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OZET

Bu ¢aligmada, I.T.U. TRIGA Mark-II Reakt6rii’niin termal-hidrolik analizi
kontrol hacmi yaklagim: yontemi kullanilarak bir boyutlu olarak yapilmigtir. Reakt6r
havuzunun iginde diisey konumda bulunan silindirik yakit gubuklarinin sogutulmasi,
havuz igerisinde akigkamn 1s1nmas1 sonucu olugan yogunluk farkina dayanan dogal
konveksiyonla gerceklestirilmektedir. Ancak, bu galiymada reaktdr igindeki akig
modeli olarak en genel halde ¢6ziim verebilecek bir model 6ngoriilerek dogal ve
zorlanmig tasinimin aym anda dikkate alindify birlegmis tagimm esas alinmigtir.
Sogutucu akigkana ait enerji korunumu ve momentum dengesi denklemlerinin
¢6zimi eksenel dogrultuda yapilmistir. Reaktér kalbinde diisey konumda birbirfne
paralel olarak.buluna.n yakit ¢ubuklari, sogutucu akigkan i¢in gézenekli bir yapi
meydana getirirler. Bu yiizden akiskan akiginin termal-hidrolik analizinin yapilmasi,
bazi yaklasimlar yapilmasimi gerekli kilar. Bu galiymada alt kanal analizi yontemi
kullanilarak, reaktor kalbi bolgesindeki akigkan akigi modellenmigtir. Reaktor
kalbinin merkezi etrafinda artarda dizili bulunan yakit halkalarimn diizgiin
geometrisi, bu galismada yakit ¢ubugu merkezli alt kanal analizi yaklagiminda
bulunulmasin saglayan en 6nemli etken olmustur. Bu sayede akig alani, hidrolik ¢ap,
yakit c¢ubuklarimn siirtlinme yiizeyleri gibi termal-hidrolik analiz esnasinda
belirlenmesi gereken pek ¢ok parametre kolayca tayin edilmistir. Ayrica, yakat
cubugu halkalarinin her konumunda basing, hiz gibi 6zeliklerin agisal dogrultuda
degismedigi 6ngoriisli yapilmis ve bdylece pek ¢ok parametre kolayca belirlenmigtir.
Sogutucu akigkanin modellenmesi, eksenel dogrultuda bir boyutlu olarak yapilmis,
ayrica segilen alt kanallar arasinda ¢apsal dogrultudaki kiitle, momentum ve enerji
gecisinin etkisi ihmal edilmistir.

Sogutucu akigkana ait eksenel dogrultudaki enerji korunumu ve momentum
dengesi denklemlerinin ¢oziimlenmesi esnasinda yakit ¢ubuklarindan sofutma
suyuna yapilan 1s1 transferi hesaplanarak dikkate alinmigtir. Yakit ¢ubuklarindan
sogutucu akigkana olan 1st transferinin hesaplanmasi ise bu yakit gubuklarindaki
hacimsel 1s1 kaynag: teriminin belirlenerek yakit igerisinde radyal dogrultudaki 1s1

iletimi denkleminin ¢ézlimlenmesini gerektirir.



Bu ¢alismada yukanda ozetle agiklanan nedenlerle, incelenen akigkan igin
enerji korunumu ve momentum dengesi denklemlerinin eksenel dogrultuda; ayrica
yakit gubuklan i¢in 1s1 iletimi denkleminin ¢apsal dogrultuda integralleri alindiktan
sonra kontrol hacmi varsayimi altinda sonra ayriklagtirilmalan yapilmgtir.
Aynklastirma islemleri tamamlanarak elde edilen cebirsel denklem seti SIMPLE
Algoritmasi’na goére ¢dziimleme yapmak tizere gelistirilen bir FORTRAN programi
vasitasi ile ¢oziilmiigtiir. Boylece, hem daimi rejimde, hem de gegici rejimde yakat
gubuklarinin ve sogutucu akigkanin sicaklik dagilimi ve bunun yam sira sogutucu

akiskana ait hiz, basing ve sicaklik dagilimlan elde edilmistir.

xi



SUMMARY

In this study, a transient, one-dimensional thermal-hydraulic analysis for ITU
TRIGA Mark-II Reactor was achieved. The cooling principle of TRIGA Mark-II is
based on natural convection. However, mixed convection has been considered for the

modeling of this study in order to have a general usage purpose.

The parallel fuel rods in vertical position form a porous structure for the
coolant fluid. The fluid, flowing among this porous media impels us to apply an
approach so as to achieve the thermal-hydraulic analysis. We have employed a
subchannel analysis in this study because the regular geometry of the fuel rings
provides us simplicity during the application. By this way, several parameters of the
fluid (i.e. flow area, hydraulic diameter, power density, etc.) can easily be

determined and used safely during the thermal-hydraulic analysis.

After the integration of the governing equations, the one dimensional
conservation of energy equation, momentum balance equation in axial direction, and
one dimensional heat conduction equation in radial direction have been discretized.
by using the control volume apbroach to obtain a set of algebraic governing
equations. Then, a pressure correction equation has been derived by the aid of the
discretized continuity and momentum balance equations. Finally a FORTRAN
programme has been developed to solve this set of algebraic equations by using
SIMPLE algorithm. Hence, the temperature distribution of the cooling fluid and fuel
rods have been determined. Additionally, the velocity and pressure distribution of the

coolant has been designated.

xii



CHAPTER 1
INTRODUCTION
1.1 I.T.U. TRIGA Mark-II Reactor

The I.T.U. TRIGA (Training Research Isotop Production General
Atomics) Mark-II reactor was designed to fulfil the need for a safe
research reactor that combines unique radioisotope-producing capabilities
with experimental and training facilities. The reactor is operated in two
different modes: steady state and pulsing. Reactor power levels in the
steady-state mode ranges up to and includes 250 kW. Pulse mode
operation takes place by step reactivity insertions with the reactor initially
at a power less than 1 kW. The maximum step reactivity insertion is 2.1%
Sk/k ($3.00) which produces a peak reactor power of approximately 1200
MW(th) for a few ten milliseconds [1,2].

The reactor core shown in Fig. 1.1 is located at the bottom of an
aluminum tank in the center of a concrete shield structure called
biological shield. The aluminium tank is pierced by the beam tubes and

the thermal column for irradiation purposes.

The primary cooling system seen in Fig.1.2 consists of a pump, a
heat exchanger, temperature probes, an N-16 diffuser, associated valves

and piping. The primary cooling system pump is a centrifugal type.
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Figure 1.1. Cutaway View of L.T.U. TRIGA Mark-II Reactor [1,2]



TEMPERATURE
PROBE

— - TO CONTROL CONSOLE

Y

41°C
BULK

TEMPERATURE PUMP
PROBE
}Ii — —» TO CONTROL CONSOLE 328¢
SECONDARY
HEAT COOLING
EXCHANGER SYSTEM
26.7°C
e Fetg
DIFFUSER 328°C
- TO GONTROL
TANK > CONSOLE

Figure 1.2 Primary Cooling Loop of TRIGA Mark-II Reactor [1,2]

The core consists of ninety vertical cylindrical elements located in
five rings around the central thimble, shown in Fig.1.3. Sixty-nine of them
are fuel elements. The structure of a fuel element is shown in Fig.1.4.

