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ABSTRACT

Technical papers accepted for presentation at the Seventh International Topical Meeting on
Nuclear Reactor Thermal-Hydraulics are included in the present Proceedings. Except for the
invited papers in the plenary session, all other papers are contributed papers. The topics of the
meeting encompass all major areas of nuclear thermal-hydraulics, including analytical and exper-
imental works on the fundamental mechanisms of fluid flow and heat transfer, the development of
advanced mathematical and numerical methods, and the application of advancements in the field
in the development of.novel reactor concepts. Because of the complex nature of nuclear reactors
and power plants, several papers deal with the combined issues of thermal-hydraulics and reactor/
power-plant safety, core neutronics and/or radiation.

The participation in the conference by the authors from several countries and four continents
makes the Proceedings a comprehensive review of the recent progress in the field of nuclear reac-
tor thermal-hydraulics worldwide.
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PREFACE

Welcome to Saratoga Springs, the place of the first of the NURETH meetings, held in 1980.
Since this first meeting, the NURETH series have included: Santa Barbara, California in 1983,
Newport, Rhode Island in 1985, Karlsruhe, Germany in 1989, Salt Lake City, Utah in 1992 and

Grenoble, France in 1993. Now, after fifteen years, the seventh of the NURETH meetings is
being held again in the birth place of the series.

As you probable know, the NURETH meetings have been initiated and sponsored or co-spon-

sored by the Thermal-Hydraulics Division of the American Nuclear Society. The TH Division
has clearly become a leader in establishing and maintaining high technical standards regarding
topical meetings in the field of nuclear thermal-hydraulics, paper acceptance criteria for such
meetings, and promoting international cooperation and exchange. In particular, the papers
accepted for presentation at NURETH-7 and published in these volumes have been thoroughly
reviewed by leading experts in their respective fields. Their work, as well as the efforts of the ses-
sion organizers, are the cornerstones of the high technical quality of this meeting.

The present conference has been organized by the Northeastern New York Section of the Ameri-
can Nuclear Society. In addition, the following organizations have agreed to join the ANS Ther-
mal Hydraulics Division as co-sponsors of NURETH-7: American Institute of Chemical
Engineers (AIChE), American Society of Mechanical Engineers (ASME), Canadian Nuclear
Society (CNS), European Nuclear Society (ENS), Japanese Nuclear Society (JNS), Japanese
Society of Multiphase Flow (JSMF) and the U.S. Nuclear Regulatory Commission.

Except for the invited papers in the plenary session, all the other papers are contributed. They

have been divided into twenty-four major topics. These topics cover all major areas of nuclear
thermal-hydraulics.

The theme of the NURETH-7 conference is Thermal-Hydraulics for the 21st Century. This
theme has been implemented in the program of the meeting through technical papers covering
areas such as: progress in analytical and experimental work on the fundamentals of nuclear ther-
mal-hydraulics, the development of advanced mathematical and numerical methods, and the
application of advancements in the field in the development of novel reactor concepts. Because
of the complex nature of nuclear reactors and power plants, several papers deal with the combined
issues of thermal-hydraulics and reactor/power-plant safety, core neutronics and/or radiation.

I hope that both the conference participants and other future readers of this multi-volume edition
of NURETH-7 Proceedings will find several new and innovative ideas as the results of the work

by the authors representing an outstanding international community of experts from academia and
industry.

On behalf of the organizing committee I invite you to actively participate in the conference and
wish you a pleasant stay in Saratoga Springs.

Michael Z. Podowski
Technical Program Chairman
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The Sudden Coalescence Model of the Boiling Crisis

P. M. Carrica and A. Clausse
Centro Atémico Bariloche and Instituto Balseiro
(8400) Bariloche — Argentina

Abstract

A local two—phase flow integral model of nucleate boiling and crisis is presented. The
model is based on averaged balances on a control volume, yielding to a set of three
nonlinear differential equations for the local void fraction, bubble number density and

velocity. Boiling crisis at critical heat flux is interpreted as a dynamic transition caused
by the coalescence of bubbles near the heater. The theoretical dynamic model is
compared with experimental results obtained for linear power ramps in a horizontal plate
heater in R~113, showing an excellent qualitative agreement.

Introduction

Boiling heat transfer is widely used in engineering applications. In nuclear power
plants, local subcooled and saturated boiling are present in PWR and BWR cores and steam
generators during normal operation, and in many accidental situations.

Boiling physics have been extensively studied since the pioneer work of Leidenfrost
[1]. The first complete boiling curve was obtained by Nukiyama [2] and very soon
researchers realized the importance of the boiling heat transfer crises. However, the
comprehension of the processes involved in boiling heat transfer and crises is still today one
of the most challenging problems in heat transfer technology. Despite the considerable effort
devoted to this concern, many questions remain unanswered. As Lienhard [3] has pointed
out, it has not been possible to derive a complete theory from first principles to predict the
relation between heat flux and wall temperature for a given geometry.

The problem of the first boiling crisis or critical heat flux was always treated as a
phenomenon independent of the nucleate boiling process, and almost nothing is known
about their interrelation. Some authors have proposed different models that attempt to
explain the critical heat flux in pool boiling. The main postulated models are:

e Bubble coalescence: First proposed by Rohsenow [4], this model postulates that vapor
film is caused by the bubbles coalescence when bubble density increases with heat flux.
Recently, breakup and coalescence models based on modern system dynamics have been
presented [5].
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o Hydrodynamic theory: Ascending bubbles coalesce in vapor jets that become unstable as
the heat flux increases. When the structure collapses the vapor film covers the surface of
the heater. This model was proposed by Zuber [6] and widely studied for diverse
geometries and conditions [7]. The correlation obtained by Zuber is very similar to that
obtained by Kutateladze [8] based on a dimensional analysis.

e Macrolayer model: Haramura & Katto [9] developed this model. A thin liquid layer (the
macrolayer) is perforated by vapor jets and placed underneath large bubbles (vapor
mushrooms). Each mushroom is fed by many vapor jets. The critical heat flux occurs
when the liquid macrolayer dries out before the departure of the bubble and liquid
renewal take place.

To the present, it is not clear if one or a combination of these mechanisms determine
the occurrence of boiling crisis. Several investigations have been conducted to verify the
hypotheses of the different models. In this direction, observations and measurements of the
two—phase flow field near the heated wall have been performed in recent years. Liaw & Dhir
[10] measured the void fraction along a line near a vertical plane heater in saturated water

using the gamma ray attenuation technique. They observed 2 maximum in the void fraction
near the heated wall for high heat fluxes. Bonetto et al [11] measured similar trends using
local phase detection with a hot-wire anemometer over a horizontal heater immersed in
saturated FC-72 refrigerant. For horizontal heaters in saturated water the same trend was
measured by Shoji [12]. It has been observed that the peak in the void fraction becomes
closer to the heated wall as the heat flux increases [13]. These experimental observations
support the models of coalescence and macrolayer, while the hydrodynamic model would
be more consistent with uniform void fraction distributions near the heater.

The knowledge of the two—phase flow parameters near the héated walls is also
important in nuclear industry due to the effect of vapor distribution in neutron moderation
and consequently in fission rate. This effect could be important in very compact reactors
were the pitch is a few milimeters, comparable with the size of the region near the wall were

_the void fraction changes appreciably.

In this work a hydrodynamic model of boiling and crisis is presented. The model is
based on integral momentum, energy and interfacial area density balances in a small control
volume near the heated walls. The complete model is formulated in terms of three ordinary
differential equations for the temporal evolution of the void fraction, number density and

vapor bubble velocity. The theoretical model is compared with experimental data of void
fraction and interfacial impact rate measured during power oscillations in a small horizontal
heater immersed in stagnant freon R—113 at atmospheric pressure.

The model shows the same trend as the experimental data: a sudden jump to a higher
void fraction is observed when the transition to film boiling occurs. The interfacial impact
rate, on the other hand, experiences a pronounced drop. The transition is basically
interpreted as a consequence of the sudden coalescence of all the bubbles, which causes a
drastic reduction of the interfacial area in the control volume. The final state with low
interfacial area density can be associated to the film boiling regime.

Boiling model

Let us assume the existence of a bubble population function fv) [14], defined as the
number of bubbles per unit volume, containing gas volume between v and v + dv. The
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number density, void fraction and interfacial area density are related to the bubble
population function as:

n=]?f(v)dv (1a)
0

a=If(v)vdv (1b)
0

a,= [ f¥)a;(v)dv (1c)
0

where a bubble area corresponds to each bubble volume. The average bubble volume is:

Jroya
c @

y=

[roya
0

Control Volume

Heater Surface

Figure 1: Diagram of the control volume and the boiling process

Let us consider a small horizontal heater providing a heat flux ¢” to a pool of liquid
at saturation temperature (Fig. 1). A control volume: (CV) of height L is defined on top of
the heated wall. The two—phase flow variables are averaged in the CV [15,16]. The
following simplificative hypothesis are assumed:

o The bubbles are spherical.
e The bubbles inside the CV are identical with a volume ¥}, . This volume is the average
volume of all the bubbles inside the CV.

o The bubble distribution is locally homogeneous, so the spatial average is valid.

o The bubble velocity is calculated as the velocity of a bubble with volume 7, .
o The heater thermal inertia is negligible.
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Then the CV contains » identical bubbles per unit volume, and the void fraction, the
interfacial area density and the volume of the bubbles are related by:

o =nV, (3a)
a;=4 ‘n:r,,2 n (3b)
V= 4/ Inn (3¢)

where 7, is the bubble radius.

The objective of the analysis is to find a relation between the average two—phase
flow parameters in the local CV and the heat flux. The starting point are the momentum,
mass and energy balances in the CV.

Vapor momentum balance

The balance of forces over a rising bubble is given by:

du 1 1 du
ngb;=g(pz "Pg)Vb_ECd pr(nr2)-=p,, @

2700

where, from left to right, the inertia, buoyancy, drag and virtual mass terms are written. The
virtual mass term in vapor-liquid mixtures is discussed by Drew et al [17] and Biesheuvel
& Spolestra [18].

Neglecting gas density Pg, compared to liquid density p;, yields:

du nCyu* 1?
oo Dd® b 5
28 7 &)
combining Egs. (3) and (5) gives
2
du_2 _ G g ©)

E_ £ 4q,

The drag coefficient C, is calculated from the terminal velocity of the bubbles,
assuming the same drag coefficient for any bubble velocity:

Ci= 2 )

Following Zuber & Findlay [19], the terminal velocity of bubbles can be calculated
as:

Up = CO J Vg (8)

2455



- . N 2o . - e e PR
J N SOOI, ISR, SR PO SN A UHPDESUD UL JUN U W AU PIOL LDV AP USRNSSR AEL

where j =u, o is the vapor superficial velocity, v,, is the terminal velocity of bubbles in a
stagnant liquid with no gas stream (j=0) and Cj is the spatial flow distribution parameter,
which is 1 for the case of flows without spatial restrictions. The terminal velocity v, is

calculated from the terminal velocity of isolated bubbles v,,;, corrected for the effect of
void fraction [20]:

Vo = (1 - a)vw,,. ©)

Combining Eqs. (8) and (9) yields:

Uy =2 =V, ; (10)

Eg. (10) implies that the terminal velocity of the bubbles in the CV, u,,, is the same

as thie terminal velocity of isolated bubbles in a stagnant liquid v, ;. The terminal velocity of

the bubbles of radius 7, is then calculated using the correlations of Pebbles & Garber [21]
for isolated bubbles. The drag coefficient is obtained combining Egs. (3), (7) and (10):

8
L @)
3V
Vapor mass balance

The vapor mass balance in the CV can be written as:

da.
ngAgt—-i-ocupgA:I" (12)

where I" is the evaporation rate inside the CV. Here the donor cell model was used,

“ according to the hypothesis of homogeneous bubble distribution in the CV. Even when the
void fraction is not constant near the wall [12,13], the differences due to this can be
absorbed by the adjustable constants of the model.

~ Energy balance

The heat flux generated by the heater is partitioned in heat that produce vapor inside

the CV and the rest which is transported by Marangoni effect, microconvection or any other
mechanisms that do not produce vapor in the CV. Then the total heat flux is written as:

q"A=Thg +q,, (13)

In Eq. (13) the subscript "#v" in the second term stands for "no vapor”, and is the

heat that does not produce vapor inside the CV. The modelling of g,, is quite complex, and
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to the present is a subject of investigation. For the purpose of the present analysis a simple
model will be postulated based on logical conjectures about the physical mechanisms

influencing g,,,. Since the different heat transfer mechanisms in the presence of bubbles
without evaporation are directly related to the interfacial area density, it is postulated that in
steady state we can write:

dq,, =g, kda; (14)

where g, is the heat that generates vapor inside the CV and k is a constant coefficient.
Considering that the relaxation time of the heat partition is much shorter than the remaining
process we can write:

dq =dq, +dq,, =0 (15)

where g is the total heat generated by the heater. Combining Egs. (14) and (15) gives:

J'qv %:— aikdai (16)
q(l-a) g, 0

Notice that ¢{1-) is the maximum amount of heat that can be used to generate vapor

inside the CV, corresponding to the case when the mechanisms of microconvection,
Marangoni, etc. are negligible. Combining Egs. (13) and (16) yields:

_ (1-a)g" dexp(~ka;)

r 17
hig
finally, from Ecs. (12) and (17) results:
1_ n — ;
Ld_a-: ( a)q exp( kal)_ua (18)

dt pghfg

Eq. (18) will be considered valid also in the transient case, assuming that the
relaxation time in the partition (15) is fast enough.

