution for Tl(t) and Tz(t) will be
r.t r.t
TlH = cle 1 + cze 2
(B.27;
.t r.t
- 1 2
T = d + d
oH dle aze
For the solutions of Il and T
2Zp
i o " !
T =1 3 + a.{(d,-a,)T ia (a,~0o )! (B.28>
lp 7| o, ¢ 1V73 27080 |13 T2 ‘ '
! 1 1
- o 12t t ;
T. = 2 + g (a,m0 )T, io. (c,-c,)] (B.29:
2p | Py o 1° %37 %2 el [Py T2
; {
with
: g™ ‘ (B.3C:
Ilp = Zf + &38 (B.312
- - 7 4 vy & (B-B:
Ip = i o,k

The general soluticns cf equations (B.8) and (B.14) will be

;= T + T
Il{t’ in ip -
(B.33>
T { = 1 -+ ‘__';_.r
“2 t) Z2H Zp
rli Izt N ° o~ (B34
T.(t) = C.e + C,e 0.8 * T, (B.34>
r.t r,t
T et o+ s + T B.35
;.th? = ‘1*: ? Qze 028 £ (‘)



Here the constants Cl’ C2, d1 and &, must be determin-

. 2
ed by setting equations (B.8) and (B.14) equal to zero and

substituting equations (B.27) into (B.8) and (B.14), sc d

1
and d2 are found as;

(r, + o.)
_ 1 1

4= G o — (B.36)
(r, + a,)

2 1 -

dz = cz ul (B.37)

With the use equations (B.36) and {B.37) in eguation

The constants C, and C2 are evaluated from the initial
4

conditions. The initial conditions are

Using the initial conditions given in (B.39) in equa-

tions (B.34) and (B.3B) one obtainms;

+ T
c Ty . %1 . 2 £ (roas
_ o+ 1 ——t T - -
- - 1 - 2,0 f r.-r, I, =T 273
17 rymry 71,0 rymry s 27T 27T
+ ' - o (B.40O)
a0 G4 2)
o L Iy s
C = = ZZ "’r e ‘!“1 ] - T __,.._. ‘l‘: - P, (T,QB -
7 -1 - ioe M r. rY,.—T,. i
z 52 | Z 1 2 1 Z 1
+ ool C - G0, ) {(B.41)



Equivalent heat transfer parameters hl and h2

To calculate the heat transfered from the fuel toc the
cladding and from the cladding to the coolant the parameters
h1 and h2 1n equations (2.7), (2.9), (B.8) and (B.14) must be
determined. For the calculation of the parameters h, and h,

“~

i

the form of the steady state temperature distribution is usec
(Borak)

Equivalent heat transfer coefficient -h

1
The one-dimensional heat balance eguation in the stezcy
state conditions 1is;
dqx
g & dq - q Adx - —= dx A + q" .Adx = C (B.42
X dx
dg
X 117
- X = g
ax
Using Fourier's law of conducticn
-d T.{(x) |
d! i ’ i 1117 7 ;o
-k _— = —g (B.&:C
1 dx dx !
! |
L2
a T, (=)
—k l - _q”'
1 . 2
dx
1 g}

x) = - = -+ + C (B.4%
'Il(!x) = Zk'% % Cly 2 :
The boundary ceonditions for eguation (B.44) Tigure

(I1~-2) are;
aT., (%)
i = C 2t A= :
dx
(B, &3
{ z
T.(x) = T4, et == 11



Using the boundary conditions given in (B.45) in equa~
*
tion (B.&44)

¢, = 0 (B.46)

Cp = Typ * 35 1 (B.47)

[N

The temperature distribution in the fuel for the steady
state is found as;
[ 7
T (x) = {Li I T, (B.48)
k1l - Jd

The steady temperature distribution for the cladding

is as follows;

"1, (x)
kZ A5Z = 0 (B.49)
ax

The boundary conditions for equation (B.35C) are;

o %« = L B.51)
IZ(X, Ty at 1 (
aT. (x) dT, (x)
8 1 2 T 503y
-k, — = —Kz i at X = Ll (B.52)