These fuel elements consists of four components:

1- fuel moderator meat

2- graphite reflectors

3- cladding

4- end fixtures

The fuel meat section is homogenous mixture of zirconium and
uranium. The uranium content of this mixture is 8.5% by weight with an

enrichment of 20% of U%*°, This mixture is processed and finally extruded

to a diameter of 3.63 ¢m and cut into 3 fuel meats having a total length of



38.1 cm. Each fuel meat is then subjected to a sensitive hydriding process

(that depends upon time, temperature and pressure) to provide a hydrogen-
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Figure 1.3. ITU TRIGA Mark-II Reactor Core Diagram [1,2]



to-zirconium atom ratio of H/Zr = 1.7. To facilitate a uniform hydriding, a
hole (0.06 cm) is drilled axially along the centre of the fuel meat. Upon

completion of hydriding, a zirconium rod is inserted into this hole. Each
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Figure 1.4 Typical TRIGA stainless-steel-clad fuel element [1,2]



fuel element contains two graphite reflectors 8.76 cm long, one at each
end of the fuel meat. These graphite reflectors serve as a top and bottom
reflector for the core. The fuel-moderator meat and graphite reflectors are
housed in a stainless steel cladding can which has a wall thickness of 0.05 cm. The
top and bottom end fixtures are the plugs for the cladding can and accordingly
are welded in place. The main function of these end fixtures is to fix the

fuel elements to the grid plates.

TRIGA fuel elements are spaced and supported in the core by means
of aluminium top and bottom grid plates similar to those shown in Figs.
1.5. and 1.6 The bottom grid plate is approximately 0.3 cm thick with
spaces to permit coolant passage through the plate and to receive the fuel
element lower end fixtures. The upper grid plate provides lateral support
for the fuel elements, but the entire weight of the fuel elements rests on
the lower grid plate. Holes approximately 0.2-0.4 cm in diameter have
been drilled in the 0.3-cm thick top grid plate to space the fuel elements

and allow their withdrawal from the core.

The safety analysis of TRIGA Mark-II reactor requires the
determination of the fuel temperature not only in steady state mode, but
also in transient regime. Since increase in temperature depends on the
flow model of the coolant, such.a.safety analysis can only be obtained by

a thermal-hydraulic model of the reactor core.
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1.2 The Thermal-Hydraulic Model

Reactor cooling is provided by natural circulation of pool water,
which is in turn cooled and purified in external coolant circuits by forced
convection. Therefore, this characteristic cooling system of the tank water
basing on both natural and forced convection drives us to consider mixed

convection for the determination of the flow model in general.

In this study, a subchannel analysis was preferred for the thermal-
hydraulic model of LT.U. TRIGA Mark-II.reactor. Some differeni
analysing methods could also have been taken up instead. In fact, “the
porous media approach” is a practical method for the thermal hydraulic
analysis of reactor cores, and is widely used in nuclear engineering.
However, the employment of this approach depends on the value of
porosity of the surfaces. Since the value of porosity is too small in the
I.T.U. TRIGA Mark-II reactor core, this drives us to choose a
“subchannel analysis” model, in which subchannel properties like axial
directional velocity and density are represented by single area averaged
values. Constitutive relations are required as the input parameters like
friction factors and lateral momentum and energy exchange rates between
adjacent subchannels, if they are considered. This choice of nodal layout
in terms of subchannels does not yield simpler constitutive equations than
would other choices. Rather, it offers a convenient arrangement for which
a specific set of constitutive equations can be formulated. In a practical
sense, this leads to a focussing of effort on a single set of constitutive

relations [3-8].

Further, in the subchannel approach a major simplification is the treatment
of lateral exchanges between adjacent subchannels. A fully three dimensional -
physical solution can be represented simply by connecting the channels in a
three-dimensional array. This leads to simplifications in the lateral convective
terms of the linear momentum balance equation that makes the method most

appropriate for predominantly axial flow situations. The subchannel analysis
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approach and its associated boundary conditions are therefore not a fully three-

dimensional representation of the flow.

The subchannel analysis method contains two different types of approaches:
the coolant centred and the rod centred subchannels as illustrated in Fig. 1.7. The
traditional approach for rod bundle analysis has been coolant-centred

subchannels.

X Coolant
~¢— Centered
Subchanne]

.00\

%

\ Rod
N - Centered
&\ A\ Subchannel

NN AN AN

N N N Y

Y
N

Figure 1.7 Options for subchannel definition [9]

A typical control volume chosen in the axial direction in a coolant

centred subchannel is shown in Fig.1.8.
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Figure 1.8 A typical control volume in a coolant centred subchannel [9]

Since the rod-centred subchannel approach provides us a regular, well-

arranged geometry, it has been taken up in this study as shown in Fig. 1.9.
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Figure 1.9. Selection of the subchannels on ITU TRIGA Mark-II Reactor Core

Therefore, the thermal-hydraulic parameters can easily be calculated for
the rod centred subchannels. In ITU TRIGA Mark-II reactor core, we shall
call each subchannel by the same name of its rod it contains. For instance,

the subchannel C; is the one around the rod C;.
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Let us, as an example, calculate some parameters for a subchannel

that take place in ring C by the aid of Fig. 1.10.

Figure 1.10. Ring C and the subchannel C1 on ITU TRIGA Mark-II Reactor Core

The area of ring C is

Ac-ring =12 =12 ring (1.1)
where

(in )eorng = (r—”—;rif) (1.2)
and

(ot oorng = (rcf—;n)—f—) (1.3)

while 7, 7., and r,,are the distances from the reactor core of the centre

of the rods that take place in rings B, C and D respectively.
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Since there are 12 rods in the C ring, the flow area of a subchannel

in Ring C can be written as:

AC,= (AC—ring 1_21 2ﬂrf2ue1)

,i=1,12 (1.4)

The hydraulic diameter of a subchannel is the equivalent diameter for
the considered cross-sectional area of the fluid in the subchannel.
Hydraulic diameter is used for the calculation of Reynolds number in this

thermal-hydraulic model.

The area for the frictional force in a subchannel is equal to the outer

surface area of the rod, which is

=272'rrodhrad (15)

r

4,

where r,, and h,, are the radius of the rod and the height of the active

rod

fuel meat respectively.

According to our model, calculated flow area, hydraulic diameter and
frictional area for each ring of I.T.U. TRIGA Mark-II reactor core can be

summarised as seen in Table 1.1.

The frictional area values in in Table, 1.1 express the frictional area
in the in the subchannels among the fuel meats. Thus we used the value of

h,,;, =38.1cm for the calculation of these frictional areas. If the height of a

control volume were employed, the frictional area in that control volume

would be obtained.
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Table 1.1 Some parameters of I.T.U. TRIGA Mark-II reactor core

ac

cording to the thermal-hydraulic model considered by this study.

Subchannels in  Distance from the Flow area Hydraulic Frictional area
the rings: core centre, Ry diameter
(cm) (cm?) (cm) (cm?)
B 4.054 5.859 2.731 446.916
C 7.981 5.560 2.661 446.916
D 11.946 5.461 2.637 446.916
E 15.860 5.564 2.662 446.916

1.2.1 Assumptions and Correlations used in the Thermal-Hydraulic Model

We apply the following assumptions in our thermal-hydraulic model:

There is no mass, momentum or energy transfer between the

subchannels in - and @ -directions.

Since almost all of the heat produced in the fuel is transferred to the
coolant in radial direction, we neglect the heat transfer from the fuel to

the top and bottom graphite reflectors in z-direction.

The thermal-hydraulic properties of the coolant are assumed to be
equal in »- and @ -directions in any subchannel since we use area-

averaged properties perpendicular to z-direction.