Interfacial area density

There are some correlations for the interfacial area density that where developed for
small void fractions [22,23]. Recently it was suggested the idea of a conservation equation

for a; based in mechanistic models including the bubble breakup and coalescence dynamics

[24]. Considering the process of bubble generation, breakup and coalescence, it is
convenient to derive a conservation equation for the bubble number density # and from this

calculate a;.
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The balance of bubbles in the CV is given by:

LA-?;—':=SA+|3—§—unA (19)

where S is the bubble generation in the CV, B is the breakup source term, & is the loss by
coalescence and the last term accounts for the leakage of bubbles through the CV surface.

The bubble source S has volumetric and superficial components [24]. Generally, S
can be written as:

S= ¢ho + <l)he + ¢c (20)

where ¢, and ¢, are respectively the homogeneous and heterogeneous nucleation in the

liquid bulk and ¢,, is the nucleation in the cavities in the surface of the heater. Normally the
overheating present in boiling with metallic heated walls is small enough to neglect ¢, and

. compared to ¢, [25]. Assuming that all the bubbles are generated with the same size, S
results:

S=— B 1)
Apg hfg Vd

In Eq. (21) the detachment volume ¥ is generally a function of the heat flux. The
departure size of the bubbles depends also on surface and fluid properties, such as
nucleation site density and size, contact angle, etc. [26]. Assuming that the departure

frequency is constant, the dependence of ¥; with the heat flux can be calculated from the
dependence of the nucleation site density with the heat flux.

There is no agreement respect to the dependence of nucleation site density with heat
flux in nucleate boiling. From the experiments of Zeng & Klausner [27], the nucleation site
density can be written as:

Nll___ cl q“l (22)

where N" is the nucleation site density, ¢; is a constant and / varies between 1.5 and 2.
Staniszewski [28] reported a value for / of about 1 and Sgheiza & Myers [29] give for / a
value lower than 1. For the sake of simplicity, / will be considered here as 1, what implies
that the departure size is independent of heat flux. :

In two-phase flow, the turbulent coalescence kernel is assumed [30]. From this
hypothesis, the coalescence term can be written as:

E=cV, n (23)

where ¢ is a constant coefficient to be determined. The same equation can be obtained using
the dilute media hypothesis [31].
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The breakup term is modeled assuming that no breakup is possible for bubble size

smaller than a critical volume ¥, while for larger bubbles breakup is more likely to occur
[32]. This trend can be expressed as:

B=bnH(V,-V,) (24)

and for numerical calculations the Heavyside function is approximated with:

(25)

where m is an integer greater than 1. The critical volume is calculated following the model
of Hinze [33] applied for gravity driven flows. The critical Weber number results:

2
We, =31 8P -y (26)
(¢3

Combining Ecs. (3), (19), (21), (24) and (25) we obtain:

m

dn q, bna
—_— +
at pghjg ALVd oc”’+Vc'”n”’

un
—con~—— 27
n-= @7
and combining with Eq. (18) yields:

m
@= l1do uwaf{1 1 + bno —can 28)
da Vydt L

Dimensionless equations

Ecs. (6), (18) and (28) form a system of three ordinary differential equations which

describes the dynamic of the averaged local two—phase flow variables (4, o, n) in the boiling
region. The dimensionless form of these equations is:

di Dita

—=2- i 29
dt a (22)

1% =(1-a)g exp(~i14,) - (29b)
A A 2 m-1 ’

an_Lldoe daf 111, epefS00™ 29¢)

dt Vd dt L Vd Vb o™ +n™

where the dimensionless variables are defined as:
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=l : (30a)

gl/2 Vl/6
c
A=nV, (30b)
& =a; V" (30c)
1/2
=t Ifl . (30d)
c
N Vb
=42 30e
b=y (30e)
13:%1— | (300

Vd = —I;i Dimensionless departure volume (3la)
c
M= ,:/3 Heat removal number (31b)
Ve
i= VfB Dimensionless CV height (310)
c
an q" . .
= Dimensionless heat flux (31d)
9 Doy g2y
. cyVe
C=—%5 Coalescence number (3le)
g
Oy = 5 Coalescence to breakup number (31
c

Model solutions and critical heat flux

Steady state solutions

The steady state solutions of Egs. (29), (z’is »Olgs ﬁs), can be found by making zero the
temporal derivatives of a, 77 and #, which gives:
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20, = Di; a; ¢ (32a)

(1 —as)q""exp(—M &,-,s) = a (32b)
A m-1 A

Co, i, 1-20%s | KOs 1 1 (32¢)
O +H L Vd Vb

Combining Egs. (32a) and (32b) yields:

AN\I/3

oy (D) 413 gn2/3 ( 2 pa
— 5= is 4 exp|——Ma (33a)
(1-0,)" (2 3

and from Egs. (32a) and (32c) results:

éa ﬁs [1 _ &0 a.'s'n-l ] — 21/2 (ZZ/() (i_-ﬁ_s_) (33b)

S A A A A

af +af ) (36ma, )/ LDV2\V,; o

where D is a finction of the bubble volume.

In order to compare the model with experimental data, the solutions will be
presented in terms of the void fraction and interfacial impact rate (i. e., the number of

interfaces intersecting the tip of a local phase detection probe per unit time). The interfacial
impact rate can be related to the model variables as [34]:

U

a:
fi=tl (34)
200 ¥ v i i T T LI Y T L w—
: N
~ 160} ‘ \ ]
[ \
=z A ‘\\ \\\ \\‘
% 120 [ \\ \ \‘ -
(v \\ \ \
© 80+ \\ A \ \
g Y 10 \30 >
— 7 /
40 /l ,’// ”,, 5 0
0 : -—;:—-fg-.'—:_?:'-—-—‘— 4 . . ]
0.00 0.25 0.50 0.75

Void Fraction

Figure 2: Steady state solutions of the model, Egs. (33)
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The steady state solutions of the model in the (o, f;) plane are shown in Fig. 2. In
order to show the behavior of the model with realistic values, the constants were calculated
- to represent the conditions of an experimental study on freon R—11 at atmospheric pressure
[35]. The corresponding parameters are shown in Table 1. The dashed curves correspond to
the solutions of Eq. (33a) for different dimensionless heat fluxes, and the full line
correspond to Eq. (33b). The intersections of the curves give the values of void fraction and
impact rate for a given heat flux. At low heat fluxes (see §" = 1) there is only one solution,
and the void fraction and impact rate increase with heat flux. When the heat fluxes are larger
than §" = 3 the system jumps to another set of solutions with lower impact rate. These two

stable sets of solutions can be interpreted as the nucleate boiling and film boiling regimes,
while the heat flux correspondent to the transition is associated to the critical heat flux.

o M CL L
0.3 0.3 500 2.5 mm

Table 1: Model parameters for Freon R-11.
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Void Fraction
Figure 3: Effect of coalescence in Eq. (33b)
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Figure 4: Effect of detachment volume in Eq. (33b)
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Fig. 3 shows a parametric study of Ec. (33b) for freon R~11 with different values of

C L . The detachment size was 0.0005 cm3. The maximum of the curve (associated with the
critical heat flux) decreases when the coalescence rate increases. Fig. 4 shows the effect of
the detachment volume.

Critical heat flux relations

Ecs. (33) represent the steady state of the boiling model. The point at which these

equations are tangent in the plane (o, f;) corresponds to the critical heat flux. With some
additional hypothesis it is possible to derive an analytical expression for the critical heat
flux:

o The drag number value is D=2/3.

o The bubble volume at critical heat flux is 17,, = 1. This means that there is no breakup in
the CV until critical heat flux occurs. It can be shown that this condition holds exactly
when m— « (i. e., a Heavyside breakup probability function is assumed).

Using these conditions on Eq. (33b) yields:

~ 11
o =0g+—=|=-1 35
chf 0 A (Vd ) (35)

where the dimensionless constant 1] is proportional to the bubble coalescence number:

4n\V6 ,
ﬁ:(—3—) ié (36)

A

Combining Egs. (3) and (30) for 17,, =1 gives:

N 1/3
8y o =(367) " 0t gys (37)

Combining Egs. (37) and (33a) yields:

/6
a 3 Qepr [ 73 p ]
"= —— 36 Ma 38
9 chf (4n) 1-0gpr exp|(36) i G

Eq. (38) can be written in dimensional form resulting in the final relation for the
critical heat flux:

" V2 gc v O cnf V3
@enf =5 Pghy or) ooy eXP[(36‘N) M achf] (39
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where Eq. (35) gives the value of the void fraction at critical heat flux o
Eq. (39) predicts that critical heat flux must increase, in a given fluid, when o,

increases. Eq. (35) shows that o, increases when the detachment volume and the

coalescence rate decrease. The detachment volume can be reduced on a given fluid
decreasing the contact angle between the bubbles and the heater surface. Liaw & Dhir [36]
measured the relation between contact angle and critical heat flux, finding that critical heat
flux increases when contact angle decreases. The same trend shows the model considering
that the detachment volume decreases with the contact angle.

Eq. (39) reveals the importance of the heat that leaves the CV without producing
vapor, represented by the parameter M. When M increases, the critical heat flux increases.
Unfortunately, at the present neither the coalescence number nor the heat removal number
can be evaluated from first principles. Additional research on the subject is necessary,
considering the importance of the role that these mechanisms play in the critical heat flux
determination.

Comparison with experimental data

The theory is compared with experimental data of void fraction and
interfacial impact rate measured during power oscillations in a small horizontal heater
immersed in stagnant freon R—113 at atmospheric pressure. The heater was a thin laminated
platinum foil of Smm x 10mm x 25 pm attached to a mica substrate for downward thermal
insulation. The use of a very thin heater was mandatory due to thermal inertia requirements
and other experimental restrictions. The indicator function was recorded with a specifically
designed high velocity acquisition card, and a sapphire optical probe located over the heater
was used to detect the presence of vapor. An ensemble average method over a large number
of cycles was used to obtain the temporal variation of the void fraction and interfacial
impact rate. For more details related to the experimental procedure see reference [35].

The power oscillations were a triangular wave in which each period lasts 20 s
following the law:

(W 1o 30¢/10 102£20s 40
7 ’[ c’”]‘ 60—30 £/10 20>210s (40)

The adjusted constants and model parameters used for freon R—113 are given in
Table 2. L is chosen as the value at which the void fraction and impact rate were measured.

A

CL L (mm) v, ( cms) v, ( cm3) Qg " cnr

1000 2.5 0.0007 0.0005 0.24 2.57

Table 2: Model parameters for Freon R-113.
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V, was calculated using Eq. (26) and ¥V; was estimated after video recording
observations of boiling R-113. &,, M and CL were adjusted to fit the experimental data.

8.y was adjusted to fit the void fraction at CHF and A and CL were tuned to reproduce the
experimental CHF/Leidenfrost ratio and temporal response respectively.

0.5 -" 4 ¥ T T Y T T T Y T T

Void Fraction
o o o
N &) >

o
N

0.0 Bt

Figure S: Comparison of the void fraction experimental data (circles) with the model (full
line).

Impact Rate (Hz)

Figure 6: Comparison of the impact rate experimental data (circles) with the model (full
line).

Eqgs. (29) were solved numerically imposing a forcing function as defined in Eq.
(40). Figure 5 shows a comparison of the void fraction experimental data with the model
results. Good qualitative agreement is observed. The void fraction in film boiling is higher
than in nucleate boiling, as verified experimentally. In Fig. 6 the impact rate experimental
data and the model results are shown. The interfacial impact rate falls abruptly after the first
boiling crisis and then increases slightly in film boiling while increasing the heat flux. In the
second boiling crisis the impact rate increases yielding the second peak.
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In Fig. 7 the complete cycle is shown in a three dimensional phase-space plot, where

the simultaneous void fraction and the impact rate corresponding to each power level
(proportional to the square of the electrical current) can be observed.

o

(o]

3]

©

o

o

8-
o5 :
\-/8 :.

N L ]

Leidenfrost
e
.

Figure 7: Comparison of the experimental data (circles) with the model (full line) in the
void fraction — impact rate — I2 space for R—113.

Conclusions

A theoretical model of boiling and crisis was presented. The differential equations
governing the local boiling field state naturally undergo a sudden transition caused by the
massive coalescence of bubbles in the region close to the heated wall. An analytical
expression for the critical heat flux as a function of the model parameters was derived. The
model predicts that the critical heat flux can be increased either reducing the coalescence

rate close to the heated wall (C), reducing the bubble detachment volume (I}d), or

increasing the sensible heat removal number (M ). The first two reduce the probability of
coalescence delaying the crisis, while the third reduces vaporization near the wall.