Using the boundary conditions given in (B.51) and
{B.52) the constants él and d, are found as below.
q!! . Lq}
d, = - — (B.53)
L &
15t TZ
G ‘-1 _
¢, = L. Te————— (B3.54)
~ 3 i 13 a
‘L e o~



QM
T2<X) = 12_ Ll(Ll_x) + T

12 (B.55)

The heat flux from the fuel to the cladding at x=L

1 is
given by;
dTl(x) }
-k = q" (B.56)
1~ dx x=L_ - ¢ i
1

3ut in equaticn (B.4) the heat flux is taken as;
"o . _ o
q" = hl(Tl(t) Tz(t)) {(B.57)

here Tl(t) and Tz(t) are the fuel and cladding temperatures
and as time apprcaches teo infinty they will be the mean fuel

and mean cladding temperatures T, and T,

Hence eguations (B.56) and (B.57) are equal and may be

written as;

The mean fuel temperature is calculated from (B.48)

L
rl -
_ 1 L 2 2 ' co
T.(x) = — P (L -x") + 17,,; dx (B.5%)
5 _
L
it 153 ; 1
= I 1ix - 37— x3 + T %
L. 2k . 1 6k, 12 i
1 i i iO
Z
gt L,
e s s
— N + (D, oL
o T A 3k .



The mean cladding temperature is found from (B.55)

Ll{“‘z _
- 1 Y |
I, = 1 | i1 + z : 1
2 L? J L’kz l( 1 xX) lei dx (B.61)
2 |
) _
T (L ‘L R q'H qnv 3
= -+ - - T -
12Tl =Ty v T Ly (Lyhy) - = Iy
2 2
_ qiﬂ . N 2 qgn -3
2%, Ly # 1) 2k, !
—-— q|H
= T - T >
Ty = T 73 Mk ~ (B.62)

(@]
—r

Usign equation (B.48) and introducing equaticns (B.6

and (B.62) into (B.58&)

o ¢". L
1 - ? te
qm L-;-L ql L_‘ L,
+ = ra
jKl 4’,}(2
i S -
= 1 L (5.0 2
1L 2
3k, 2k,
i 4

Equivalent heat transfer coefficient -h,~

For the calculation of heat transiered Ircm The ciadd-
ing to the ccolant in equation (B.9) and (2.9) the heat Ilux
is given as

r . 7 )
"= h, T, (t) - (B.8&21)

: 21 T2
as to=, T {6 will be the meszn C12dClng TETpETa-ulc 12 So,

’L:
equation (B.6H4) is egual Lo tons hezat transiered from cladding



to the coolant by convection.

From Newton's cooling law the heat transfered by con-

vection at x = L1+L2 Figure (I1-2)

1

~
b
]
=t
ot
-4
!
[\
R
i
]
L 1
~~
td
o
W
e

From equations {B.64) and (B.65)

h, = (B.66)

[ -
t

Using equation (B.50), 52 will be;

L +L
lf 2
= 1 | p ‘ v s
I, = =— | {(d,x % d,rdx
2 7T vdyE T4y
2
1
T o1 (B.67)
T, = —— {(L, * 2L.,) * & 67
T2 7 72 1’ 2
The heat transiered from the cladding to the cooclant
by conduction is equal to the heat transfisred by convection

7 T T
at x = L1 L, {Fig.11-2;
= 4
Gx s
at. {xy — -
Ky, — o =BT (m=ltioi- T, (B.68)
—tf} R ] 2 1 z £
2 dx ! . _ &
[ VL VPN
i : nvective neat transiere coslilcient
where h 1s convecCLtlive LEa&L e o



de(x)}
“k, —— sy hod)(L+L,) ¢, - T,
Tl T2
dy
- —_ = + _ 7
Ko = 4 (Ly%L)) 4, -1,
h{d,L, + d.L. + &. - T.
h. = 171 172 2 f : (B.69)
- Cl
L. + d + - + -T.
dyly *dyL, 4, - 441, 7 LI
I T
_ 2 h )
I R by
2 Th 7
- ! (B.70)
T
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APPENDIX C

DERIVATION OF EQUATIONS
FOR CONVECTION MODEL OF
COBRA I11-C



DERIVATION OF EQUATION FOR CONVECTION MODEL USED IN COBRA
I11-C

The conservation equations of mass, energy, axial
momentum, and transverse momentum can be derived in differen-
tial form by considering the transport in and out of a con-
trol volume consisting of a length dx of subchannel (i)
connected to an arbitrary subchannel (j). For the derivation
of equations the assumptions given in the general descripticn
of the convection model are used together with a few addi-
tional assumptions that are required to formulate complete

equations.