It is assumed that energy is produced homogeneously on the horizontal cross-

section of a fuel.
The reactor works either in transient or steady state mode.
The core inlet temperature and velocity do not change in time.

The density p, dynamic viscosity u, specific heat ¢, and conductivity &
of the coolant are functions of temperature and pressure. In this study,

they have been calculated by means of the H20 computer program [3].



b)

16

Nevertheless, the following correlations as functions of temperature

for these expressions could also have been employed [4]:

P, =1.0017773-0.928*1074 * T, ~3.601*106 * T2 ,

for 20< T, <70°C, 165 kPa (1.6)
c, =4.18989-0.6371*107 *T, +9.22*%10™° * T 1.7)
p, =1.4351%107 -0.259*107 *T, +1.62*107° * T (1.8)
k, =5.802%107 +1.175%107° * T, (1.9)

The Prandtl number has also been calculated in H20 computer
program. Alternatively, the following correlation could have been

employed [4 ]:

Pr=11.7261-0.3072*T, +3.786*10° *T> -1.812*10° * T (1.10)

The free convection heat transfer coefficient 4, on a vertical cylinder
is obtained in terms of the dimensionless groups from the literature in

the following functional forms [5]:

Laminar flow

h, =059k, (GrPr).” /| H 10* <GrPr<10° (1.11)

Turbulent flow

h, =0.10(GrPr).> / H 10° < GrPr<10" (1.12)
where the Grashoff number is

2
Gr=8PaPu(r _T VI, (1.13)

m
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8- It is assumed that the thermal conductivity and the specific heat of the
fuel and the thermal conductivity of the clad are temperature-

dependent. They have been calculated from the following equations [5]:

0.17585
= Wim-K 1.14
ST asewoesr, (1.19
13.4634
= Wim-K 1.15
4 1-9.6884%107**T, ( ) (1.15)
¢, =857 +1.6(T, —25) (ki / kg - K) (1.16)

For the other physical properties of fuel and clad, the following constant

values were employed:

c,= 460 kilkg—K (1.17)

p, =6000 kg/m’ (1.18)

py =1865 kg/m’ (1.19)



CHAPTER 2

AREA AVERAGED CONSERVATION EQUATIONS

2.1 Basic Definitions

Some of the basic definitions, which will be used in the conservation

equations, are given below [11].

The cross-sectional area average of an arbitrary variable ¢ is defined by the
following symbol;

A
<¢p>=
¢ A

H ¢ dA 2.1

X-S AX-S

In the thermal-hydraulic model we considered, all of the dependent
variables become arca averaged when the derivation of the formulation set is
completed. However, we will denote any variable without using an area average

symbol for simplicity.

2.2 Governing Equations

Three-dimensional continuity, momentum balance and conservation of
energy equations in cylindrical coordinates for the coolant can be written as

follows [12-16]:

2.2.1 Three-dimensional Continuity Equation

Three-dimensional continuity equation in cylindrical coordinates is

p . a(pv,) L P +l 3(PV9)+ a(pv,) =0 2.4)
ot or r r 00 Oz

where p is the density; v,, v, and v, are the », 6 and z directional velocity
components of the coolant.
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2.2.2 Three-dimensional Conservation of Energy Equation

Three-dimensional conservation of energy equation in cylindrical

coordinates can be written as

a(pcpT )+ a(pcpv,T)+ 1 6(pcpveT)+ 6(pcpva)

ot or r 00 0z
2 2
=k —l—i(ra—T)+ ! 622’ +6_7: +q"+@ (2.5)
ror\_ or 00 oz*

where ¢" is the volumetric heat strength; 7, k and c, are the temperature, of the
coolant, conductivity and specific heat at constant pressure; @ is the dissipation term.

2.2.3 Three-dimensional Momentum Balance Equations

Three-dimensional momentum balance equationsin z, 7 and 0 directions are as follows:

In z-direction:

a(pvz) + a(pvrvz) + l 3(PVeVz) + a(pvzvz)

ot or r 00 0z
oP (%, 1ov, 1 8%, 0%, ~
=——tuf —F4+——E+— + - F, 2.6
az (aﬂ ror o0 872 z &
In O -direction:
8(pve) LOpvve) 1 &(pvovo) AN &(pv;vp)
ot or r 00 r oz
2 2
=_l_6£+ 6v9 lave_yg 1 0% ve+28v vy -F, @7
7 w arz 7 ar }"2 r2 %2 2 % 622
In »-direction:
apv,) , Apvev,) , 1 0(vev) v , 8(pv,v,)
ot or r 00 r oz
__oF + azv,. 1ov, v 1 az 2 ave 62 -F (2.8)
T o at ror 2 g2 892 2 o0 622 4 '
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where P and y are the absolute pressure and dynamic viscosity of the coolant; F,,

Fgand F, are the body force components in z, 6 and r directions respectively.

In this study, our aim is to constitute a one-dimensional thermal-hydraulic
model for simplicity .Therefore, we assume that the distribution of temperature,
velocity and other dependent variables of coolant are uniform in the subchannels
in @ and r directions. Thus, after integrating the three-dimensional equations
over the cross-sectional flow area perpendicular to the z- (flow) direction, we can
write the one-dimensional continuity, momentum balance and conservation of

energy equations in cylindrical coordinates as follows:

2.2.4 One-dimensional Continuity Equation

Neglecting the area averaged operators, one-dimensional continuity equation in

cylindrical coordinates can be written as

o, o) .9)
ot 0z

2.2.5 One-dimensional Conservation of Energy Equation

If we neglect the effect of dissipation in Eq. (2.5) and divide all terms in

this equation by c,, we obtain the one-dimensional conservation of energy

equation in z-direction in cylindrical coordinates as

pT) olpv,T) k(&*T) g™
o % eolar) e, @19

Cp p

2.2.6 One-dimensional Momentum Balance Equation

In the following derivation for momentum equations, we shall derive only
the z-directional momentum equation. The general form of the momentum
balance equation is the equation for mixed convection. Using such kind of an
equation, one can solve both forced convection and natural convection problems.
Therefore, we shall add the buoyancy force term to this equation, since we

consider that our z-direction is vertical.
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In Eq. (2.6), the pressure term P expresses the absolute pressure. Absolute

pressure is sum of the atmospheric pressure p,, the dynamic pressure p, and the

hydraustatic pressure pygz :
P=p,+pg+pogz (2.11)

After integrating Eq. (2.6) over the cross-sectional flow area perpendicular to

the z-direction and substituting the pressure term given in Eq. (2.11), one can obtain

opr.) , dpvi,)
ot oz

2
v TP
{J———-pg (2.12)

0 0
E(pa + Dy +Pogz)+l~l( 1

oz

where F, = pg and g is the gravitational acceleration.

In Eq. (2.12), p is the density of the fluid and p, is the density of the
region in the fluid where the temperature is 7. Since the change in atmospheric

pressure is zero, Eq. (2.12) can be written as

dpv,) apv,v,) opy d%v,| P
z =~ ——— ~ 2.13
T et sl iy g(po-p) (2.13)

In Eq. (2.13), we assume that the density p in the last term is variable,

while the density expressions at thé other terms are constant. This assumption is

known as Boussinesq Approach.

The temperature dependent variation of fluid density under constant

pressure is expressed by thermal expansion coefficient, B.