The model was compared with experimental data of void fraction and interfacial
impact rate during power oscillations in R-113. The comparison results in a good
qualitative agreement.
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Nomenclature

A CV area [m2]

a; Interfacial area density [1/m]

b Constant coefficient (breakup) [1/ m3 s

c Constant coefficient (coalescence) [1/ m3 s

¢ Coalescence number [Dimensionless]
Cy Drag coefficient [Dimensionless]
D Drag number [Dimensionless]
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Superscripts

A

Subscripts

R
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Interfacial impact rate
Gravity acceleration
Latent vaporization heat

Constant coefficient (heat removal)
Control volume height

Heat removal number
Bubble number density
Nucleation site density

Heat non producing vapor inside CV

Heat generating vapor inside CV
Heat flux

Radius

Bubble source

Time

- Bubble velocity

Terminal velocity

Terminal velocity, isolated bubbles
Volume

Weber number

Void Fraction

Coalescence to breakup number
Breakup source term

Coalescence losses

Evaporation rate inside the CV

Constant proportional to coalescence
Nucleation source

Density
Surface tension

Dimensionless
Average

bubble

critical

critical heat flux
detachment

gas

liquid

no vapor

steady state

vapor
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[Hz]
[m/s2]
[Vkg]
[m]
[m]
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(7]

[W/m?2]

[m]

[1/m2 s]

[s]
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THE ROLE OF HEATER THERMAL RESPONSE IN REACTOR THERMAL LIMITS DURING
OSCILLATORY TWO-PHASE FLOWS

A. E. Ruggles, University of Tennessee, Knoxville
A. D. Vasil'ev, Nuclear Safety Institute, Moscow
N. W. Brown, University of Tennessee, Knoxville
M. W. Wendel, Oak Ridge National Laboratory, Oak Ridge, TN

Abstract

Analytical and numerical investigations of critical heat flux (CHF) and reactor thermal limits are
conducted for oscillatory two-phase flows often associated with natural circulation conditions. It is shown
that the CHF and associated thermal limits depend on the amplitude of the flow oscillations, the period of
the flow oscillations, and the thermal properties and dimensions of the heater. The value of the thermal
limit can be much lower in unsteady flow situations than would be expected using time average flow
conditions. It is also shown that the properties of the heater strongly influence the thermal iimit value in
unsteady flow situations, which is very important to the design of experiments to evaluate thermal limits
for reactor fuel systems.

L Introduction

The CHF used in this paper refers to the transition from nucleate boiling to transition boiling. This is the
heat flux at the peak in the boiling curve corresponding to where the slope in heat flux goes from positive
to negative with increasing wall superheat. In steady flow conditions, the heater surface temperature
continues to rise once the transition boiling region is encountered. More of the heater surface becomes
dry as the wall surface temperature rises resulting in further degredation of the heat transfer coefficient.
This process continues until the heater surface is dry. The time for the transition from nucleate boiling to
a dry heater surface is a function of the CHF and the heater thermal properties. Heaters with large
dimensions and high thermal effusivity, kpc, transition slowly, while heaters of small dimensions and low
thermal effusivity transition rapidly. This physics is easy to understand for the steady flow situation with a
constant applied power and is described in many texts dealing with boiling heat transfer [1].

Unsteady two-phase flows cause the CHF value to vary in time at any given location on the heater. This
allows portions of the heater to move into the transition boiling region and back to the nucleate boiling
region. This behavior has been observed in experiments by Oh and Englert [2], Mishima et al. [3], Ishii
and Mishima [4], and Ozawa et al. [5] amoung others. This movement into the transition boiling region
and back to the nucleate boiling region results in oscillations in the wall temperature [3], [4], and [5]. The
ability of the heater to return to nucleate boiling after encountering CHF ' causes a distinction to be
necessary between CHF and the thermal limit. The term thermal limit will refer to incipient heater or fuel
damage as indicated by a maximum allowable temperature. '

The character of the wall temperature oscillations is controlled by the nature of the unsteady flow and the
thermal properties of the heater. A thin foil heater will transition from nucleate boiling to dry surface
conditions very rapidly due to low heat capacity, as discussed earlier. Therefore, a heater of this type
may be damaged upon the first encounter with CHF and transition boiling conditions. A massive heater
with large heat capacity and high conductivity will transition from nucleate boiling to dry surface
conditions more slowly. This heater may encounter transition boiling conditions for significant periods of
time and still retain wall surface temperatures low enough to allow a return to nucleate boiling when the
adjacent fluid state variables allow.

If the nature of the unsteady flow is approximated by a period and amplitude, then further generalizations
can be made regarding the relationship between CHF and thermal limits in unsteady flows. Flow
oscillations of large amplitude and large period will allow the heater to move into the transition boiling
region for an extended time. Therefore, the heater wall may become dry or exceed a temperature value
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allowing for a retum to nucleate boiling. Flow oscillations of short period and small amplitude allow less
time for the heater temperature to rise and a return to nucleate boiling conditions may be possible.

The aforementioned physics goveming the behavior of a heater in the neighborhood of the CHF is
quantified in this paper. This quantification allows the scaling of thermal limit data taken with electrical
heaters to reactor fuel systems. It is shown that this scaling is very important when unsteady flow
conditions are present. The performance of the scaling criteria is verified by comparison with
experimental data. The analytic results are also compared with a study of thermal limits performed using
the RELAPS5-MOD3 [6] code where the heater dimensions are varied.

18 Analytic Development

The physical development starts with the treatment of the transient conduction in the heater or nuclear
fuel resulting from time varying convective boundary conditions. The time varying convective boundary
condition is quantified in terms of an amplitude, period, and CHF model. These equations are then
manipulated to describe the thermal limit, as determined by circumstances that do not allow the heater to
return to nucleate boiling.

The temperature distribution in a single heater under transient conditions is described by the
nonstationary heat conduction equation

V(KVT')- pc%l;: +E=0, ()

where « Is the thermal conductivity, ¢ is the specific heat of the heater material, p is density, E is volumetric
energy generation of decay heat, and T is temperature. The variable T =T - T« is defined for convience,
where T ¢ is a constant reference temperature.

Boundary conditions are applied to the equation (1) on the heater surface, S:

o _ .
KEL =q"(z,t,T,), | 3]

where q" is the boiling heat flux. The case of cylindrical geometry requires axial symmetry of temperature.
Note that the temperature gradient at the surface and boiling heat flux will be time varying despite a constant
value for the volumetric energy generation in the heater, E.

The solution of equations (1) and (2) Is not simple for the general case of arbitrary q"¢, Tw). However, bolling
heat flux oscillations with angular frequency, o=2n/z, limit consideration to temporal dependencies of a type,
exp(inwt), where n is an arbitrary whole number and i = v-1 is imaginary unity. More general oscillations can
be considered using Fourier composition techniques.

lla: The Plane Geometry Case
First consider the one-dimensional heat conduction equation for temperature T in a slab of width 2d with
temperature independent thermal conductivity, «, and thermal diffusivity, ¥. The x-axis Is directed into a

slab with x=0 corresponding to the wetted surface. The cases of cylindrical geometry and two-layer
heater structure with a gap have been considered but are not presented here. The heat conduction
equation for the plane case takes the following form:

———t—==0, )

In the general case of nonsymmetrical heating of a slab, the following boundary conditions are
considered:
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% —_ q"L (t"];M.) , q = q"R (t"I;XR) , (4)
x=0 X Oxlg X

where g, and qr are the heat fluxes on the left (x=0) and right (x=2d) side of the heater. Similaﬁy, the heater
left and right wall temperatures are defined by Ty = T(x=0) and Twr = T(=2d).

Consistent with the assumption of periodic behavior for basic physical quantities, including G, p, o, and T, new
non-dimensional variables are introduced

1= tag, X = Xad/(/0)'"?= Xad/(ANY),
0" = Qg k(@) ATy) = Qo Qo oN:),

where the amplitude of the heater wall heat flux first harmonic, q"w1 ~ x(o/x)'?ATsG4/qcxro » is used to
normalize the wall heat flux. AT, is the characteristic width of the boiling heat flux curve near the CHF
maximum, q"; is the CHF oscillation amplitude, and q’cxro is CHF at steady conditions as determined
using the time average flow conditions. Note that the depth of the thermal wave penetration is di~(y/0) 2
[71, such that N, is equal to d; /d.

®

Equations for temperature hammonics T, follow from equations (3) and (4). Temperature is now represented in

theform T=) (T,e™ +c.c.):

n=0
2 2
0L Bt _o, 2% it =onat;
Ox 0K ox

©)
= AT, qg, -

x=2/N1

o7, . oT,
n = AT - n
gl’(:o pqLn ox

where AT, is the characteristic width of boiling curve near the CHF temperature and Ty is a cycle-average
temperature in the heater. Fourier harmonics of n-th order for the heat flux are given by q", and q"r, and c.c.
denotes the complex conjugate.

The solution of the system (6) for n>1 takes the form:

1 1
ATb ek + e ka(x-28 ) ek=* — e-ku(x-2NI )
Tn (x) = SLn ]

2k, Np! * DLﬂ 2k Ni!
2k, 1-¢ 1+e

@
SL=q e *q"Rn s DLo=q"tn~Q"Rn »

where k,=vVin. Note that in expression (7) the temperature is represented as a sum of symmetrical and
antisymmetrical parts.

The zero temperature harmonic in the heater is defined by (6) as:

Ed°N Nx
2% l (lez - 2x)+ (T - Tox,)"'zl—' ' ®)

where‘TOL and T are zero harmonics of the left and right heater wall respectively. The final expression for
the transient one dimensional temperature profile in the heater has the fom:

To(x) =Ty —
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—k, (x-2N7")

e™ +c.cl+
2

AT, S, e“*+te
T=Tx)+—=2 Ln -
O(X) ;( k 1— CanNl (9)

n

ATb DLﬂ eknx - e_kn(x_ZNl-l) int
5 Zn: T e™+c.cl.

The expressions for sum and difference of heat fluxes q", and q'r are obtained from (9) as:

qL+qR= Ed +i(ﬁl T, +T;, int+c'c.)
2 demroN; 2
(10

- ¥(T,~-T = T, Ty
9.—9r _ X(Tp OL)"'Z(an R e™ice),

—— e
2 2qcm7_oN2d 1 2
where

2k, Np! 2k Ny

1—-e 1+e
Bin =knm v Ban =kn_i__eanTl-l'

The left and right heater wall temperatures are given by
T =T+ (T +cc), T =Toy+ D (Tue™+c.c). (11)
1 1

Note that this solution is general enough to allow consideration of experimental conditions where only one side
of the heater is exposed to fluid. Plate fueled research reactors would have convective boundary conditions on
both sides of the fuel plate.

I1b. Modeling of Critical Heat Flux and Thermal Limit under Oscillatory Flow Conditions

The mathematical description of unsteady two-phase flow in boiling channels requires the self-consistent
solution of two-phase flow thermal-hydraulic equations coupled with the heat conduction equation for the
heater. The solution of these equations resuits in the possibility for many types of waves to exist,

including waves with a period of about the characteristic transport time in the boiling channel. Note also
that many types of flow oscillations can be motivated by system components outside the boiling channel
that effect the boundary conditions imposed on the channel. Many reviews of types of unsteady two-
phase flow have been offered to explain these phenomena in more detail with those due to Boure et al.

(8] and Kakac and Veziroglu [9] offered as examples.

As a first approximation the unsteady behavior of the flow is modeled by incorporating a periodic perturbation
with period < into all physical quantities of interest for a given axial location such that,

F = Z(Frexp(int)+c.c), 12)

where F is one of the physical parameters (o,p,G,x) and F, are corresponding hammonics. A relationship simlar
to (12) is also used for the boiling heat flux qQ"=q"(,p,G, Tw). :

The present evaluation is limited to the axial location where the thermal limit is first reached. Terms in the heat
conduction equation proportional to &T/a2* are neglected due to the large characteristic dimension in the axial
direction. Note that the analysis presented herein identifies conditions for which a retumn to nucleate boiling is
not possible and the heater will move to dry surfa‘z?_czeféonditions. This involves wall superheat values less than



100 degrees Celsius in water systems. Therefore, the analysis is not consistent with the rewetting of very hot
fuel assemblies where axial conduction terms are known to be important.

lic: Integration of Models

The boiling heat fluxes ", and q"r are represented in the following general form using Taylor series:

qQ", (G Ton) =dewre (t)Z A, (Typ = Taw ()"
0
(13)
Q" (. Tor) = Qamr 2 Aa(Tor ~ Tar ()"
0
where A, =1 because q'(t,Tw=Tcur) Is the critical heat flux and A = 0 due to extremum of function q'(t,Ty) at

the CHF point. A, is negative because this extremum point is a maximum point. Note that| AJ ~(ATy)? , which
justifies the appearance of AT} in equation (8) and in the nondimensional complex, Nz.