Figures, C-1, C-2, C-3 show the control vclume and the
relevant quantities conserved but for clarity only cne
adjacent subchannel is shown. The conservation equations are
obtained directly from the control volume quantities of these

figures (Rowe,D.S., Bowring Weisman,J.-75).

The Continuity Equation;

Applying the continuity equation for a control volume

s

ch is adjacent to subchannel (j). Fig.

pin

to subchannel (i) wh

c-1

Qutflew - Inflow + Increase of storage = 0
om,

a 1 ' 5% Tt ~ D

L A Adx e m. - {m. t me—dx)} T W.. - W R (-1

= A ox 1 ~ ox ) jidx ijdx iidx *

; iz

4 H v N LY - = -
Where; 0., Ma, Ars Wio, Wio, W are densitvy (M/L7), flew
3 8 1 i 1 ]t 1] d 2

rate T 1 1 }, diversion crossilow
from b {i), <Ziversion crossilew

~

from subchannel (i) te subchannel (J), turbulent crossilow

;o - eubchannel {Mass/Tim ngth tively
between adjiacent subchanness (Mzss/Time.lLength) respectively.



Assumptions; 1- Turbulent mixing Zlow rate are

assumed to be equzl between adjacent

subchannels.

2- The cross-secticnzl area is constant

within time.

A,

i 3 3 <y : R — ot 1 i _ A
Using the assumptions given aboje kijf_ "ii and T = ©
equation {(C-1) reduces to;

oo ém,
A, == + mem = = ¥ (C.2)
1 ol oxX 13
By considering &ll adjacent subchannels,
A Tt B ! - T I {(C.
"1 T3t TBx S

[
i
.



The right side of eq. (C.3) gives the subchannel flow in
terms of diversion crossflow. The left side is the time

derivative of density gives the component of flow change

caused by the fluid expansion.

Energy Conservation Equation;

Mihie D (mihi) dx

ox ‘
1 1
| !

———F—— W.; h*dx
(i) ‘ (7}
7.

H AX

FIGURE C-2- Energy balance {Eq.(C-19) after Ref.{RKowe,D.S.) (ENWL-1695).

Consider the energy that might cross the control
surface and the change of energy storage that might take
place within the contrel volume. Applying the energy conser-
vation for the contrcl wvelume tc subchannel (1) which is

te

(2]

r

mn

adjacent to subchannel (j) (Holman,J.P., Kays,W.¥.} th

o

of change of the total energy ir the control volume will be;



Where; p'

at

LI of
C.
1

i

~

3

U.A.dx = m.h. - h, o+ 2 51 ot
184 5 (ml it 5w mihidx) + kji hjdx \ijhidx

W..h dx + aidx (C.4)
wrt - - .
b Wl W.., h ! are the eff is
0 Wage Wi ;95 e effective

density for enthalpy transport (M/L3), internal energy (H/M),

cross—sectional

,y 2
area (L"), flow rate (MIT), turbulent cross-

flow between adjacen

between adjacen

diversion

crossfleow

t subchannels (M/TL), diversion crossflow

t subchannels (M/TL), enthalpy carried by

(§/¥), and heat addition per unit length

[

(H/TL) and the subscrips (i) and (j) denote the subchannel

identificatio

length in

in (Btu),

In

gy

Vv

n
ii

o~

1

n
it),
eng

tn

O

1

s

e

u
t

=

[

]

be

£

T

or

, . . . L2
rs. The dimensions L, T, M, H, L~ denote

i)

» (hours or sec), mass in (lbm), energy

[
¥

m
guere in (ftz) respectively,

he internal energy-u- is obtained from;

211 unit mass (C.5)
i = »h - (.4
and pu = p P L 2

(C.6) into eq. (C.4) and assuming that:

Q-

sectional area 1s constant within the

mining flowrate is assumed to be equal

- diacent subchannels.

o
[

)

citvy progagation is omitted.