1o | __1fPo=p
-4, 19

Using this definition,

po —p=pB(T - Tp) (2.15)

is obtained. By the aid of Eq. (2.15), Eq. (2.13) can also be written as
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6(pvz) 6(pvzvz) Opg4 62vz 1P
— _t _ 2.16
%t o % M a2 |4 pgh(T - Tp) (2.16)

Eq. (2.16) is the general form of the one-dimensional momentum equation

written in z-direction in cylindrical coordinates for mixed convection.



CHAPTER 3

NUMERICAL SOLUTION PROCEDURE

3.1 Grid Structure

In this section, we will derive a set of algebraic equations from the
differential equations given by Egs. (2.9), (2.10) and (2.16) with the help of a
staggered grid control volume approach. Grid for continuity, energy balance,

and pressure correction equations is shown in Fig. 3.1a and staggered grid for

momentum balance equation is shown in Fig. 3.1b [2].

t 4
+ t
¥ ~— EE
1+ eet |[J+1
Ee <*sd E
N
e (Az) Rety J=e
AN 1NN
CPe = RN, R
(Sz)i {\\% i=P P
k4 w w* 1-1
Woe o W
i 3
4 4
(@) ®)

Figure 3.1 Grid (a) for continuity, energy balance, pressure correction equations and

staggered grid (b) for momentum balance equation
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3.2 Discretization Equations for the Conservation of Energy Equation
In this section, we will construct a numerical method for solving the
conservation of energy equation, i.e. Eq. (2.10), [17,18].

We can indicate the source term of the conservation of energy equation

simply as

1244
sT=2_ (3.1)

Cp

ST can be a constant or any function of temperature. When the source S
depends on temperature, we express the linear dependence in a linear form given by
Eq. 3.2).

ST =8l +8;T, 3.2)
where SZ stands for the constant part of source term, while S,T> is the coefficient

of temperature, T, .

Substituting this expression into Eq. (2.10), we obtain

2

ot oz c,| 3?

It is useful to define a total flux J that is made up of the convective flux

term puT and the diffusion flux term (k/ p )—aaz .
Z
k or
JT =pv, T4, -—-—4, (3.4)
cp 0z

Using this definition, if we integrate Eq. (3.3) over the control volume

shown in Fig. 3.1a, we can write

LET N SARE
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= (7)o (@2)p (4,), +(57), 7, (42)p(4,), (3.5)

In this integration process, we use fully implicit scheme, so that the values

of temperature and density at time ¢+ A¢ are assumed to prevail over the entire

time step; the old density p?, and the old temperature T},) (i.e., the ones at time t)

appears only in the first term of Eq. (3.5).

If we also integrate the continuity equation, i.e., Eq. (2.9) over the same

control volume in conformity with the implicit scheme, we obtain

k-zfi)z(mx),, (v, 4.), ~(pv, 4.), =0 (3.6)

If we multiply the terms of Eq. (3.6) by Tp, then subtract them from Egq.

(3.5), we obtain

PR (0 19), 157 (v, 41,117 (v, 4.), 73] =

(S CT )P (AZ)P (Ax)P + (S g )p Tp (AZ)P (Ax )P 3.7

where the explicit form of the total flux term at the e-interface is

Ie=(pv,4,),7, —[E"—Ax) (5:%] (3.8)

p

We can indicate the temperature gradient simply as in the form given

below:

JTo=(ov, 4,),T, —[—'4‘— Ax} (Te~Tp) (3.9)
cpAz ,

To arrange the equation more compactly, we define two new symbols F r

and DT, as follows:

FT =puax, DT x (3.10)
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Both of these terms have the same dimensions; F’ indicates the strength of
the convection (or flow), while D7 is the diffusion conductance. Now we can

rewrite the total flux term as

J. =F]T,- D] (Ty~Tp) (3.11)

Using similar derivations, the total flux at the w-interface can be written as
Jy = Fy T, = Dy(Tp —Ty ) (3.12)
For further derivation, we should discretize the total flux terms. We

consider three different schemes, regarding the discretization of the total flux.

Now, we shall examine these schemes respectively.

3.2.1 Central Difference Scheme to Discretize the Conservation of Energy

Equation
We apply the linear variation approach to our dependent variable T, as

follows:
FT
FT, ==2(Tp+Tg) (3.13)

where, the factor ¥ arises from the assumption of the interfaces being midway;
some other interpolation factors would have appeared for differently located

interfaces. Therefore, the total flux term at e-interface leads to

FT
JL =§(TP +Tg)- DI (Tg ~Tp) (3.14)

Using the expression of

-2[— F;T,o]] (3.15)

and rearranging the terms, we obtain

N ﬂ‘
pOKH
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FT
JI =FI'Tp + [[f;T,o]](TE ~Tp)+ D! [1 - IZ—I;—FIJ(TE ~Tp) (3.16)
e

In a similar manner, we obtain the total flux at interface w as:

w

FT
Ty = FyTp +[Fy 0 Gy ~T5)+ D,,T,[l —IEDLJJ(TW ~Tp) (3.17)

If we substitute Eqgs. (3.16) and (3.17) into Eq. (3.7), we obtain

p(})’(AZ)P (Ax)P (T 70 )P + DZ[I - lz_};e);l_} + ﬂ:— FZ,Q}]} (T - Tp)

At
+[DT[I—’———I] [[ ]](TW—TP)
= (7)o @2)p (), + (57 )P T, (82)p(4,), (3.18)

Rearranging this final form of the conservation of energy equation for

central difference, we obtain

ahTp = ab Ty + aly Ty + b7 (3.19)
where
FT]
T _nT _| e " T
af = D! {1 —2DZ]+[[ F ,o][ (3.20)
FT|
T _nT _I v T
aW—Dw{l 2D£]+[[Fw,0]] (3.21)
%(Az)p(4
(a£f=pP( )P( x)P (3.22)

b = (ScT )P(Az)P(AX)P + (a};)OTP" (3.23)
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ab =at +al, + (a;)" - (S;')P(Az)P(Ax)P (3.24)

3.2.2 Upwind Scheme to Discretize the Conservation of Energy Equation

The upwind scheme recognises a different way for the assumption that the

convected property T, at the interface is the average of T and Tp, and proposes

a better prescription. According to upwind scheme the value of the dependent
variable T in convection term at the interface is equal to the value of T at the grid

point on the upwind side of the face. Thus,

T, =Tg if FI <0 (3.25)

T,=Tp if FI'so0 (3.26)

Base on this assumption, we can use the formulation given below for the

upwind scheme

F'T, <[ dr, <[ 7 o (3.27)

If we substitute this equation into Eq. (3.15), we obtain

J7 =[Fdr, - |- £F e - DY (75 -5) (3.28)

After rearranging these terms, we obtain

T} = BTy =[RS 0 (Tp ~Tp) - DI (Tz = Tp) (3.29)

The final form of the total flux at the w-interface can easily be obtained by

using a similar derivation:
T _ T T T '
Ty = By Tp =[Fy Ty ~Tp) Dy (Ty ~Tp) (3.30)

Therefore, the coefficients of the neighbour points in Eq. (3.19) are written

as
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af = DT +[[— | (3.31)
afy = Dy +[Fy 0] (3.32)

The other coefficients for the upwind scheme remain the same as in the

central difference scheme.

3.2.3 Hybrid Scheme to Discretize the Conservation of Energy Equation

When the strength of the convection is dominant to the diffusion, the upwind
scheme gives better results than central difference, and when the situation is the
contrary, the central difference is preferred. Therefore, we have to examine and
compare the values of these coefficients before we solve any convection-conduction

problem.