The critical heat flux values qo,. and Qcrrr , With the periodicity expressed in equation (12), are given in the
form

qorL() = Qoo+ Z(Qarne™ +c.0.),
(14)

Gorer( = Qoo + Z@crrae™ +C.C.)

Note that the possibility of phase shift between oscillations on the left and right of the heater (i.e., out-of-
phase oscillations in parallel channels [1]) could be accepted In equations (14).

Combining equations (10), (13), and (14) gives the relationship for determination of temperature
harmonics Tyn, Trn, Where n=1,2,...:

(Qemro + Z (qCHF.Lneim +C. c))z A (Ty —Tas) *+
Qemrot Z (q CHF,Rneim +C.C. ))Z A, (Typ — T )’
2Ed /(qeN,) + Z (B1n (T, + TryJe™ +c..)

(15
(Qeuro + Z (q CHF.Lneim +c.C. ))Z A, (Ty, —Tor)” - .
(dero t Z (qCHI-‘,Rneim +cC.C. ))Z A, (Tyg = T )"
®(Tor — Tor) / (QeeN2d) + Z Baa(Tin - TRn)eint +c.c).

Equation (15) requires all the terms with the same exponent, e™, to equalize.
lid:  CHF and Thermal Limit Models

Equation (15) has three different solutions for To, Tor in the range of parameters Q" min<Ed<q"max. The nucleate
boiling regime, for which Tq, Tor < 0 is the solution of (15) at Ed<qcirer where wall temperature does not
exceed the CHF point on the boiling curve. Therefore, the first solution corresponds to wall temperature
oscillations entirely in the nucleate boiling regime.
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When Q" < Ed <q™n, the temperature solution moves into the transition boiling region and then retums to
the nucleate boiling region. This cycle repeats within each flow oscillation period.

At Ed>q™ the solution of equation (16) not longer exists or is unstable. Therefore, q°n_ is the thermal limit
heat flux.

The thermal limit values obtained by this procedure have been nomalized to the steady state CHF value,
Q"chro , Which is based on the time-average two-phase parameters at the channel exit. For example, the exit
quality is determined by the relation Xou=Ed(S1/S)/(Ghyy), where Sy and S are the heater and flow areas
respectively, hy, is the latent heat of vaporization, and G is the mass flux.

The stability of solutions is investigated by introducing small perturbations 5e“'+c.c. to temperature
harmonics T; . This procedure produces the following from equation (15):

x dq"
e | 18
B kd dT T=ToporT=Tog N

This indicates that when dq”/dT>0 (positive slope) B<0 and the solution is stable.

11 Analytical Solution within the Bounds of the Perturbation Method

For cases when the perturbation amplitude of the oscillations of the boiling curve is not large an analytic
solution of equation (15) is possible. A perturbation, C=q"1/q"ctr0 ,is introduced where g is the perturbation

amplitude, and Q'ciro is Q" evaluated using time-average parameters. For the case of symmetrical
heating, the analytical solution of equation (15) for the thermal limit heat flux becomes

2Aq 007
(i /1) (1- =74 /(1 + o) *

a7

A = Qeyro —

where 2A = dzq”w,olde is the second derivative of CHF at the CHF point. Note that this solution applies for
small ¢ and a thick heater, N; <1 or d<d.

v Results

The influence of boiling instabilities on thermal limits has been evaluated experimentally for low pressure and
low mass flux situations in water by Mishima et al. [3] and Ozawa et al. [5]. Unfortunately, an experimentally
based characterization of the boiling curve was not found for these conditions, Griffith et al. [10) determined
that the CHF value is well approximated by the pool boiling CHF value taken times the local liquid volume
fraction when the mass flux is less than 200 kg/m?. A similar model is implemented in the RELAP5-MOD3
code [6] and is shown in fig. 1 for mass flux G = 20 kg/(s-m"’), pressure p = 0.10 MPa, and saturated
conditions. These conditions are consistent with those of Ozawa et al. [5]. The coefficients in the Taylor series
expansion of the boiling heat flux required for the model are derived from fig. 1.

Equation (15) has been solved using the packages MATHCAD and MAPLE on a PC. The wall temperature,

w, dependence with time is shown in fig. 2 for the 2parameters k=0.23W/(cm-K), 3x=0.06cm%s, o=1.5s",
d=0.25cm, A=0.005, q"m:,o=50W/cm2,and q"=5W/cm*® which are consistent with data from Ozawa et al. [5].
Note that the wall temperature in fig. 2 is normalized to the wall temperature comesponding to CHF at time
average conditions. When Ed is less than thermal limit, qr., nucleate boiling persists throughout the period of
oscillation and the wall temperature follows the heat flux as indicated by curve 1 in fig. 2. When Ed is just less
than the thermal limit heat flux, qr,, the wall temperature exhibits more complicated behavior due to the
nonlinear relationship between wall superheat and boiling heat flux associated with movement into and out of
the transition boiling regime.
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Figure 1: Heat Flux Versus Wall Temperature From RELAPS-MODS3 for G=20 kg/(s-mz), p = 0.10 MPa, and
saturated conditions.
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Figure 2: Wall Temperature Dependence with Time for (1) Ed=35 W/cm? and
(2) Ed=47.2 W/em?

Note the phase shift between the wall temperature traces in fig. 2. The transition from nucleate boiling to
transtion boiling is shown by the uptum in curve two, indicating a decrease in the heat transfer coefficient. The
heater then stores energy during the time it is in transition boiling. The retum of the heater to nucleate boiling is
delayed because the heater surface temperature must first be lowered to a value near the saturation
temperature. This requires that some of the energy stored in the heater during transition boiling be discharged
to the fluid. The temperature tums upward again indicating a retum to transition boiling. Note that the
subsequent uptum in temperature occurs somewhat before the wall temperature value comesponding to the
time average CHF. This is because the heat flux is still higher than the average value at this point in the cycle
due to the continued discharge of energy stored in the heater during transition boiling when the heat transfer
coefficient and heat flux are low.

Analysis of expressions (10) and (13) shows that two nondimensional numbers N1 = (/0)? d" = d/d and N2 =

(o) ATy oo = (kpc) (@) PATy/q"aro can characterize the solution. The normalized ratio, Q"n/Qcro

, is represented versus N1 for different N2 in fig. 3 with 9"1/q"crr0=0.4. It is seen that that the major change in

thermal limit takes place as Ny moves from 0.5 to 10. This comesponds to movement from thick heaters with

dimensions greater than the themmal wave penetration depth, d;, to thin heaters with dimensions smaller than
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the thermal penetration depth. Note also that as the heater thichness goes much smaller than the thermal
penetration depth the heater temperature responds instantly to variations in the heat transfer coefficient and
the heat flux becomes constant in time. Therefore, the themmal limit occurs when the CHF is first encountered
for the case of large N1, such that 4" n=q"cr0-q"1.

The thermal limit heat flux, Q"n. , approaches the steady state CHF for large N2 and small N1. The
dimensionless group, N2, is proportional to the themnal effusivity, xpc, to the one half power. The thermal
effusivity gives a measure of the ability of the heater to store energy and move energy to the surface. A heater
with large thermal effusivity and large dimensions (small N1) is therefore able to withstand periods of transition
boiling without large changes in wall temperature. This allows the thermal limit heat flux, ™5 , to approach the
steady state CHF value.

The slight hook in curve one on fig. 3 at low N1 and high N2 is associated with high frequency behavior since
N1 goes as o™ while N2 goes as ™. The high frequency causes the themmal penetration depth to be small

relative to the heater dimension. This limits the ability of the heater to discharge energy stored during the
transition boiling part of the cycle. Note that high frequency is defined by the heater characteristics and the
boiling curve through the' definitions of N1 and N2.

The model predictions are compared with the experimental data of Ozawa et al. [5] in fig. 4. Sinusoidal inlet
mass flow variations were imposed on the channel with periods of 2, 4 and 6 seconds. The comparison shows
qualitative agreement between the analytical model and the experimental resuits.
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Figure 3: Dependence of Nondimensional Thermal Limit Value, 9"n/q a0 , on N1 and N2,
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Figure 4: Comparison of the Model with Data from Ozawa et al. [5]. The model results are indicated with lines.
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The RELAPS5-MODS3 [6] code is a numerical representation of a two-fluid thermal-hydraulic model coupled with
a one dimensional conduction model in the heater. Therefore, this code should simulate the physics required to
predict the variation in thermal limit heat flux associated with unsteady flow conditions. RELAPS-MOD3 was
used to simulate an experiment performed by Ishii and Mishima [4]. This simulation is an extension of work
performed by Ruggles and Williams [11]. The RELAPS code predicted unsteady flow behavior and wall
temperature oscillations qualitatively consistent with those observed in the experiment. These simulations
included a careful examination of the sensitivity of the results to nodalization, time step, and rate of increase in
the applied heat flux. The thermal limit flux was defined as the applied heat flux when the heater back wall
temperature began to rise rapidly and continued to rise for several hundred degrees Celsius. RELAP5 was run
for the experimental conditions from [4] with inlet mass flow of 35 Kg/m s and a thermal limit flux of 72 KW/ m?
was determined. The measured thermal limit flux was 105 KW/m®. The input file for the code was then
modlfed to run with the heater thickness four times the original value and a themmal limit heat flux of 78 KW/
m? was predicted. The N1 value for the experiment is 88 using an oscillation period of one second which is
roughly consistent with the experiment and the simulation results. These simulations support the effect of
increasing the parameter N1 on the thermal limit heat flux as indicated in fig. 3. A study with values of N1 in
the range from 0.5 to 10 would likely produce more variation in the thermal limit.

V. Conclusions

Many of the experimental studies used to establish reactor thermal limits have been conducted using
constant inlet mass flow conditions. However, it is the pressure drop across the fueled region that
remains constant in reactor systems due to the large number of parallel cooling channels in the fuel
assembly [1]. It is often assumed that thermal limits established during single channel tests with constant
inlet mass flow can be used in reactor thermal limit studies. This assumption certainly holds if the flow
behavior in the fuel cooling channel is identical to that recorded in the single channel experiment.
However, the flow behavior and measured thermal limit can vary significantly as the applied boundary
conditions are changed from those of constant inlet mass flux to those approaching constant applied
pressure drop, as indicated by Mishima et al. [3].

Natural circulation flows and flows at low mass flux and low pressure are very prone to unsteady
behavior. These flows are of interest in reactor safety analyses where decay heat is to be removed by
natural circulation. It is generally beyond the state of the art to accurately predict the nature of flow
oscillations in two-phase systems. Therefore, it is important that experiments intended to verify the
performance of these systems be properly designed to produce either best estimate or conservative
performance information.

The model presented herein provides a tractable and mechanistic relationship between heater properties,
basic flow properties and thermal limits. These relationships allow the engineer to determine if an
experiment evaluating thermal limits Is likely to produce conservative, non-conservative, or best
estimate results when applied to a reactor fuel assembly. However, this evaluation will require some
knowledge pertaining to the nature of the unsteady flow both in the experiment and in the reactor fuel
assembly.

The results of this analysis are especially important to equipment where the heat capacity of the structure
in the region where the energy is generated is small and the materials used have low melting
temperatures. Such systems include research reactors and production reactors which use aluminum
cladding, and fusion reactors in the region of the diverter plates where copper is the primary structural
material. These systems have significant heat loads after shut-down and can be damaged by dry
conditions. Experiments intended to establish the thermal limits for these systems can easily produce
nonconservative results if heaters of large dimensions are used.

Acknowledgements: The authors thank the National Academy of Sciences and the Nuclear Engineering
Department of the University of Tennessee for supporting Dr. Vasil'ev during his visit to the United
States.
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Nomenclature
A=2"'d%q"cur o/dT? (T=Tcwr) - Second derivative of boiling heat flux with temperature
c- specmc heat Jkg K

d - heater thlckness. m

E - volumetric energy generation Wim®

Ed - heater heat ﬂuxé W/m?

G - mass flux, kg/(m*“s)

dG-amplitude of mass flux osclllation

h - heat transfer coefficient, W/(m K)

p pressure, N/m

q" - heat flux, W/m?

T - temperature, K

ATy, - characteristic boiling curve width temperature, K

x -quality; coordinate, m Subscripts

z - longitudinal coordinate, m

o - void fraction ex - exit

B - perturbation amplitude L -left

T - oscillation period, s R - right

¥ - thermal conductivlty, W/mK sat - saturation
%, - thermal dlffuslvlty, m?s TL -thermal limit
p - density, Kg/m® w - wall
o=2n/t-frequency 0 -average value

ref- reference value
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ABSTRACT

The boiling crisis is one of the phenomena limiting the available power from a nuclear power
plant. It has been widely studied for decades, and numerous data, models, correlations or tables are
now available in the literature.

If we now try to obtain a general view of previous work in this field, we may note that there are
several ways of tackling the subject.

The mechanistic models try to model the two-phase flow topology and the interaction between
different sublayers, and must be validated by comparison with basic experiments, such as
DEBORA, where we try to obtain some detailed informations on the two-phase flow pattern in a
pure and simple geometry. This allows us to obtain better knowledge of the so-called "intrinsic
effect”.