AL (Mp) t S mh =3 4 (s '
1 5t (pl i P) ax mihi =q; * hi) w;; - hijh .7
Where p is the pressure
Ao, - A 88 0 B n e T (. - h) wl. - W.B* (C.8)
145t 11 i35t 5% iti T %4 3 i1 7i] ij Y

neglecting 3p/5t and with the use of the continuity equation
given in eq.(C.3).

o oh . o0 .
A, <L oY 4+ m. --.3.1+ (-, - 2 - gq' =+ -h W —w *
i 3¢ (PR Ty b b (W oAy ) =g+ (B mh WL -W D
(C.9)
8 aol ahl - ¥
(=0 h,~h, =) * m, =gt t (h.-h )W'. * (h.-0¥) W..
A1<Bt TioiT at) B 9 <b3 bl) ij ( i ) i3
(C.18)
dividing eq.(C.10) by m,
A 5o sh. q! W',
L M hch, e F =22 t(h.-h.) =3 (h.-wY) =L
m gt "1 1 1 3t X m. 3 m, 1 m.
i i i
(C.11)

Where " is the effective density for enthalpy trans-
“i

port and is defined by

A = p. - hgf == (Cc.12)
-t M1 cn
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The heat transfer rate from the fuel surface to the

£

i

fluid depends on the

ture and surface heat transfer coefficient.

uel surface temperature, fluid tempera-

The thermal

conductlon between adjacent subchannels is assumed to be

proportional to the subchannel temperature differences and

depends on the subchannel geometry

tivity.

The thermal conduction term gq! 1is
i

q; ;-

L]

e

+ (t., - t£.) C
3 1

Where c. is the f

thermal conduction coef

With the use of eq.(C.18) &nd cons

subchannels the energy conservation eguat

oh.
i

ot

Sa]

£
1 i
il

i

~1

'
+

The terms on the left side of eq.(

of transient and spatial change of enthal

depends on the effective transport veloc

o

h

to the time durating of the tra

s8]

right side gives the rate

rt

accounts for the conduction mlXin

[}
ja]

3]
-1

an

(W

y) Vre {0

-

4

m
o
o
o]
m

O
e
L}
e

n

£ un m

0

and fluid thermal conduc-

(C.18)

adjacent

form;

—t
O



Axial Momentum Equation;

The momentum of an element may be defined as a quantity

proportiocnal te the product of the mass of that element and
its velocity.

The momentum theorem applied to the control volume
will be outflow minus inflow plus increase of storage is

equal all external forces acting to the control volume.

Applying the momentum equation to the control volume
shogn in Fig.C-3 one obtains
s . .
P e IME U dy e PrAC 2fcAddx
ox

¥ A4
i K ;
) v I —_— Wl'g p¥x
Foalx ! l
' (<) ’ (j)
YRR | dx
W.{i'L Q:{d}(' g {
& o
‘R’.dA‘g '———’——-——*szbta/x
| 1
£ m,l-.Ué.‘ ? j
]
Fe Ae
FIGURE C~3; Axial Momentum Bsaslance Eq.(C-30) after Ref.
{Rowe.D.S.) {(BNWL-1€95)
am = A 3 -+ d 4 . - ‘ -—
=T dx = -F.dx - A.gp. cosGdx p;dA, ¥ mou. * omoug
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Assume; 1- The cross-sectional area is constant.

2- Turbulent crossflow is equal between adjacent
subchannels.

9 m F A 2 i

=y W, = -F., - A.gp.cosb6 - =—(m.u )~A, — * (u,~u )W., -

ot i i i®7 4 OX(JI 1) i ox ( ] L1> i
- u* (C.213

where; m s Fi’ u;s P W, W', g, P, u are mass flow rate (M/T}
the friction force loses (M/LTZ), effective momentum velocity
(L/T), pressure (F/Lz}, effective momentum velocity (L/T)
pressure (F/L"), diversion crossflow between adjecent
subchannels (M/TL), turbulent crossflow between adjacent sub-
chan§els (M/TL), gravitational constant (Lf?z), density
(MiLJ), and effective velocity carried by diversion CTOssilecw

(L/T) respectively.

For the loss term the following relation is usec
S.

(Tong, L.