The name hybrid is the indicative of a combination of the central difference

and upwind schemes. Therefore, hybrid scheme applies the upwind method, while

|P| >2 (3.33)

It applies central difference method while

|P| <2 ' (3.34)

where P is a Peclet number defined by

FT
DT
The automatic selection of scheme is provided by the formulation of the total flux
term given below:
JT =FI'Ty + [[—FT@] +Df 1—@ 0| YT ~Tp) (3.35)
207

Similarly, we obtain the total flux at the w-interface as
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JT = FI'T, + I FT 0l + DI IF”{I 0 +(Tpp - Tp) 3.36
w“wP+[[w’:u+w_"2_5§’ w—Tp (3.36)

Using these equations, we can obtain the coefficients of neighbour points as

follows
a =[- £ 0]+ DI 1-|2£l';T-Tl-,o (3.37)
e
[[ 0]|+DT lljﬂ 0 (3.38)

w

The other coefficients remain the same [such as, Eq (3.22)-(3.24)].
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3.3 Discretization Equations for the Momentum Balance Equation

In this section we shall discretize the momentum balance equation
[17,18]. Integrating Eq. (2.6) over the cross sectional area perpendicular

to z-direction, this equation becomes one dimensional:

6 6 a 62
(g:z)Ax + (p;;vz)Ax =— gzd A, +p az‘;z A, —TP—pr(T—TO)Ax (3.39)

where 1 is the shear stress and P is the perimeter. Shear stress can be written as

©=0.5pv,|v,|f (3.40)

where f is the friction factor. For laminar flow and round tube, friction factor is
given as [12]

16

= 3.41
Rer, (3.41)

f

Substitute Eq. (3.41) into Eq. (3.39) to give

o),
ot

X

+ a(pvsz)Ax
oz
) o 1
=L 4+ uéz— Ay == pvo|v;|fP-pgBl - Tp) Ay (3.42)

A total flux term for momentum balance equation can be defined as

J¢ =pv,v, A — p% 4, (3.43)
4

Substituting this total flux term into Eq. (3.42) and integrating Eq. (3.42)

over the control volume shown in Figure 3.1b, one can obtain

0. 0
s SO

= Sg (82)e (Ax )e + Sg (vz )e (Asurf )e + (de — PdE XAx )e (3-44)
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where, .
(s), =peBlz; - 1) (3.45)
| .

(S;‘, )e = —§(p|vz| 1), (3.46)
(v

Jg =(pv,v,4,); - 1 ™ ) (3.47)
\ E
(o

Tp =(pv,v,4,)p - u—éiAx) (3.48)
\ 0z P

It can easily be seen that the form of momentum balance equation
given by Eq. (3.44) is very similar to the form of conservation of energy
equation given by Eq. (3.7). Therefore, further derivations and
discretizations are also similar, and, one can easily obtain the momentum

balance equation for the hybrid scheme as follows:
a: (vz )e = afl;e (vz )ee + agl(vz )w + bu + (pP - pE)(Ax )e (3 '49)

where

1

a, = Fg O+ DE”:I =3 T

5 ,oﬂ (3.50)

1

a; = I]:FP’O]I-I- Dpﬂil —5 FP

D, ,(i] (3.51)

(aZ )O = (po)"(szz"(A")e (3.52)

b = (S;‘ )e (8x),(4,), + (aj;)OTP“ (3.53)

al =al, +a,+ (a;’ )0 - (S;‘,Amf)e (3.54)
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3.4 Derivation of the Pressure Correction Equation

The momentum balance equation can be solved only when the
pressure field is given or somehow estimated. An equation for obtaining

the pressure field can be derived as follows [17-18]:
The momentum balance equation given by Eq. (3.49) can be
rewritten as

at(v,), +at(v,),, +b*
(vz)e= ee\"z/ee :’ Z Jee

+d,(pp - PE) (3.55)

(3.56)

From now on, a pressure correction equation to give the error on pressure

will be derived. The imperfect velocity field based on a guessed pressure field p*

will be denoted by v". This starred velocity field will result from the solution of

the following discretization equation:

ay (v: )e =ay, (v: )ee +ai‘,(v; )w+b” +(p; —-p*E )(Ax )e (3.57)

Our aim is to find a way of improving the guessed pressure p such that the

resulting starred velocity field will progressively get closer to satisfying the

continuity equation. Let us propose that the correct pressure p be obtained from
p=p +p (3.58)

where p' will be called the pressure correction. Next, we need to know how the
velocity components respond to this change in pressure. The corresponding

velocity correction v; can be introduced similarly as:
* ]
v, =V, +V, (3.59)

If we subtract equation (3.57) from Eq. (3.49), we obtain
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a® (v’z )e =a®, (v'z )ee +a (v'z )w+b“ +(p;, —PE )(Ax ), (3.60)

At this point we shall boldly decide to drop the terms of neighbour points,
ie. al, (vz )ee +a,, (v'z,)w , from Eq. (3.60). The result is

axv,), =leb - p)(4,), | (3.61)
or

(), =d.(op - ) (3.62)

Equation (3.59) is called the velocity correction formula, which can also be
written as

v,), =02 ), +d.(pp - p5) (3.63)

Similarly, the velocity correction equation for (v, )w can also be derived.

Thus, we have all the preparation needed for obtaining a discretization

equation for p . An equation for the pressure correction can be derived from the

one dimensional continuity equation. For the purpose of this derivation, we shall

assume that the density p does not directly depend on pressure. The one

dimensional continuity equation (in z-direction) is

o, opv.)_, (3.64)
ot oz

Employing the fully implicit method, the integration of Eq. (3.64) over the

control volume shown in Figure 3.1a gives
(P -0’ )P
o 02)p (4)p +[6v.), = 6v2), 1 (42)p =0 (3.65)

Let us substitute velocity correction equations, Eq.3.63), into the continuity

equation, Eq. (3.65), and rearrange it to obtain the following discretization
equation for p':
af p'p=af p's+ay ply+b” (3.66)

where
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af =(pd4,), (3.67)
afy =(pd4,), (3.68)
af =af +af (3.69)

bp'=@#(M)P(Ax),,+[(pv:)w-(pv:)e](Ax>,,=o (3.70)

3.5 SIMPLE Algorithm

The procedure that we use for the calculation of the flow field, together
with the pressure and temperature fields has been given the name SIMPLE,
which stands for Semi-Implicit Method for Pressure-Linked Equation. The
important operations for the execution of this algorithm are summarized in

the flow chart shown in Fig. 3.2.

3.6 Inflow and Outflow Boundary Conditions for the Subchannel

In this thermal-hydraulic model of I.T.U. TRIGA Mark-II reactor, the

following set of boundary conditions is used.

Velocity and temperature are specified at the inflow boundary

whereas pressure is specified at the outflow boundary.

On the other hand two different approaches are employed at the boundaries,

which are

1) zero control volume at the boundaries for the grid shown in Fig. 3.1a for the

conservation of energy, pressure and pressure correction equations and,

2) half control volume at the boundaries for the staggered grid shown in Fig.

3.1b for the momentum balance equation.
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Guess a pressure field p*

Y

equation to obtain v%

Solve the momentum balance

1

Solve the p' equation

!

Calculate the pressure p
by adding p' to p*.

!

Calculate v, by using the
velocity correction formula:

(v )e=(vi)o+ de (Pp~PL)

!

equation to obtain T.

Solve the energy conservation

Is a
converged
solution
obtained ?