These models are not yet acceptable for nuclear use. As the geometry of the rod bundles and
grids has a tremendous importance for the Critical Heat Flux (CHF), it is mandatory to have more
precise results for a given fuel rod bundle in a restricted range of parameters: this leads to the
empirical approach, using empirical CHF predictors (tables, correlations, splines, etc...).

One of the key points of such a method is the obtaining local thermohydraulic values, that is to
say the evaluation of the so-called "mixing effect". This is done by a subchannel analysis code or
equivalent, which can be qualified on two kinds of experiments: overall flow measurements in a
subchannel, such as HYDROMEL in single-phase flow or GRAZIELLA in two-phase flow, or
detailed measurements inside a subchannel, such as AGATE.

Nevertheless, the final qualification of a specific nuclear fuel, i.e. the synthesis of these
mechanistic and empirical approaches, intrinsic and mixing effects, etc..., must be achieved on a
global test such as OMEGA. This is the strategy used in France by CEA and its partners
FRAMATOME and EdF.

1. INTRODUCTION

The boiling crisis in nuclear plants is one of the phenomena limiting the available power, and
must be taken into account in accidental, incidental and nominal conditions.

In accidental conditions, (more than class 2), it is necessary to have a rough estimation of the
boiling crisis conditions for a very wide range of parameters. A rough but general purpose
predictor, as Groeneveld's tables (1993) can be used.

In incidental (up to class 2) and nominal conditions, more precise evaluations are needed for a
more narrower range of parameters. To obtain this high level of precision, one must take precisely
into account the detailed rod bundle and mixing grids geometry (for example, the geometry of the
vanes). The precision and the reliability of our knowledge of the boiling crisis in a given fuel
design impacts directly on safety margins, available power and consequently finance.

As it is impossible to provide detailed results, which are proprietary, the purpose of this paper is
to explain the French methodology used by the CEA, EdF and FRAMATOME.
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2. MECHANISTIC BOILING CRISIS MODELS AND EXPERIMENTAL STUDY OF
THE TWO-PHASE FLOW TOPOLOGY

This seems to be the most "physical” approach to boiling crises. Many authors have tried to

model two phase flow topology, often by modelling the behavior of several sublayers and the
exchanges between them. The boiling crisis occurs when a critical condition is reached on the
sublayer near the heating wall.

For dry-out at rather high quality in the tubes, the Whalley model [1, 2] is well accepted. It is
based on the drying of the liquid film in annular dispersed flow. A model of the exchanges between
the droplets in the bulk flow, the liquid film near the wall and the vapor phase allows the prediction
of the conditions in which the liquid film dries and dry-out appears.

For burn-out (lower quality), there are several families of models: the Weisman model [3, 4, 5,
6, 7, 8] proposes a mechanism by which bubbles accumulate near the wall: the boiling crisis
corresponds to a critical local void fraction. On the other hand, some models such as Lee's [9]
modified by Lin [10] or Katto's model [11, 12] propose a mechanism based on the drying of a thin
liquid film between the wall and larger bubbles. Tong's model [13, 14, 15], based on a superheated
liquid layer near the wall, a bubbly layer and the bulk flow is widely used for taking into account
the non-uniformity of axial heat flux distribution.

These models are semi-empirical, that is to say that most of them have parameters adjusted using
experimental data. As initial attempts at modelling were fairly simple they only applied to very
simple geometries such as a circular, uniformly heated vertical tube. Subsequently, they have been
adapted to more complex geometries such as rod bundles and to an extended parameter range.

Recently, Katto [16] has provided a general review of the different boiling crisis models over the

last decade for a wide range of parameters, geometries and conditions.

All the "mechanistic" models described above help the Progress of Science, and, consequently,
must be constantly improved, mainly by simple and analytical experiments. This is one of the aims
of the French Atomic Energy Commission (CEA) DEBORA facility.

In the DEBORA [17, 18] test loop, freon R12 simulates high pressure high temperature steam-
water flow. For different simple test-section geometries (tube, annular space, etc), micro-
thermocouples measure local fluid temperature and micro optical fiber probes (with a measuring
diameter of 10 pum, using a one slice level method with a threshold at 30% of the amplitude,
recording the signal during 3 mn for point) measure the phase indicator function, permitting a
detailed description of the single-phase and two-phase flow patterns up to boiling crisis conditions.

From some preliminary tests performed in a tube (19.2 mm internal diameter) with pressure,
mass velocity and heat flux values equivalent to the nominal conditions of a PWR, we can report
some partial, provisional but interesting conclusions:

e The position of the maximum of the local time-averaged void fraction radial profile is near the
wall at low mean quality and moves progressively toward the center of the tube when the mean
quality increases (see, for example, figure 1).

Assuming a velocity field and a slip model between phases, one can deduce from the optical

probe signal the characteristic dimension (the diameter if we assume spherical bubbles) of the

bubbles.

e The characteristic dimensions of the Freon bubbles are fairly homogeneous whatever the radial
position and the mean quality, but depend on the pressure and, less, on the mass velocity.
These dimensions are of the order of 300 um, and a large majority of them range from 200 pm
to 400 pm. There is no experimental evidence of coalescence of these bubbles in usual
conditions.

* Just before the boiling crisis, a change in the two-phase flow pattern has been detected in a layer
roughly 150 um to 300 pm thick, near the wall (visible in figure 1).

These topology studies are now under way to validate the above facts and to determine their
dependencies on the parameter range.
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These results will be used to test the mechanistic boiling crisis models and improve basic
knowledge on this phenomenon.

DEBORR : G=208Bkg/s/m2 Pw]? MPa Phi=?740 kW/m2 ( water scaled )

s!oid fraction

Xa= .134
Xge , 187
Xs= ,08
+4-Xg= .04
Xs= ,B14
Xs=-,011
Xg=~.05

«3[-Xs=~,28?7

/|

Boiling Crisis

Xs=2.08

Radius ¢ mm )

Figure 1 : Void fraction profiles measured on the DEBORA test loop
Local time-averaged void fraction plotted vs radial position of the micro-optical probe for different
mean thermodynamic qualities Xs (the void fraction increases when the quality Xs increases).
The real mean freon R12 conditions are: G = 2000kg/m?/s, P = 2.62 MPa, heat flux = 74kW/m?

Up to now the "mechanistic" models compared to the experimental Critical Heat Flux (CHF)
results have provided moderate agreement for a simple geometry (such as tubes) and poor statistical
results for a more complex geometry (such as rod bundles). Most of these models are unable to take
into account the complex effects of the mixing grids of a nuclear fuel rod bundle and the
consequences of secondary flows. Experimentally speaking, these mixing grid effects are important.

For example, de Crecy [19] splits the total effect of the mixing grids and mixing vanes into a
mixing effect, which quantifies the cross flows and determines the subchannel mean conditions and
an intrinsic effect, which is the remaining part and represents the effect on the mixing grid and
mixing vanes on the two-phase flow topology inside a subchannel. Ideally mechanistic models
should describe and quantify the intrinsic effect. Due to the lack of understanding of local
phenomena, this effect is at present quantified by empirical CHF predictors.

That is why these models, useful for the scientist and for better future knowledge of the basic
phenomena, are inadequate for industrial use or safety studies of a LWR. The nuclear safety
authorities do not accept the use of these mechanistic models.
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3. THE EMPIRICAL APPROACH TO BOILING CRISES: THE CHF PREDICTORS

As the mechanistic models are not yet adequate for industrial use, an empirical approach is
widely used. It consists in using experimental data, which is sometimes complemented with general
physical considerations, to build a boiling crisis predictor such as a correlation, table, smoothing
spline, neural network, etc. Usually it only applies to a specific geometry and a specific mixing grid
in a given range of parameters. ‘

According to Groeneveld [20], over 500 CHF correlations exist in the published literature and
many others are proprietary; most of them deal with water-cooled tubes and have a narrow range of
validity. This proliferation of CHF prediction methods illustrates the lack of understanding and
consensus on the boiling crisis physical phenomena. It also demonstrates how acutely users need a
means, which is both accurate and fully reliable, of estimating boiling crisis conditions in their
specific geometry, parameter range and mixing grids.

These correlations are usually obtained using a least square regression method, but this approach
is not really satisfactory: the scattering between measured and predicted values is significantly
higher than the expected experimental uncertainties, the a priori given form (or, in the best cases, a
limited choice between several a priori given forms) of the correlation seems to mean that the
phenomenon has to obey this (these) form(s).

In order to use all the information from the experimental data points without adding any other
hypothesis, the CEA has developed an alternative method, called PLAQUE, based on a
multidimensional pseudo-cubic thin-plate type smoothing spline [21]. It uses neither physical
modeling nor an a priori given form, but only experimental data. The only underlying hypothesis is
that the phenomenon (for example, the CHF) depends in a "smooth" way on the other parameters
(pressure, mass velocity, enthalpy, etc.). It does not require a normalised data base. Experimental
data points may be anywhere, but of course the results will be more reliable and accurate in areas
where the points are numerous.

The smoothing parameter, that is to say the strength of the smoothing or the optimal compromise
between a "smooth" surface and small differences between measured and "smoothed" values, is
obtained by generalized cross validation.

This smoothing spline method yields very satisfactory results, giving well validated small
residual deviation and allowing statistical and uncertainty calculations. It is widely used by CEA,
EDF and Framatome, for example to quantify the effects on CHF of geometric changes in mixing
grids design, such as a different mixing vane angle, and reveal the parameter range in which this
effect is statistically significant.

This smoothing spline can also be used to build a CHF look up table, similar to the one used by
Groeneveld [20] for tubes. However, as this empirical approach using CHF predictors is mainly a
way to describe and use the experimental results, one must always remember that any extrapolation
from the experimental data set is doubtful, unreliable and may be dangerous: there is no physical
explanation of the underlying phenomenon. This is one of the main drawbacks of the empirical
approach. :

4. OBTAINING "LOCAL" THERMOHYDRAULIC VALUES

Generally speaking, the use of mechanistic models requires knowledge of the local thermo-
hydraulic conditions. In the same way, many CHF empirical predictors use the local thermo-
hydraulic conditions, and this is the most advisable approach [22, 23].

Usually, "local” means at the scale of a subchannel, delimited by 4 (square pitch) or 3
(triangular pitch) rods; but a more precise description may be needed.

In general, only "mean" limit conditions are known: inlet temperature, average mass velocity in
the whole test section, mean exit pressure, etc. A specific tool is needed to deduce local
thermohydraulic conditions from the mean conditions, The problem is quite different in a real
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reactor core or in a rod bundle CHF experiment (with typically a 4 x 4, 5 x 5 or 6 x 6 rod bundle).
The secondary flows are not caused by the same type of heterogeneity.

In a PWR core in nominal conditions, there are some "long distance" (at the core scale)
secondary flows driven by the "long distance” neutronic power heterogeneities, some "intermediate
distance” secondary flows driven for example by heterogeneities between two adjacent assemblies,
and some "short distance” secondary flows at the scale of adjacent subchannels driven by mixing
grid heterogeneities due to the presence of guide thimbles or rod to rod differences in neutronic
power.

In incidental conditions, all these long, intermediate and short distance secondary flows can be
significantly modified.

In a usual rod bundle CHF experiment only "short distance” secondary flows can exist: the
water proof shroud prevents intermediate and long distance cross flows. To prevent the boiling
crises on the non-representative peripherical rods, the experimentors usually impose a higher heat
flux radial-peaking factor in the tests than what is expected in an actual nuclear core. They also
impose a rod-to-shroud gap sufficient to allow the secondary flows to pass round the peripherical
rods, but this involves a larger cross-section of the subchannel to heating perimeter ratio. These two
facts result in a short distance enthalpy radial-peaking factor which is higher in a CHF experiment
than in a true LWR core, and, in two-phase flow, in higher quality and void fraction radial peaking
factors, and, consequently in higher "short distance" secondary two-phase flows: for the same short
radial distances (a few centimetres) there is usually more to mix in a CHF experiment than in an
actual LWR core.

The way to use a rod bundle CHF experiment for an actual PWR core calculation may be
symbolized by the following figure:

Figure 2
CHF experiment: PWR core:
CHF.. mean conditions
mean conditions
Local CHF Local core
conditions conditions
Comparison of core
local heat flux and
Empirical CHF predicted CHF for these
predictor local core conditions

The "A" and "B" process is usually implemented with the help of subchannel analysis code such
as FLICA, THYC, COBRA, etc. One of the main purposes of these codes is to model the
secondary flows.

In CHF experiments, "long" and "intermediate" distance secondary flows are impossible
(presence of the shroud). But, as mentionned previously, "short distance” secondary flows are
enhanced. Consequently, the mixing grid effects (mainly short radial distance effects and
enhancement of turbulence) have a comparatively greater influence in the "A" process than in the
"B" one, because there is more to mix in "A" than "B". It is thus very important to have a reliable
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description of this mixing effect, in order to validate the mixing coefficient, or equivalent, used in
the subchannel analysis codes.

The CEA has two experimental facilities for studying this mixing effect: HYDROMEL in single
phase flow and GRAZIELLA in two-phase flow.