! |
%A_.&J;rig_. A K VI (2
- i 1 1 i ~ s
Foo=| + =7 b= (c.223
i} 2D, 24x LA
i 3 — 1
where; f., Vi, 6., k,, A., D. are friction factor effective
i i i i i i
specific momentum volume, two phase fricticn multiplier,
spacer loss coefficient, cross—sectional area, diameter.

The first term of eq.(C.22) presents the skin Iricticn
loss per length, the second term accounts Icr the spacer
loses.

Using eq.{C.22} &nd tne continuity ecuaticn {(L.3) eg.
(C.21) will be;

R NI et H - £ .:"-
“.\‘ &, PN S S sl - fe Py
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ot n
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aui
- mi( Bx) T A

. oy - 1 v ;¥
i oy B‘t-T (ui bj)kij + u kij (C.23)

Defining the momentum velocity ug in terms of specific

momentum volume, flow rate, and area
2

Introducing eq.(C.24) into eq. (C.23)

1 i }
i -7 €
A.f. VI, K,via, lm. 2
P titivity Lot 1 1! f 1 A 8 W
-— - .gL.coes +ou,W.
2D 2 x ! Yy 18P Tiij
i 1 P ?
ap . o om. av! 3t om .
4 . i 1, 1 1. 1 3
" A.u = - — + m. )y - A = =
171 2t A 1 3x 1 ox 1 ¢x ot
T {u. —u W, F uFWL. (C.255
J o 1] ’
W vVig K.V%iA Hm 2
§ 171 i1 : _'i’i i ~ A.gP.cos€ + u W!,
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| T 7D, 7 x| E, Loas
{ i 4
| : *
ct 2 it
0. m,V, om m, 3V, 3p. om
A.u i i 4 i i 1, i 1
i1 3t A 9% A, o= i9x ¢t
+ (u.-u.JW{. + u¥¥ (C.286)
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el (ui uj)wij + u hij (Cc.27)
EAifiviﬁi Kividg | myl2
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ap, mT ov' 5p O
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Q.ALL\_L 5T 1— % - A =T = ot 1 1 1] 1
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Dividing eq.(C.28) by Ai and rearranging we obtain

-~ ! . i
‘ 1, 3p 3p . JE VI, K.V svilim, |
1 1 4 i, 1 p_1i 171 11, 1)1
~ = ~ 7 = - '%'____
A, 3t i 8t X ! 2D. 2Ax ox | A,
1 | i §1 L
AR -
; S I 1] e n
={u,-u.) T (2u, - u¥) /= - gi.cos€ C.25
R R A, A 1 i’ A, &5 (
1 1
There exists an eddy diffusion o©f heat and mcomentun
due to the turbulent crossflow. Therefore the turbulent mix-

ing crossflow term is multiplied by the turbulent factor -£

1

By considering a1l adjacent subchannels and
the turbulent momentum factor, the axial momentum balance
equation takes the form as;
~ ~ H 'watf‘ s gt RS
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The terms on the left side of the axial momentum

balance equation (C€.30) are the transient component of the

axial pressure gradient and the spatial rate of change of the

pressure. The right side gives the frictional, spatial, acce-

laration and elavation components of the pressure gradient.

The fifth term accounts for the turbulent crossflow and
equalize the velocities of adjacent subchannels. The sixth
term is the diversion crossflow term, gives the momentum

changes due to velocity changes in the subchannels.

Transverse Momentum Equation;

Fig.(C~4) shows a rectangular control volume placed

in the gap between two subchannels.

&

FIGURE C-4 Control volume for Transverse Momentum Balance
I : Ry

(Eq.{{-36) after Ref.(Rowe.D.S. BNWL-1695).



B: £ ati
Y the formulation of the transverse momentum balance

€quation it 1is assumed that the difference between crossflow

momentum flux éntering and leaving the controil volume through

the transverse surfaces is negligibly small.

Applying the conserv

control volume in th

ation of momentum equation to the

€ transverse direction (Fig.C-4) gives;

A

slixv  (C.31)

i . % -
Where; v, u p, %, s, 1,

are the transverse velo-
city, effective velocity carried by diversion crossflcw,
pressure, density of diversion crossflow, red spacing, gap

length and Fii represents the friction and form pressure loss

o

due to crossflow,

3

The first term in Eq.(C-31) repres
q / p
losses, the second and third termson the

force terms existing due to the net pressure differences.