Treat the corrected pressure p
as a new guessed pressure p*:

p*=p

Figure 3.2 The SIMPLE Algorithm
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3.7 Solution of the Linear Algebraic Equations

The solution of the discretization equations for the one-dimensional
situation can be obtained by the standard Gauss-elimination method, which is
sometimes called the Thomas Algorithm or the TDMA (TriDiagonal Matrix
Algorithm).

3.8 Heat Conduction Equation for the Fuel Rods

One-dimensional heat conduction equation in cylindrical coordinates is [15]:

a(pch) 10 ( or J u
opeyl) 19 ol .
a  rol o) ! @7

To obtain a discretization equation, the fuel element has been
divided to a number of control volumes shown in Figs.3.3 and 3.4. The
control volumes take place at the inner and outer material boundaries
having imaginary zero width. The control volume # 1 is in the center of
the fuel element and the control volume # N is at the outer surface of the
clad. A grid point also takes place over the control volume # N. This grid

point denotes the coolant [17,18].
In heat conduction equation, heat source term consists of only volumetric heat

strength ¢'* that can be written as:
g™ =5s" (3.72)
The heat source S” can be a constant or any function of temperature. Thus, it

can be linearized as

h h h
st =st+siT, (3.73)
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Figure 3.3 Two dimensional grid structure for the fuel rod.
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Figure 3.4 Grid for the fuel rod in radial direction.
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We assume that density p and specific heat ¢, are independent from time and

displacement. We use average values for these variables. Thus, after rearrangement,
Eq. (3.71) becomes:

pcv"’_T=k[l.2( ‘Z)}shshr (3.74)

If we integrate Eq. (3.74) over the control volume shown in Figure 3.2, using
fully implicit method, and employ piecewise-linear profile assumption, the resulting

equation will be

(pcv)P(r +rw)(A")P( TOJ ((;k))e (Tg -Tp)- ((;k))w (T T )

+(s7), ("e”’w J(Ar)P (s7), (MJ(N)P T, (3.75)

2

Hence, we have reached the form of the heat conduction equation that can be also

written as an equation of coefficients:

abTp =ab Ty +aly Ty +7 (3.76)
where
T Te k.
of = (3.77)
E (Sr)e
r _Twky 3.78
W =), (3.78)

(@f - Y (re e )(Ar)p (3.79)

At

o =(sT )P(”e e ](Ar)P (a0 (3.80)

of = af +af, +(af - (s7), (’e *’WJ(A,»)P (3.81)
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3.9 Boundary Conditions For Heat Conduction Problem in the Fuel Rods

The zero control volume approach is employed for the boundaries of fuel rods,

while solving heat conduction equation for them.

Since fluid flow does not exist in a heat conduction problem, the previous rules
for the outflow boundaries are not valid here. Thus, we need the boundary conditions

for both boundaries in radial direction.

In this application, we have used the ¢” =0 boundary condition at the

interface between the fuel and zirconium rod. Since there is no heat source
or sink, the temperature is constant in radial direction in the zirconium
rod. At the outer surface of the clad, heat flux is specified via a heat
transfer coefficient and the temperature of the surrounding fluid, where
heat flux is calculated using Eq. (3.82). The value of heat flux between
the clad surface and the coolant is obtained by an iterative solution

procedure of the set of algebraic equations.

q" = hAswf(TcI _Tm) (3.82)

where T; and 7, are the clad outer surface and coolant temperatures.



CHAPTER 4

RESULTS AND CONCLUSIONS

4.1 Computational Results

After the completion of the development of a FORTRAN program which
employs SIMPLE algorithm to solve the set of algebraic equations, it was run to
obtain some temperature, pressure and velocity distributions for the coolant
together with the temperature distribution through fuel rods of 1.T.U. TRIGA

Mark-II reactor.

Some of the geometrical dimensions used in the thermal-hydraulic model in

the sample runs of this computer code are given in Table 4.1.

Table 4.1 Dimensions of the fuel rods of .T.U. TRIGA Mark-II reactor [1,2].

RADIUS
Radius of zirconium filling material 0,3175 cm
Radial position of thermocouple 0,762 cm
Fuel outer radius 1,8161 cm
Clad outer radius 1,8669 cm

In the sample runs of the computer code developed by this study, the used
fuel element thermal power values of different fuel rods that correspond to a
maximum steady reactor power of 250 kW of L.T.U. TRIGA Mark-II reactor are
summarized in Table 4.2. A cosine linear power density variation is considered

in all runs of the computer code.
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Table 4.2 Calculated thermal power values of different fuel rods of L.T.U. TRIGA

Mark-II reactor that correspond to a maximum steady reactor power of 250 kW.

POSITION Prmax
(w)

B1 5364

c1 4756

D1 3888

E1 2984

F1 2564

Grid structure in radial direction and some thermophysical properties of
fuel element B1 of I.T.U. TRIGA Mark-II reactor are also summarized in
Table 4.3. It can be seen from Table 4.3 that specific heat at constant
pressure of fuel and conductivities of fuel and clad are temperature dependent

and calculated by the aid of the correlations given in literature [5].

Table 4.3 Grid structure in radial direction and some thermophysical

properties of fuel element B1 of I.T.U. TRIGA Mark-1I reactor [5].

fin . Tout k Cp p
(cm) (cm) (W/m-K) (ki/kg-K) (kg/m®)
0,3175 0,3175 18,71 1048,33 6000
0,3175 0,3275 18,71 1048,33 6000
0,3275 0,6232 18,71 1048,22 6000
0,6232 0,9189 18,68 1043,18 6000
0,9189 1,2147 18,64 1034,32 6000
1,2147 1,5104 18,57 1021,90 6000
1,5104 1,8061 18,49 1006,00 6000
1.80861 1,8161 18,44 996,01 6000
1,8161 1,8324 15,09 460,00 7865
1,8324 1,8486 15,08 460,00 7865
1,8486 1,8649 15,06 460,00 7865
1,8649 1,8669 15,06 460,00 7865

1,8669 1,8669 15,06 460,00 7865
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Grid structure in axial direction and some thermophysical parameters of
coolant used in the thermal-hydraulic model of L.T.U. TRIGA Mark-II reactor are
also presented in Table 4.4 that are calculated by the aid of the program H20 [3].

Table 4.4 Grid structure in axial direction and some thermophysical
parameters of coolant in subchannel Bl used in the thermal-hydraulic model

of I.T.U. TRIGA Mark-II reactor [3].