In HYDROMEL, a rhodamine solution is injected into the most central subchannel of a5 x 5 to
9 x 9 rod bundle, upstream from a mixing grid, in an adiabatic, low pressure and moderate

temperature water flow. The local concentrations in each channel are measured first between the
injection point and the mixing grid to quantify natural diffusion and then downstream from the
mixing grid at different locations to quantify mixing effect efficiency and its variations and then
adjust the mixing coefficient of FLICA code.

An interesting feature revealed by this experiment is the high asymmetry of the subchannels even
a long way downstream from the mixing grid (L/Dh greater than 30).

On GRAZIELLA, isokinetic sampling is performed at the end of a 5 x 5 heating rod bundle in a
freon R12 two-phase flow simulating high pressure high temperature water flow. The parameter
range is characteristic of a PWR in an incidental condition, prior to the boiling crisis. 36 sampling
probes can extract the totality of each subchannel to measure the sampled mass flow rate and
enthalpy. The major difficulty is minimizing flow disturbance, so considerable attention is paid to
the isokinecity of sampling: the exit level pressure map, precisely measured by 36 pressure taps,
must remain the same with a very high stability before and during sampling. The procedure and the
technology has been tested previously on FRENESIE, a 2 x 2 rod bundle.

The results are devoted to validating the description of the two-phase mixing effect in industrial
subchannel analysis code such as FLICA.

S. A FINE DESCRIPTION OF THE SINGLE-PHASE MIXING EFFECT

The industrial subchannel analysis codes such as FLICA, THYC, COBRA, THINC, etc. provide
overall predictions of the mixing effect and are based on a overall description of this mixing effect

observed on experiments like HYDROMEL or GRAZIELLA.

The physics included in the code is devoted to giving as reliable as possible an extrapolation
of the experimental results from a CHF experiment to an actual nuclear reactor for a given mixing
grid. With this type of code, it is not possible to predict the effect of a new mixing grid geometry
or even understand the behavior of an existing one.

As we would also like to understand mixing grid behavior, we need to determine the flow
pattern at a very fine scale, ideally below the scale of the smallest structure of the flow pattern.

To progress toward this aim, two tools are used: the AGATE experiment and the TRIO code.

AGATE [24, 25] is a 3D laser Doppler anemometry test loop. It provides a precise (+ 5 cm/s) and
very local (the measurement volume is about 2 x 103 mm3) description of the velocity and
turbulence field in a 5 x 5 rod bundle, upstream and downstream from a mixing grid in an adiabatic
low pressure moderate temperature single phase water flow. A two-color laser measures the two or
three components of the velocities in the unshadowed area.

Figure 3 presents the areas where the 2 or 3 components of the velocities are measured in
AGATE test section.
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The numerous results reveal a complex velocity field with, for example, some inversion in cross
flows. It has been observed that this flow behaviour depends strongly on the position, dimension,
shape and inclination of the mixing vanes at the upper part of the mixing grid.

An example of results, the axial evolution of transverse velocities with some inversion of the
flow, is presented in figure 4. This result is compared to the calculations of TRIO, a fine-meshing
3D single-phase flow computer code. We used the "natural” version of this code, with minimum-
closure laws but a turbulence model. The code is mainly based on local instantaneous balance
equations with the usual hypotheses, such as incompressible Newtonian fluid.

The turbulence is modelled using the "large-scale simulation and sub-grid modelization"
technique [26]. There is no "mixing coefficient" or equivalent. The mixing effect is only determined
by a description of the geometry of the mixing vanes and mixing grids.

To obtain a satisfactory fit between the AGATE experiments and the TRIO calculations, we need
a fine description of the grid and vane design and consequently a very fine meshing (the
characteristic dimension of the mesh is 1 mm as an order of magnitude).

At this point, the objectives of AGATE and TRIO are:

e to facilitate the understanding of the mixing phenomenon, secondary flows, and so on,

e to allow a reliable extension of the 5 x 5 experimental results to the actual 17 x 17 nuclear fuel
assembly, ‘

e to be able to make numerical sensitivity studies on the geometry of the mixing vanes in order to
optimize the geometries to be tested on AGATE.

Once the use of TRIO is well qualified on AGATE tests, it could be used as a R&D tool:

The knowledge of the flow velocity field is therefore summarized with an appropriate set of
coefficients in a fast-running industrial subchannel analysis code such as FLICA.

It is obvious that the main drawback is that this approach deals only with single phase flow in
the present state of the art.

Work is under way to find an equivalent fine description of the two phase mixing effect. It
would involve both bringing together, in one experiment, the capabilities of AGATE and DEBORA
a two phase flow version of a fine 3D code.

We hope that, in the more distant future, we may obtain a reliable description of both two phase
cross-flows and two-phase flow topology. This fine two-phase description of the flow could then be
used with an improved mechanistic model to obtain a reliable, physical and precise prediction of
boiling crisis conditions. : :
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6. OVERALL CHF CONDITIONS FOR INDUSTRIAL USE

With the present state of the art, a global CHF experiment with the real geometry is needed in
order to obtain reliable and directly usable boiling crisis information. This is the left entry of figure
2. In our strategy, it is implemented by the OMEGA experiment: (a 5 x 5 rod bundle, 2 MPa to 17
MP, 355°C in water, 10 MW). A large number of wall thermocouples can detect the boiling crisis
and its axial and azimuthal position. A wide variety of mixing-grid geometries and dispositions,
axial and radial heat flux shape, diameters and pitches have been tested. It is also possible to have
either an adiabatic shroud or a heating one. The measurement (in single phase) of fluid temperature
maps can assess the single-phase mixing efficiency of the grids.

As explained in the left part of figure 2, the mixing effect of the grids is taken into account to
obtain the local conditions from the mean boiling crisis conditions.

Then the remaining part of the total effect, that we call the intrinsic effect, is quantified by a
empirical CHF predictor, usually by using the PLAQUE method (the "C" process in figure 2).

CONCLUSION

The strategy used to study the boiling crisis has been presented. We try to finalize a coherent set
of methods, experimental facilities and computer codes in order to obtain:
e better knowledge and understanding of the fundamental phenomena involved,
o reliable and directly usable information on the boiling crisis, such as CHF predictors.

We emphasize the geometry and parameter range useful for PWR cores under normal and
incidental conditions. Starting from very local measurements, tools are provided to transpose this
basic knowledge to actual reactor conditions. This strategy is designed to help our industrial
partners in their never-ending search for better performance and safety.
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An Investigation of Transition Boiling Mechanisms of Subcooled Water

under Forced Convective Conditions
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ABSTRACT

A mechanistic model for forced convective transition boiling has been developed to
investigate transition boiling mechanisms and to predict transition boiling heat flux realistically.
This model is based on a postulated multi-stage boiling process occurring during the passage
time of the elongated vapor blanket specified at a critical heat flux (CHF) condition. Between
the departure from nucleate boiling (DNB) and the departure from film boiling (DFB)points, the
boiling heat transfer is established through three boiling stages, namely, the macrolayer
evaporation and dryout governed by nucleate boiling in a thin liquid film and the unstable film
boiling characterized by the frequent touches of the interface and the heated wall. The total heat
transfer rates after the DNB is weighted by the time fractions of each stage, which are defined as
the ratio of each stage duration to the vapor blanket passage time. The model predictions are
compared with some available experimental transition boiling data. The parametric effects of
pressure, mass flux, inlet subcooling on the transition boiling heat transfer are also investigated.
From these comparisons, it can be seen that this model can identify the crucial mechanisms of
forced convective transition boiling, and that the transition boiling heat fluxes including the
maximum heat flux and the minimum film boiling heat flux are well predicted at low
qualities/high pressures near 10 bar. In future, this model will be improved in the unstable film

boiling stage and generalized for high quality and low pressure situations.

L. INTRODUCTION

Transition boiling is an intermediate heat transfer mode where the heated surface
temperature is too high to maintain nucleate boiling but too low to maintain stable film boiling.
In this boiling mode, an increase in surface tempearture usually results in a decrease in surface
heat flux. The transition boiling region of the boiling curve is traditionally considered to be
bounded by the critical heat flux (CHF) with the corresponding CHF temperature (this point
corresponds to the maximum heat flux point in the boiling curve) and by the minimum film
boiling (MFB) heat flux with the corresponding MFB temperature (see figure 1). However, the
tra?ition boiling boundaries may be determined on the phenomenological basis as the points "a"
and "d" rather than the points "b" and "c", as shown in Figure 1. Point "a" indicates the
departure from nucleate boiling (DNB), which is characterized by the appearance of unstable
local dry spots on the heating surface. Point "d" shows the departure from film boiling (DFB)
characterized by the appearance of unstable local cold spots on the heating surface. Kalinin et al,
[1] took notice of the fact that the transition from nucleate to film boiling with increasing the
wall superheat AT,, (or the opposite transition with decreasing AT,) is gradual and smooth, and
the maximum heat flux (MHF) and MFB heat flux are interior points of the transition boiling
region. To investigate the transition boiling mechanism based on the various experimental

observations [1,2], this classification is considered more promising than the traditional one.
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Figure 1. Schematic Diagram for Transition Boiling Boundaries. Point (a): Nucleate Boiling
Instability Boundary, Point (b): Maximum Heat Flux, Point (c): Minimum Film Boiling
Heat Flux, Point (d): Film Boiling Stability Boundary.

Recently, the practical interest in transition boiling has increased in connection with the
safety analysis of nuclear reactors, especially with studies of hypothetical loss of coolant
accidents (LOCA) as the design basis accident for light water reactors, and heat treatment of
metals. Up to now, the experimental and theoretical studies have been plentifully performed for
the transition boiling in pool boiling situations, but scarce in forced convective boiling situations.
The comprehensive review of Kalinin et al. [1] and Auracher [2] of transition boiling shows that
the present knowledge about transition boiling mechanism is plentiful only for pool boiling
situations. However, the forced convective transition boiling mechanism is poorly understood
due to the inherent complexity of this phenomenon and the experimental difficulties.
Consequently, available prediction methods are promising in the pool boiling situations but yield
large discrepancies in the forced convective boiling situations due to their limitations caused by
the difficulty in accounting for the various physical mechanisms in a single correlation and the
lack of reliable data base.

Most of the prediction methods for transition boiling are ba;gd on Berenson's p.ostulat.e. [3]
that transition boiling is a combination of unstable nucleate boiling and unstable film boiling,
each of which alternatively exists at any given location on the heating surface. This can be
formulated as

dQy = Aql+(1-FA)q,,, (1)

where, q, and q, designate the average heat flux during the liquid contact and the vapor contact,

respectively. E, denotes the average statistical fraction of the wetted area on the heated wall at a
given moment..” If the liquid-solid contact process can be assumed to be ergodic, the local liquid

contact time fraction, Fr, is considered to be equal to the wetted area fraction, F,.

Based on the idea of Equation (1), some phenomenological models for forced convective
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transition boiling have been developed by several authors, such as Ragheb and Cheng [4],
Bjornard and Griffith [5], and Kao and Weisman [6]. In the first two models, they assume that
q and q, are constant during the contact process, and equal to the MHF and the MFB heat flux of
a boiling curve, respectively. They also assume that a linear relationship exists between the two
anchor points and F, =1 at the MHF point and F, =0 at the MFB heat flux point, respectively. In
these models, the expression of F, becomes

F, =[(T, - Typs) / (Typye - Tyrs) ] 2, 2)

However, Kao and Weisman [6] introduced a moving quench front model to estimate the wetted

area fraction (F, ) at high quality and low flow conditions, and used a wetted heat flux curve
decreasing with temperature instead of a fixed MHF and a vapor convection heat flux instead of
a fixed MFB heat flux, respectively, as two anchor points. In this model, the first anchor point is
not the MHF point but the DNB point in the boiling curve (see point "a" in the figure 1), thus the
wetted area fraction at the MHF does not need to be unity. '

In fact, the recent experimental studies [1, 2, 7-9 ] for the wetted area fraction show that F
at the MHF is far below unity. Therefore, the correlations of the wetted area fraction derivea
from Equation (2) cannot be regarded as a reasonable estimate. Up to now, we cannot find
reliable correlations for the estimation of the wetted area fraction in the forced convective boiling
conditions, especially at low qualities/high flows. On the other hand, most of the recent
theoretical studies on the transition boiling for pool boiling conditions, such as those of Kalinin
etal. [1], Pan, Hwang, and Lin [10], and Farmer et al. [11], assumed that the liquid-solid contact
process as a periodic sequence of transient conduction, nucleation and macrolayer dryout, and
vapor film boiling phases on the heating surface. In these models, the wetted area fraction was
evaluated by the liquid contact time fraction, assuming the contact process to be ergodic. These
studies showed that the wetted area fraction at the MHF point was smaller than unity and the
MHF point is much higher than the steady state CHF value as the upper limit of nucleate boiling,

In this context, we attempt to develop a mechanistic prediction model for the forced
convective transition boiling of subcooled water, based on the basic idea of Pan, Hwang, and Lin
(PHL) theoretical model [10] for the pool boiling. For a specific feature of forced convective
transition boiling, some mechanisms and assumptions of PHL model will be modified, and
their rationales will be discussed in the section of physical model and basic assumptions. The
primary objective of this study is to predict the transition boiling heat flux properly, and to
explain adequately the recent experimental evidence that the wetted area fraction at the MHEF is
smaller than unity and the liquid contact heat flux is higher than the CHF value.