(p*¥slu*v)x denotes the enterence of the transverse

momentum through the trznsverse surface.

(p*luXv) represents the momentum leaving cut of
XA K
the transverse control volume. The right side of Eq.(C.31)
gives the rate of change of the transverse rcomentum.

gives;
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{p¥slu*v) Lo~ {p¥Fslu¥v)x
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Fiji $7T0 4 Ax
(C.323
It is assumed thet x is suificiently small. Hence
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3 (p*sluxvy) ,('O*Slu*v)x+5x - (p*slu*v)x ! )
3x = t ry i (Cij)
[} } o X i
Where; p*sv = wij (C.34)
W.. lu* W.Jjlu¥* - (V.31 yu*
( 13 ) <wljlu )X+Lx (lelu >X ~ Z Y
J - (C.35)
o2 Ax

Dividing Eq.(C.32) by 1 and introducing Eq.(C.35) into

Eq.(C.32)

Eq.(C.36) accounts
existing in the presence of blo
due to the effect of crossflow,

for

teady

for the transverse

ckages

is the friction ang

flow,

side of Eq.(C.36) to zero one obtains;

. . S
=F.. + {p., - p.> T = 0

Where
]
- ey
LD*‘-;’
P - P = ‘
+ -
1 3 2z
K is the cross flecw resistance factor
input. Substituiting Eg.{(C.28) into Eq.(C.37

arcund

form

setting the

—
(@]
(%]
()]

momencum

belance

the bundle azres=s

the pressure
right hand

{2.38;
&nc given as
(C.39)



Eq.(C.39) is multiplied and divided by p.32 and introducing

Eq.(C.34) into Eq.(C.39) Fij is found as.

LSRR (C.40)

In Eq (C.40) K includes both the friction and the loss

components of the transverse pressure drop and givern as input,

as cross-flow resistance factor. Equation (C.40) will be

s
F = .. W, - A1
1] Clj ‘13 (1> (C )
Where;
Klw!
C 3_.,53..&;,5 (C.42)
28" p*®

Nt

Substituiting Eq.(C.41) intc {(C.36), the transverse

momentum balance equation tazkes the form as;
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FRPENLIX D

DERIVATION OF EQUATIONS
FOR CONVECTION MODEL OF
TERHID



DERIVATION OF EQUATIONS FOR CONVSCTION MODEL USED IN TER4ID

The equations contained in the convection model of
TERHID are derived by using the differential form and

conslderind the transport in and out a control volume

G

consisting of a length dz.,, with the required assumptions.

Figures (D-1), (D-2), (D-3) show the control volunes and the

relavent conserved quantities,

The Continuity Equation:

Consider the mass rate of flow acrocss the control

surface and the rate of change of mass storage within the

contrcl volume T cross—-sectional area and length dz as

or a
shown in Fig.(D~1) below

B

(&)
dz




Change of mass storage = Inflow-0utflow

do i

Smi
— A, = m, = . L etroimm——
3t 1dz ml igi . dz) (D.

. . ] . _ 2
where; Aj, mis pis &re the cross-sectionazal flow area. (m*),

flow rate (kg/sec), deunsity of the fluid (kg/z3).

Assume; the cross-sectional area is constant within time.

dpq dmi
A m—— = () D.
1 3¢t 2z ¢

Eq.(D.2) is the continuity equation gives the compcnent of

flow change by fluid expansion.

Energy Conservation Equation;

f . |

> $dz o
1
|

SR

=

mihos Hmihi) o
9z
Figure. (D~2). Energy Balance [Eq.(D.19) after Ref,(Berak,F.)(TEREID

2N
<~/



The application of the pPrinciple of conservation of energy to

energy to the Control volume shown in Figure (D-2) yields;

; .
— 3 I 1 1
57 (P3Upap) dz = moh, - (m;h, + dz) + q} dz. (D.3)

Where; pi’Ui’Ai’ mi,hi,q; are fluid density (kg/m>), internal
energy of the coolant (J/kg), the cross-sectional flow area
(n?) flow rate (kg/sn), enthalpy of the coolant (J/kg), heat
addition per unit length from the fuel to the coolant (W/m),

respectively, The internal energy u; is defined as;