Zin Zout k Cp p h B M
(cm)  (em) (W/m-K) (ki’kg-K) (kg/m®) (W/m-K) (1/K) (kg/m-s)

-19,06 -16,561 0,628 4178,86 994,80 1106,25 0.00035 0,00075
-16,51 -13,97 0,629 4178,38 994,56 1161,856 0.00035 0,00074
-13,97 -11,43 0,630 4177,83 994,27 1206,22 0.00035 0,00072

-11,43 -8,89 0,631 4177,23 993,94 1242,09 0.00035 0,00071
-8,89 -6,35 0,633 4176,62 993,56 1270,87 0.00035 0,00070
-6,35 -3,81 0,634 4176,00 993,16 1293,29 0.00035 0,00068
-3,81 -1,27 0,636 4175,41 992,73 1309,66 0.00035 0,00067
-1,27 1,27 0,837 4174,85 992,28 1320,03 0.00035 0,00065

1,27 3,81 0,639 4174,34 991,83  1324,21 0.00035 0,00064
3,81 6,35 0,640 4173,89 991,39 1321,86 0.00035 0,00063
6,35 8,89 0,641 4173,50 990,96 1312,43 0.00035 0,00061

8,89 11,43 0,642 4173,17 990,66  1295,11 0.00035 0,00060
11,43 13,97 0,643 4172,91 990,20 1268,70 0.00035 0,00059
13,97 16,51 0,644 4172,71 989,90 1231,33 0.00035 0,00059

16,51 19,05 0,645 4172,55 989,65 1179,79 0.00035 0,00058
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Variation of the axial directional coolant velocity and temperature distributions
in time for transient regime for subchannel B1 are given in Figures 4.1 and 4.2.
In obtaining the results plotted in Figures 4.1 and 4.2, coolant temperature

and velocity are assumed 32.5 °C and 0.1201 m/s at every position in

Subchannel B1 respectively as the initial condition.
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Figure 4.1 Variation of the axial directional coolant velocity distribution in

time for subchannel B1



Temperature (°C)

40

36

32

46

- Time =140000. s

Time = 600.s

Time=120.s

Time=60.s

Time=40.s

Time=20.s

- Time=10.s

Time=0.s

I I ' I T I ' ]
-0.2 -0.1 0.0 0.1 0.2
Axial position (m)

Figure 4.2 Variation of the axial directional coolant temperature

distribution in time for subchannel B1
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Variations of the axial directional hydraustatic pressure drop and absolute
pressure in coolant for subchannel B1 are plotted in Figures 4.3 and 4.4 for

steady state regime.

247.8 — Height of the control
volumes = 0.0254 m

247.4 —

247.2 —

247.0 —

Hydraustatic Pressure Drop (Pa)

246.8 —

246.6 —

-0.2 -0.1 0.0 0.1 0.2
Axial Position (m)

Figure 4.3 Variation of the axial directional hydraustatic pressure drop in

coolant for subchannel Bl
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Figure 4.4 Axial directional variation of absolute pressure of coolant for

subchannel B1
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Variations of the steady state axial directional temperature distribution at

different positions of the fuel rod in subchannel Blare plotted in Figures 4.5.
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Figure 4.5 Variation of the steady state axial directional temperature

distribution at the different positions of the fuel rod for subchannel B1
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Variations of the steady state axial fuel temperature distributions at the fuel

rod center in different rings plotted in Figures 4.6
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Figure 4.6 Variations of the steady state axial fuel temperature distributions

at the fuel rod center in different rings
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Variations of the steady state radial temperature distribution in the fuel rods

of different rings plotted in Figures 4.7
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Figure 4.7 Variation of the steady state radial temperature distribution in

the fuel rods of different rings
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Variation of the steady state radial temperature distribution in fuel rod Bl
for different thermal conductivity values of fuel meat are also estimated

parametrically and then plotted in Figure 4.8.
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Figure 4.8 Variation of the steady state radial temperature distribution in

fuel rod B1 for different thermal conductivity values of fuel meat
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Variation of the steady state radial temperature distribution in fuel rod B1
for different convection heat transfer coefficient values are also estimated

parametrically and then plotted in Figure 4.9.
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Figure 4.9 Variation of the steady state radial temperature distribution in

fuel rod B1 for different convection heat transfer coefficient values
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Some dimensionless coefficients of coolant estimated by this study for
different control volumes in axial direction in subchannel B1 of I.T.U. TRIGA

Mark-II reactor are also summarized in Table 4.5.

Table 4.5 Some dimensionless coefficients of coolant estimated by this study
for different controel volumes in axial direction in subchannel B1 of I.T.U.

TRIGA Mark-II reactor.

Zin Zout Re Gr Pr Ra
(cm) (cm) - (x10%) - (x10°)
-19,05 -16,51 4996 6,65 4,08 33,1
-16,51 -13,97 5070 8,17 4,90 40,0
-13,97 -11,43 5158 9,60 4,81 46,1
-11,43 -8,89 5257 10,94 4,70 51,5
-8,89 -6,35 5367 12,16 4,60 55,9
-6,35 -3,81 5484 13,23 4,49 59,4
-3,81 -1,27 5607 14,13 4,38 61,9
-1,27 1,27 5732 14,81 427 63,3
1,27 3,81 5856 15,22 4,17 63,5
3,81 6,35 5977 15,32 4,08 62,5
6,35 8,89 6092 15,09 3,99 60,2
8,89 11,43 6198 14,48 3,92 56,7
11,43 13,97 6292 13,47 3,85 51,9
13,97 16,51 6372 12,06 3,80 45,8

16,51 19,05 6436 10,24 3,76 38,5
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Axial directional variation of some thermal-hydraulic parameters in
subchannel B1 for I.T.U. TRIGA Mark-II reactor are also presented in
Table 4.6.

Table 4.6 Axial directional variation of some thermal-hydraulic parameters

in subchannel B1 for I.T.U. TRIGA Mark-1I reactor

Zjn Zout Vfluid Tfluld Trod centre Tfuel outer Tclad
(cm) (cm) (m/s) (°C) (°C) (°C) (°C)
-19,05 -16,51 12,012 33,07 135,47 102,64 99,88
-16,51 -13,97 12,015 33,79 167,82 116,97 113,67
-13,97 -11,43 12,019 34,64 177,13 129,27 125,30
-11,43 -8,89 12,023 35,60 193,25 139,51 135,07
-8,89 -6,35 12,027 36,65 206,05 147,63 142,83
-6,35 -3,81 12,032 37,76 215,41 153,60 148,53
-3,81 -1,27 12,037 38,92 221,26 157,40 152,17
-1,27 1,27 12,043 40,08 223,55 159,02 153,74
1,27 3,81 12,048 41,24 222,29 158,47 153,25
3,81 6,35 12,054 42,35 217,53 165,78 150,72
6,35 8,89 12,059 43,40 209,33 161,00 146,21
8,89 11,43 12,064 44,36 197,80 144,17 139,75
11,43 13,97 12,068 45,21 183,07 135,35 131,40
13,97 16,61 12,072 45,93 165,29 124,58 121,20

16,51 19,05 12,074 46,50 144,58 111,88 109,15
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Axial directional variation of the absolute pressure and the pressure
components that contribute to the absolute pressure of coolant in subchannel Bl
for I.T.U. TRIGA Mark-II reactor are given in Table 4.7. Sum of the
columns 4-6 of Table 4.7 gives us the absolute pressure given in column 3
with an imbalance (error) given in the last column. Therefore, this table

gives us an idea of the order of errors of this study.