II. MODEL DESCRIPTION

IL1 Physical Model and Basic Assumptions
Based on the previous investigations [10, 12-17] of the physical mechanisms of critical

heat flux, transition boiling, and film boiling phenomena, the present physical model is
supposed, as depicted in Figure 2. For a complete transition boiling cycle, there are four key
boiling stages, namely, approaching of vapor blanket, macrolayer evaporation, macrolayer
dryout, and unstable film boiling with frequent liquid-solid contacts. It is assumed that the
transition boiling cycle starts when a vapor blanket approaches to a given point on the heated
wall. The departure from nucleate boiling (DNB) occurs when the macrolayer dryout time is
equal to the vapor blanket passage time, which is determined by dividing the vapor blanket
length, L, by the blanket velocity, Uy, at a CHF condition. Before the DNB, the heat transfer
through the macrolayer is governed by a fully developed nucleate boiling. After the DNB, the
wall heat transfer is established through two boiling stages, i.e., the macrolayer evaporation
governed by a nucleate boiling in thin liquid film and the unstable film boiling with alternate
wet and dry periods induced by the instability of the liquid and vapor interface. The present
model assumes that the total heat transfer rate during transition boiling is the sum of the heat
transfer rates after the DNB weighted by the time fractions of each stages which are defined as
the ratio of each stage duration to the vapor blanket passage time. The transition boiling heat
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Figure 2. Illustration of the Physical Model for Each Stage of Transition Boiling Cycle

transfer is terminated when the wall superheat exceeds the DFB temperature characterized by a
complete separation of the liquid-vapor interface from the wall. From the assumed ergodicity of
the time sequential process during the vapor blanket passage over a given point, the transition
boiling heat flux at a given axial location can be estimated.

This physical model is similar to that of PHL pool boiling model [10], but it is considerably
modified to accommodate the specific feature of forced convective situations. The PHL model
was based on three contributors of the transition boiling process, i.e., transient conduction,
macrolayer evaporation, and vapor film boiling. In the present model, the effect of transient
conduction on the forced convective transition boiling is assumed negligible and the vapor film
boiling stage is replaced by the unstable film boiling stage due to the instability of the vapor-
liquid interface under the forced convective boiling in the vertical tube geometry. To satisfy the
ergodicity of the transition boiling process, the controlling phenomena are selected as a time
sequential process occurring at a given point during the vapor blanket passage, instead of the
controlling phenomena under the hovering bubble on the heated surface of PHL model. If the
specified vapor blanket characteristics ( its size, length, and velocity) are suitable as compared
with the tube diameter and length, and the time scale including all the controlling phenomena,
the ergodicity will be satisfied.
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The present model is also similar to that of Katto, Yokoya, and Yasunaka (KYY) [17] for
the pool transition boiling process. In the KYY proposal, the bubble departure period specified
at a CHF condition does not vary during the transition boiling process and the liquid macrolayer
evaporation is the same as the nucleate pool boiling. Therefore, the DNB occurs when the liquid
macrolayer dryout time is equal to that for the bubble departure time, and the heat flux after the

DNB is determined by multiplying the wetting time fraction by the nucleate pool boiling heat
flux. In this approach, the boiling curve slope of transition boiling region is too steep. This
problem is overcome in the present model by introducing a new boiling mechanism in a very thin
liquid film after the DNB and considering the strong contribution of an unstable film boiling on
the total transition boiling heat flux in the forced convective boiling situations.

Katto [12], Lee and Mudawwar [13], and Mudawwar et al. [14] have developed the
theoretical CHF model under subcooled flow boiling based on the similar physical mechanism.
They have claimed that the crucial CHF mechanism of subcooled flow boiling is a macrolayer
dryout under an elongated vapor blanket. Here, the macrolayer means the thin liquid film under
the elongated vapor blanket formed adjacent to the wall surface at near the CHF condition, which
is distinguished from the microlayer below a fast growing bubble in nucleate boiling.
According to this physical mechanism, the CHF condition reaches when the macrolayer dries
out during the vapor blanket passage time ( Ly / U; ). In the present model, this mechanism is
used for the determination of the DNB condition.

Ueda and Kim [15] and Hino and Ueda [16] investigated heat transfer characteristics near
the CHF condition in a subcooled flow boiling system. They concluded that the wall
temperature excursion at the CHF condition was composed of the temperature fluctuations which
accompany periodic passing of large coalescent bubbles close to the surface and a subsequent
sharp temperature rise under a film boiling state. Since this heat transfer characteristics is
similar to that of transition boiling, the macrolayer behaviour under the vapor blanket is also
thought to be a very important heat transfer mechanism in the transition boiling process.

After the DNB condition (point "a" in Figure 1), the macrolayer dries out before the
vapor blanket passage time due to the thin film boiling heat flux which is higher than the CHF.
Therefore, the macrolayer evaporation stage can contribute to the transition boiling heat flux
in proportion to the macrolayer dryout time fraction to the vapor blanket passage time. Up to the
MHEF, this macrolayer evaporation will be a major contributor to the total heat flux.

Just after the macrolayer dryout, the wall surface is covered by thin vapor film. At this
time, a depression in the vapor-liquid interface occurs due to the insufficient vapor generation
and it allows the interface to touch the dry wall surface if the wall temperature is below the DFB
temperature (point "d" in Figure 1). This touching results in a vigorous boiling at the wall surface
and then the interface is repulsed from the wall. This sequence is periodic and lasts until the
vapor blanket passes a given point. Qualitatively, the frequency of this sequence is the highest
near the MHF temperature and the lowest near the MFB temperature. In this model, the heat
transfer characteristics of this sequence is evaluated by the simple thermomechanical model for
the unstable film boiling proposed by Huang et al. [18]. The unstable film boiling period is
determined by subtracting the macrolayer dryout time from the vapor blanket passage time.

bel The basic assumptions for the mathematical formulation of the physical model are listed
ow :
- (1) The time sequential process occurring at a given point during the vapor blanket
passage is ergodic.
(2) The vapor blanket passage time specified at the CHF condition remains constant
with increasing wall superheat, AT,
(3) The average length and velocity of the vapor blanket during the unstable film boiling

period does not vary.
(4) The thermal and physical properties at a given point are determined at the CHF

condition.
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I1.2 Mathematical Formulations of Physical Model

A. Critical Heat Flux and Vapor Blanket Characteristics

In the present physical model, the CHF condition for forced convective boiling at low
qualities is reached when the macrolayer dryout time is equal to the vapor blanket passage time.
Based on the previous works of Katto [12], Lee and Mudawwar [13], and Mudawwar et al.[14],
the CHF and the vapor blanket characteristics, i.e., its size, length, and velocity, are determined

as follows.

From the mass balance on vapor stems in the macrolayer beneath the vapor blanket, each
phase velocity is related as
p, U A =p Ul (A-A), 3)

where, A and A, denote the total surface area beneath the vapor blanket and the cross-sectional
area of vapor stems, respectively. This equation simply means that there is a balance between
the vapor outflow and the liquid inflow in the macrolayer. The vapor velocity is obtained by the
energy balance on vapor stems as follows;

g A=p,U AN, @
where, g, is a boiling heat flux for vaporization, which is given as
95 = Qenr = Qsc - ©)

Here, the subcooled liquid convective heat flux, q,,, given by the Shah's correlation for high flux
boiling conditions [20], can be expressed as

q. = 2300 4 (Qoge / Ghrg)o's(Tm"Tlc)
© T (2300 / G (T )+ Qg [y, (6)

where, the single phase forced convective heat transfer coefficient, H,, is given by the well-
known Dittus-Boelter correlation for turbulent flow. The allowable relative velocity in the vapor
stem can be evaluated by the Helmholtz instability criterion as follows;

(U, - 1U,2 =270 (p+p, )/ (B; P - ™
The thickness of the macrolayer at the CHF condition is assumed by Haramura and Katto
[19] as follows;
§,0= Ayld. ®
From Equations (3), (4), (7), and (8), the macrolayer thickness can be rewritten as;

(n/2)(1+p /p,)o(A, | AY

A TA q
[L+(p I p)———Tp (=)
T A A P, , )

Oy =

where, A,/A isgiven by Haramura and Katto's correlation [19] as follows ;

A,/A=0.0654 (11 p,/0126 p, +1 Y 7( e/ P, t+ 1)]2
=0.0584( p,/p,) "~ for p/p, >1. (10)

~ The CHF condition occurs when the liquid supply into the macrolayer from the core flow is
completely vaporized and can be formulated as follows,
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LG = Pe(Ug- Uy h {1+(hh )/ B J(1- A,/ A), (11)

where, L, and U, are the length and velocity of the vapor blanket, respectively. And Uy is the
macrolayer velocity, which is assumed nearly zero. The vapor blanket length can be determined
by introducing Helmbholtz instability criterion between the macrolayer and the vapor blanket,

thus
Ly= 270 (p+p,)/ [p; p,(Us- Uyl | (12)

Since the macrolayer velocity is negligible as compared with the vapor blanket velocity, the
relative velocity can be considered equal to the vapor blanket velocity. The vapor blanket
velocity can be written from the force balance between buoyancy and drag force on the vapor
blanket as follows ;

Ug = ‘\IZLBg(Plc —p)/ pCp + Ubl’ (13)

where, Uy, and C,, are the liquid alone velocity (or two-phase mixture velocity) at the mass

center of vapor blanket and the drag coefficient of the vapor blanket, respectively. If the liquid
alone flow is turbulent, the liquid alone velocity, Uy, can be obtained by the well-known

Karman's three layer velocity profile. If the liquid alone flow is laminar , Uy, can be determined

by,

Uy =2G/p, {1-(R- YB)Z/ R’}. (14)
Here, the distance of the vapor blanket center from the wall, yg, is

Yo = O +D,/2 . (15)

The vapor blanket diameter is assumed equal to the bubble diameter at the bubble
detachment point, D,. The correlations for the drag coefficient, C,, and the vapor blanket
diameter , D, ,will be discussed in the section of the constitutive equations. Consequently, the
CHF is obtained by Equation (11) and the vapor blanket characteristics are determined by
Equations (12) and (13). :

B. Macrolayer Evoparation _

Before the DNB, the macrolayer thickness is larger than that for the CHF condition (8 )
and the heat transfer through the macrolayer can be evaluated by the fully developed nucleate
boiling heat flux, which is estimated by the correlation of Mikic and Rohsenow [21]. Since the
macrolayer beneath the vapor blanket appears to be nearly stagnant, this approach is considered
reasonable, Experimentally, Fujita and Ueda [22] showed that the surface heat flux in falling
liquid film approaches to a pool boiling heat flux as the wall superheating increases. From the
Mikic and Rohsenow correlation for water boiling data [21], the fully developed nucleate boiling
heat flux is expressed in SI units as follows:

_ 1.89)(10-14 'gK[ (pghrg)”s prl7lscpf19/8ATw3
6918 (pr - pg )Slsrrullls . (16)

A

After the DNB, the macrolayer becomes thinner than that for the CHF condition (3,,), the
heat transfer through the macrolayer is changed from fully developed nucleate boiling to a thin
film boiling. This thin film boiling is very different from the pool boiling or forced convective
boiling. Mesler [23] suggested that the nucleate boiling heat flux in a thin liqud film might be
exceptionally high because a bubble generated in the thin film can escape quickly with a very
small resistance. Kopchikov et al. [24] developed a correlation for the thin film boiling heat
transfer which focussed on the heat transfer through the quasi-laminar layer adjacent to the
growing bubble. This correlation is expressed below;
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where, C is a empirical constant, which is given as 0.01 for the various fluids including water at
the atmospheric and subatmospheric pressures. Kopchikov et al. [24] also explained that the
boiling heat flux in a thin film boiling could increase up to the heat flux associated with the
limiting temperature of the liquid superheat (i.e., Leidenfrost temperature), since in thin film
boiling thege are practically no hydrodynamic restrictions on the removal of the vapor and supply
of the liquid.

Beattie and Lawther [25] investigated the structural change in a thin annular film as dryout
is approached, and developed a more generalized thin film boiling heat flux equation based on
the heat transfer through a single close-packed hexagonal layer of bubbles. If "N" bubble layers
exist in the thin film, the boiling heat flux is given by

o = 0.02881h,,p,pAT,>
mb No T.(p-p) (18)

It can be seen that the Beattie and Lawther correlation (Eq. 18) is equivalent to that of
Kopchikov et al. if N is assumed to be 2. In the present model, the boiling heat flux in the
macrolayer after the DNB is determined by Equation (18) with N=2 for the pressur below 110
kPa and N=3 for the pressure higher than 110 kPa. For the higher pressures than 110 kPa, the
selection of higer N value is to consider the effect of the pressure on the packing of bubble layers
in the macrolayer.