1 .
U, = hi - PV and vy o= = for all unit mass (D.4)
"1
Pi
= h, -~ — 5
U1 ; - (D.53)

With the use of eq,(D.5) in eq.(D.3) and assuming that the

P

cross-sectional area is constant within time eq.(D.3) yields

3 sa— . . - ‘.LDG\ : lma:m + !4 -
Al at (Olhl 1) 3z ql (D.6)

Using the continuity equation given in (D.,2)

Sm. BQi
- -4, — (D.2) (D.2
g 2z 1 ot
ah. 3p. 5h
Ao o, ?1_....!1_._1_*,’ (D.7)
*i¥i 3t i 5t 7 i dz 14 .
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With the definition of the velocity carried by the coolant

.
] =
v A.0. (D.9)
i71
2 2} ]
_E_ oL-l ohi ) qi
V., 3t 3z T m. (2.10)
i i

Eq.(D.18) accounts for the energy balance in the coolant flow
channel., The terms on the left hand side calculate the
transient and spatial change of enthalpy. The transient

change of enthalpy depends on the fluid transport velocity

during the time of the transients.

The Momentum Equation:

The momentum theorem when applied to the control

volume (i) as in Fig (D=3) may be expressed as;

Change of Momentum Storage = Inflow - outflow + all external
) forces acting on the control
Fi b
] volume or surface,
M, v, {
? ”,
é &
‘7:[&;2‘-
4 AL dz
t !
| |
f t‘ (<) dz
i
4
! ;
g 1
) . U ap L J(piAl ddz
ALV 4 QU Ve O 2 Feie + -
D, Jz

- - £ (3 ¥ FY(TEREID) |
FICURE(D=3) Jomentum Balance Eq.(D.16) after Rei.(Borak.F){(TERHID);
FlLizURp 4 s iRl b : '
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dm.

dz = m.v. - 1
i (mly.

. ™ . . . . .
Where; ¥i» Vi» 8, are the frictional losses per unit length

c
(§/m), velocity of the fluid (m/sec) and the gravitational

accelaration, respectively.

By assuming thar the cross—sectlional flow area 1is

constant, Eq.(D-11) simplyfies to

Smi S(E;V{) ER
=T m—m— AL ==+ gAo. - F (D.1
3t 3z i3z 171 1
With the definition of the flow velocity - vi - eq.(
eq.{(D.12) takes the form,
am. N 3 m?f/ .1} 50 .
__i = - e m——@w - A 1 + gA.5. = F (:’.1
st Al 3z i 3z A T | i
i
=T L. 3p.
i 2(1/03) \ Pi o s - (5.
[ T L NTAREY + A.n. = F (D. 1
A . 3z i 3z SHiF 1 i
i
by 43 and using eq.(D.9)
. sm 2v, 3am 2 3(i/z )  ip. 12
: E 1 i i .
1 L = e em— — - — + g0 - — {D,1
. 5t A: 2z zz 3z i A,
E, 5t : _
Using the ceontinuity eguation ziven 1in eq.(D.2) and rearran
eqg,{(D.15) yields;

N

(V)

wn

S
T/

A%



2
3p. 3p th 3(1/0.) F, 3m.
— = gp. + 2v, —t + |_L S R S . (D.16)
oz 1 1 3t AL 3z A A, 3t
{ lf 1 1

Eq.(D.16) accounts for the spatial rate of change of the
pressure, the right side of the momentum balance equation
includes the elevational, transient, and fricticnal components

of the pressure grazdient.
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The subroutines and functions in COBRA-III-C and TERKID
are listed below in alphabetical order where the column heeacd-

ings mean:

TYPE : § = Subroutine, T = Functiocn
FROM : Calling Subroutine

CALLS: Called Subroutine or Function



SUBROUTINES AND FUNCTIONS IN COBRA III-C

N AME

TYPE

PUKRPE US E

n

HCOOL
HPROP

MIX

PROP

ROLIQ
ROVAP

F

tr

bxf

(%4

[ €3]

Py

L)