Table 4.7 Axial directional variation of the absolute pressure and the
pressure components that contribute to the absolute pressure of coolant in

subchannel Bl for I.T.U. TRIGA Mark-II reactor

Zin Zout Absolute Dynamic Hydraustatic Atmospheric Pressure

(cm) (cm) pressure pressure pressure pressure imbalance
(Pa) (Pa) (Pa) (Pa) (Pa)
-12,05 -16,51 154789,93 -8,48 53472,80 101325,00 0,61
-16,51 -13,97 154541,99 -8,50 53224,88 101325,00 0,61
-13,97 -11,43 154294,12 -8,44 52976,95 101325,00 0,61
-11,43 -8,89 154046,33 -8,30 52729,03 101325,00 0,60
-8,89 -6,35 153798,63 -8,07 52481,10 101325,00 0,60
-6,35 -3,81 153551,02 -7,75 52233,18 101325,00 0,60
-3,81 -1,27 153303,51 -7,33 51985,25 101325,00 0,60
-1,27 1,27 153056,11 -6,81 51737,33 101325,00 0,59
1,27 3,81 152808,80 -6,19 51489,40 101325,00 0,59
3,81 6,35 152561,60 -5,46 51241,48 101325,00 0,59
6,35 8,89 152314,49 -4,64 50993,55 101325,00 0,58
8,89 11,43 152067,47 -3,73 50745,62 101325,00 0,58
11,43 13,97 151820,53 -2,75 50497,70 101325,00 0,58
13,97 16,61 151573,66 -1,69 50249,77 101325,00 0,58
16,51 19,05 151326,85 -0,57 50001,85 101325,00 0,57

Axial directional variation of different pressure terms that contribute to the
momentum balance equation in subchannel Bl for I.T.U. TRIGA Mark-II
reactor are also summarized in Table 4.8. The aim of this table is to give
an idea about the contributions of all pressure terms and the imbalance in

momentum balance equation.
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Table 4.8 Axial directional variation of different pressure terms that

contribute to the momentum balance equation in subchannel B1 for I.T.U.
TRIGA Mark-II reactor

Zin Zot  Storage  Accelarational Dynamic Frictional Diffusion Buoyanc Imbalance
pressure drop pressure pressure term y term
difference drop

(cm) (cm) (Pa) (Pa) (Pa) (Pa) (Pa) (Pa) (Pa)
-19,05 -17,78 0,0000 -0,0027 0,0000 0,0000 0,0000 0,0000 0,0027
-17,78 -15,24 0,0000 0,0048 0,0119 -0,0885 0,0000 0,0810 -0,0004
-15,24 -12,70 0,0000 0,0041 -0,0582 -0,0871 0,0000 0,1491 -0,0003
-12,70 -10,16 0,0000 0,0048 -0,1375 -0,0856 0,0000 0,2276 -0,0003
-10,16 -7,62 0,0000 0,0053 -0,2257 -0,0839 0,0000 0,3147 -0,0002
-7,62 -5,08 0,0000 0,0058 -0,3206 -0,0822 0,0000 0,4085 -0,0002
-5,08 -2,54 0,0000 0,0062 -0,4203 -0,0804 0,0000 0,5067 -0,0001
-2,54 0,00 0,0000 0,0064 -0,5223 -0,0787 0,0000 0,6073 0,0000
0,00 2,54 0,0000 0,0065 -0,6244 -0,0771 0,0000 0,7080 0,0000
2,54 5,08 0,0000 0,0064 -0,7243 -0,0755 0,0000 0,8063 0,0001
5,08 7,62 0,0000 0,0061 -0,8197 -0,0741 0,0000 0,2001 0,0002
7,62 10,16 0,0000 0,0057 -0,9085 -0,0728 0,0000 0,873 0,0003
10,16 12,70 0,0000 0,0051 -0,9887 -0,0716 0,0000 1,0659 0,0004
12,70 15,24 0,0000 0,0044 -1,0585 -0,0707 0,0000 1,1340 0,0004
15,24 17,78 0,0000 0,0022 -1,1163 -0,0699 0,0000 1,1902 0,0018
17,78 19,05 0,0000 0,0018 -0,6710 -0,0348 0,0000 0,6076 0,0000

The data for the coolant of I.T.U. TRIGA Mark-II reactor obtained from
the run of TRISTAN [19] are presented in Table 4.9 in order to make

possible a comparison between the results of this study and TRISTAN.
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Table 4.9 Some of the thermal-hydraulic parameters obtained from the run
of TRISTAN for the coolant of I.T.U. TRIGA Mark-II reactor [19].

Zone Height Taverage Pressure drops Density Velocity
(cm) (°C) (Pa) (g/cm3) (cm/s)

15 52,36 46,43 245,73 0,9886 12,07
14 49,82 45,76 245,57 0,9899 12,07
13 47,28 44,95 245,49 0,9902 12,06
12 44,74 44,01 245,13 0,9906 12,06
11 42,20 42,97 245,22 0,9910 12,05
10 39,66 41,84 245,38 0,9914 12,05
9 37,12 40,67 245,59 0,9919 12,04
8 34,58 39,47 245,84 0,9923 12,04
7 32,04 38,26 246,12 0,9928 12,03
6 29,50 37,09 246,40 0,9932 12,03
5 26,96 35,97 246,69 0,9937 12,02
4 24,42 34,92 247,31 0,9940 12,02
3 21,88 33,98 247,64 0,9944 12,01
2 19,33 33,17 247,87 0,9947 12,01
1 16,80 32,50 248,07 0,9950 12,01

The data which is the estimations for maximum temperatures in the center

of fuel, and at the outer surface of fuel and clad in radial direction obtained from

the run of TRISTAN for I.T.U. TRIGA Mark-II reactor is also given in Table

4.10 to make a comparison [19].

Table 4.10 Maximum temperatures obtained from the run of TRISTAN for
the fuel rods in different rings of 1.T.U. TRIGA Mark-II reactor [19].

POSITION Tmax Ty Te
(°C) (°C) (°C)

B1 256 141 133

C1 230 134 126

D1 213 127 123

E1 183 118 113

F1 147 91 88
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The data given in Table 4.11 is the result of measurements for the
maximum temperatures in the center of fuels at different rings of I.T.U. TRIGA

Mark-II reactor [19]. It is also given for comparison.

Table 4.11 Experimentally obtained maximum temperatures in different fuel
rods of I.T.U. TRIGA Mark-II reactor [19].

POSITION T
(°C)
B1 244
c1 219
D1 204
E1 176

F1 141
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4.2 Conclusions

In this study, a transient, one-dimensional thermal-hydraulic
subchannel analysis for ITU TRIGA Mark-II reactor was employed. Mixed
convection is considered in modelling to enhance the capability of the
computer code. After the continuity, conservation of energy, momentum
balance equations for coolant in axial direction and heat conduction
equation for fuel rod in radial direction had been written, they were
discretized by using the control volume approach to obtain a set of
algebraic equations. By the aid of discretized continuity and momentum
balance equations, a pressure correction equation was derived. Then, a
FORTRAN program has been developed to solve this set of algebraic
equations by using SIMPLE algorithm. As a result, the temperature
distributions of the coolant and fuel rods as well as the velocity and
pressure distributions of the coolant have been estimated for both

transient and steady state regimes.

In the evaluation of this study, it is noted that the maximum
temperature in the fuel rod is highly dependent on conductivity of fuel
which can also be considered either a constant or temperature dependent
in different studies given in literature [4-8, 19,20]. A parametric analysis
is carried out during this study to determine the conductivity range from
the maximum temperature of fuel estimated by this study and the
measured temperatures. By the aid of Figure 4.8 and Table 4.11, it can be said
that the fuel conductivity must be about 12 W/m K if the convective heat transfer
coefficient is considered as 1600 W/m? K. Similarly, a parametric analysis is
also carried out during this study to determine the effect of convective
heat transfer coefficient at the outer surface of cladding on the radial
temperature distribution in fuel rod and, thus, on the temperature at the

outer surface of cladding.

The data used in the computer code developed by this thesis are
mostly the same as those of the TRISTAN. However, some thermal-

hydraulic considerations are different between these two codes. As an
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example, the subchannel is a triangular one in TRISTAN whereas in our
study it is a rod centered subchannel. Therefore, hydraulic diameters etc.
are also different. Pressure distributions and drops are very close to each
other. The convergence of the code of this study is perfect as well as the
velocity, and temperature gradients are in good agreement with the results

of TRISTAN.
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