Surface heat transfer coefficient

Liquid specific heat, liquid
viscosity, liquig conductivity
Liquid saturation enthalpy

apour enthalpy

v
Input data, Control, Output

HEAT
PROP

PROP
PROP

SCEEME

MAIN

| SCHEME

feana s aen e

SPLIT

PROP
PROP
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N AME 7} TYPE PUKP OSE FROM Calls
AREA S |Variable subchannel area SCHEME CURVE
BVOID F |Void fraction from quatily VOID -—=
CHF S |Critical heat flux prediction MAIN CHF1

CHFZ2
CHF 1 F B W2 CHF Correlation CHF -—
CHF2 F lW-3 CHF Correlaticn CHF -
C1J F Cij in transverse Momentum DIVERT -
CURVE S |{Linear interpolation between AREA -—-
points HEAT
MAIN
MIX
PROP
DECCOMP S Solves simultancus equations DIVERT -—-
DIFFER S Calculates, enthalpy, mass, !SCHEME S
and pressure [ SPLIT
DIVERT S Calculate cross~flow SCHEME C1J
W€ ; DECOMP
i, S
SOLVE
MU F |Two phase friction multiplier PROP -
FORCE S Wrap cross—flow SCHEME —-—=
GAUSS S {Solves Temp. by Gzuss Elimination | TEMP -—-
HEAT S Subchannel heat fiux ¢t SCHEME CURVE
! TEMP

e

TOoNOT
ucuo;_
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N AME 7 TYPE PURP GSE PR U N Cails

SATTEM F  |Saturation Temperature FROP =

SCHEME

wy

SAP F Saturation Pressure {PRCP -
N

Main Axial Do 1LOQQP NVATN ARES

DIFFER
DIVERT ;
FORCE |
HEAT
; MIE

i PROF
5 VOID |

SQUAL F |Levy Subcooled Void lvozz -

SCLVE S Solve Simultanous Equa.
for cross-flow

SPLIT S Inlet Flow AT DITFER
PRGE
VCILD
SURTEN F  {Surface Temsion -
TEMP 8 Fuel Temperature D AT GAUSS
TSL F  ILiquid Temperature TEOD -—=
VOID S |Void, Density BVCID
SQUAL




SUBROUTINES AND FUNCTIONS IN TEREID
N AME TYPE PUK?Y OSE RO CaLLS
ANA PROGRAM| -  |Inmput, Control, Output - CIZIM
PLAK
TEMP
CIZIM S ILinear Interpolation ANA PROGRAM |-—-
between Points HACGUC :
CPYKT § |Fuel Specific Heat TEMP - j
CPZRF S Clad. Spesific Heat TEMP - ——
DELTF S Coclant Temp. Pressure TEMP ISIAKI
l.csses RHOSU
SURTNM
TSU
ENTS U F |Liquid Enthalpy TEMP e
HACGUC S |Power Generation EMP CIZIM
HHSP § |Convective Heat Transfer HZHSF VISKST
Correlation : SLETSU
. 0ZISI
H1HSP S [Equivalent Heat Transfer TIE -
Coefficient ~h,~ 3
H2HSP S [Equivslent Heat Tremnsfer [TEMP HHST
Coefficient mhz— !
{
ISIAKY $ |Power transfered from IDELY TSU ;
cladding to coolant | ;
! i
0Z1ISt F  IFluid specific Heat {HHSP - o
I
|
i
{

| W
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N aME 1TTYPE P UERY OSE PoRU M CALLS
PLAK S |Power Generation At Each Plate ANA PROGRAM|-—-
RHOSU F |Liquid Density DELP -
ROYKT S |Fuel Density L TEMY -
ROZRF 8 Cladding Density TEMP -
SLETSU ¥ .iquid Heat Transfer Coefficient- |HHSP -
SURTM S Friction factor f; and :DELTF -—=

Frictional Losses
TEMP 8 Fuel Temperature ANA PROGRAM!CPYKT
Cladd Temperature CPZERY
Fluid Temperature DELTF
ENTSYU
5 HACGLC
; HIHSP
{ H2HSP
! ROYET
g 1 DOZRF
TSt B Fluid Temp as 2 function (DELTE ~—-
: of Enthalpy
/ISKSU I F |Liquid viscosity |HUSP ——=

PE———
O,
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