The DNB wall temperature can be determined by rearranging Equation (16) after
substituting the CHF (Eq.11) for the nucleate boiling heat flux, q,. The step change in the
macrolayer evaporation heat flux before and after the DNB temperature is treated as follows:

q mc= q nb for ATw < ATDNB (19)
qd.= 9 mb{ AT,} +1[q a9 mb[ATDNB}] for ATpg< AT, < ATy (20)
q.=0 for AT, > ATy , (21)

where, q_, (AT} and q,,{AT,} denote the macrolayer boiling heat fluxes determined by
Equation (18) as the functions of the wall superheats AT,y and AT, respectively. Equation (20)
means that the macrolayer boiling heat flux after the DNB starts from the CHF value ( q,,) and
varies with the slope of Equation (18) up to the DFB point. The macrolayer thickness, &_,,
during the macrolayer evaporation stage can be evaluated by replacing the boiling heat flux, qg,
in Equation (9) with the macrolayer evaporation heat flux, q.., determined by Equations (19) to
(21). This thickness is distinguished from the CHF macrolayer thickness, J,,, of Equation (9).
Finally, the macrolayer dryout time is given by,

de = plc 8mc h fg{ 1+(hf-hlc)/ hfg ]/q me? (22)

and the contribution of the macrolayer evaporation during the macrolayer dryout timeto the total
total boiling heat flux is
qmc = qmc de / Tp ? (23)

where, T, is the vapor blanket passage time, which is defined as,
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T =1,/U, . 24)

C. Unstable Film Boiling
Within the vapor blanket passage time, the macrolayer dries out, and then the heat transfer

through a vapor film is available during the vapor film covering time. The vapor film covering
time is defined as
Te= Ty~ Tna- (25)

During the vapor film coverage time, the unstable film boiling with alternate dry and wet
periods is established due to the instability of the vapor-liquid interface, which is augmented by a
repeating insufficient and violent vapor generations under the vapor film. Therefore, an
information for the interface contact frequency, size, and time is needed to quantify the heat
transfer characteristics of the unstable film boiling. Up to now, for the forced convective boiling
situations, this information is unavailable in the literature.

In this model, the unstable film boiling heat transfer is simply evaluated by the
thermomechanical model proposed by Huang et al. [18]. They developed an equation of the
evaporation enthalpy between the wetting zone and dry zone, based on the conservation
equations at the vapor-liquid interface. In their model, the wetting liquid on the highly heated
wall is assumed to be at saturated state at the elevated pressure, which is defined as the saturation
pressure corresponding to the wall temperature. Also, the vapor is assumed to be saturated at the
system pressure of the bulk liquid. The resulting equation is

h -h(T,)=0.5[p{T,)-p,]1 [p(T,)-pl/p,p(T,)+(q -q,¥m,  (26)

where, h(T,), p(T,), and p, (T,,) designate the saturated liquid enthalpy, density, and pressure
corresponding to the wall temperature, respectively. Andq, , g, , and "m" are defined as

ql:','—'ql +m V (V.-V) (27)
q,=q,+m V (V,-V)) (28)
m= Pg(Vg'Vi)=P r(Vl"Vi) > (29)

where, q; and g, are heat fluxes from liquid phase to interface and from vapor phase to interface,
respectively. V,, V, and V; denote the liquid and vapor velocities normal to interface and the
interface velocity, respectively. Equation (26) can be interpreted as the fact that the evaporation
enthalpy is provided by both heat conduction and the mechanical energy released during the
depressurization process of evaporation. Since the vapor is assumed at saturated state, g, in
Equation (26) must be zero to keep the vapor at the satuartion temperature. If we assume that g,
is negligible near the MFB temperature, Equation (26) can be rewritten by

h, -h(Tp) = 0.5 [ pLTrpy) - P] [PLToee) - P1/ PP Toes) (30)
As Equation (30) is used to determine the DFB temperature, this means that the evaporation
enthalpy at the DFB point is supplied by the mechanical energy of depressurization alone. From

the assumption that the wall heat flux during the unstable film boiling is proportional to the
liquid heat flux at the interface, the following equation is derived,

6= C,q =m C,{h,-h(T,) - 05 [p(T,) -p, 1 [p(T,) -}/ pp(T}. (D)

To remove the proportional coefficient, C,, the DNB point is selected as the anchor point and
then we can obtain the following equation:

dp  {h,-0(T)-05[p(T,)- p,] [p(T,) - p]/p,P(T,))
qDNB {hg - h[(TDNB) - 05 [pf(TD,\'B) - pg] [ps(TD,\'B) - p] / pgp[(TDNB)} (32)
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For zero heat flux, Equation (32) reduces to Equation (30) for the DFB temperature. Finally, the
contribution of the unstable film boiling to the total boiling heat flux is given as,

afb = q(b Tvc/ Tp * (33)

D. Boiling Curve Generation

In the present model, the boiling curve ranging from a nucleate boiling region to the DFB
point can be generated. When the wall superheat is lower than the DNB temperature or the
macrolayer dryout time is shorter than the vapor blanket passage time, the total boiling heat flux
is

&= (34)
Between the DNB point and the MFB point, the total boiling heat flux is
ql = qme+ qu * (35)

Equation (35) involves the DNB heat flux, the MHF and the DFB heat flux in the boiling curve.
If the liquid contact time during the vapor coverage period is assumed negligible, the time
fraction of liquid contact is given as,

Fr= T/ 7, (36)
If the liquid contact process is ergodic, the following equality can be applied,
F,=F,. 37)

II.3 Constitutive Equations

For the determination of the CHF and the vapor blanket characteristics, the subcooled flow
boiling model is required. In the subccoled flow boiling model, the subcooling at the bubble
detachment point, ( h, - hy,), is very important in determining the position of bubble detachment
and actual quality profile. To evaluate this value, the Saha and Zuber correlation [26] is chosen
as the best one for low pressure and low velocity conditions because this correlation can be
applicable to laminar and turbulent flows. If the wall heat flux in.the pre-CHF region is
uniform, the actual quality at the CHF location is given by the profile-fit method [26] using
equilibrium qualities at the bubble detachment point and the CHF location. Once the actual
quality is determined, the liquid enthalpy at the CHF location is obtained as follows;

h,=[h, -hx 1/[1-x,], (38)

where, the bulk enthalpy, h, ,is defined as
h,=h +4L,q,/GD. (39)

The bubble diameter at the bubble detachment point is evaluated by the modified Levy's formula
of Ying and Weisman [27] and expressed by

0.015,/cD /7,

b=-\/1+0.1(p‘—pg)igD/Tw , (40)

where, T, denotes the wall shear stress. This formula can be applicable to the system that the
buoyancy effect on bubble detachment is considerable as compared with the drag force effect,
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such as low flow conditions.

The drag coefficient, CD, for the vapor blanket is evaluated by the formula of Ishii and
-Mishima [28] for distorted bubble and expressed by

1417.67(1- )" }2

Cp=(2/ 3>anm5{ 18.67(1- o, )" (41)

From the well-known void fraction and quality relationship based on the drift flux models
of Chexal et al. [29] is used to find the void fraction (or quality) when the quality (or void
fraction) was known . In addition to this relationship, the flow regime map is used to identify
the CHF mechanism and to validate our physical model. The flow regime map is based on
Mishima and Ishii's flow transition criteria [30] . A

III. RESULTS AND DISCUSSION

To investigate the prediction capability of the present model and to study the parametric
effect of pressure, mass flux, and inlet subcooling on the transition boiling heat flux, the
comparison of the model prediction with the available experimental data of forced convective
transition boiling is performed. As the representative transient boiling curve, we choose the data
of Huang et al. [31] and Cheng et al.[32]. The data of Huang et al. [31] and Weber and
Johannsen [33] are selected as the representative steady-state data.

For simulation of experimental conditions, several assumptions are needed to fit the model
to the experimental procedures and conditions. Since any information for the CHF condition and
the post-CHF flow regime is unavailable in the experimental sources [31-33], itis assumed that
transition boiling occurs in the overall heated length, and an elongated vapor blanket exists at the
CHF condition whenever the inlet water flow is subcooled. The boiling curve at the mid-plane is
selected as the representative boiling curve in the test section. The axial conduction due to axial
temperature difference or heat flux difference is neglected in this model. The parameter ranges

of the selected experimental data are listed in Table 1.

Figure 3 shows the relative contributions of macrolayer evaporation (ME) and unstable film
boiling (UFB) stages to the boiling curve. In this figure, two symbolized curves designate
steady-state and transient data of Huang et al., respectively. The solid line, dotted line and
dashed line denote the total heat flux (given by Eq.35) and the contributions of ME (given by
Eq.23) and UFB (given by Eq.33), respectively. The predicted boiling curve is well matched
with the steady-state data but overestimated for the transient data whose inlet flow condition is

identical with the steady-state case, From this figure, it can be seen that the contribution of
macrolayer evaporation dominates before the DNB temperature but rapidly decreases after the
DNB temperature, while the contribution of unstable film boiling is negligible before the DNB
temperature but rapidly increase with the wall superheat-after the DNB temperature. Figure 4
shows the wetted area fraction predicted by this model for the above case. The wetted area
fraction decreases rapidly from unity after the DNB temperature and approaches to zero near the
DFB temperature. At the MHF point, the wetted area fraction is not about 1.0 but 0.4. This
result is well matched with the experimental evidence described in the section of introduction.

Figures 5 to 7 show the prediction trend for the pressure variation from 1 bar to 10 bar. In
these figures, the steady-state and transient data of Huang et al. are expressed by the two symbols
and the prediction is depicted by one solid line. The experimental data are well predicted in the
higher pressures and the steady-state data. The large discrepancy in Figure 5 seems to be caused
by the mismatch between the physical model and the real situation. At the low pressure case, the
estimated diameter and length of the vapor blanket is too large to satisfy the assumed ergodicity
of the controlled phenomena. Especially, the vapor blanket length predicted by the Helmholtz
instability criterion is longer than the heated length of test section. For this case, a new instability
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Table 1. Parameter Range of Selected Experimental Data

Source
Huang et al. Data Cheng etal. Data Weber & Johannsen
Range Data
Experiment Type Steady-state & Transient Transient Steady-state
Pressure (MPa) 0.1-1.0 0.101 0.11-1.0
Mass Flux (Kg/m?s) 200, 500 136,20 100
Inlet Subcooling (K) 5,15 28 15
Diameter (m) 0.01 0.012 0.01
Length (m) 0.05 0.0572 (Short Tube) 0.05
Mid-plane 246D 225D 246D
Tube Material Copper (heater) Copper Copper (heater)
Monel (flow tube) Monel (flow tube)
7500 T T T — ey 1.0 T T T T
= ggs Huang et al. Data
- p=1.0 MPa, G=500 Kg/m’s
00 1= N 08 I~ Inlet Subcooling=5 K a
~ Huang et al, Data
g a p=1.0 MPa, G=500 Kg/m’s .
EY Inlet Subcooling=5 K g
v 4500p- - O 06 -
Nt E !
g =
o 2
"3‘ <
Z swor ' T oo y
ES 5 5
o .
1500} o ° - o2 .
o °°° o
e Lazafan
0 [} 50 100 150 2:)0 250 0o 0 S'O lt;o xs'o 2:)0 250
Wall Supesheat (K) Wall Superheat (K)
Figure 3. Relative Contributions to Transition Boiling Heat Flux Figurc 4. Predicted Wetted Arca Fraction in Transition Boiling

criterion is needed to avoid this problem. It is likely that the Helmholtz instability criterion,
derived for semi-infinite horizontal flow condition, is inadequate for the cases of vertical tube
with low velocity and low pressure flow. Furthermore, we suppose that the flow regime just
above the DFB temperature is an inverted annular flow according to our physical model.
However, from the installed flow regime map, the flow regime at the CHF condition was
estimated as an annular flow and thus the post-CHF flow regime is expected to be a dispersed
droplet flow. Figures 7 and 8 show the parametric effect of inlet subcooling on the transition
boiling in Huang et al. data. From this comparison, it can be seen that the inlet subcooling effect

is not remarkable in this range.

Figure 9 shows the prediction trend for the pressure variation in Weber and Johannsen's
steady-state data. The prediction is well matched with the experimental trends. However, the

predictions at the low pressure cases are highly overestimated. This discrepancy can be explained
by the same way as in Figure 5 case. Figure 10 shows the prediction trend for the mass flux
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variation in the transient data of Cheng et al. The prediction shows the same trend as in the
experimental data, but remarkable mismatches are observed in the wall heat flux magnitude and
the data trend near the DFB point. The overestimated heat flux seems to be caused by the
inadequacy of the present physical model at low pressures (inadequacy of Helmholtz instability
criterion) / high qualities (occurrence of annular flow), described above. The mismatched
trendnear the DFB point is attributed to the weakpoint of the present unstable film boiling model,
characterized by the fact that there is no parametric factors accounting for the mass flux and inlet
subcooling effects in the prediction equations for the DFB temperature and the unstable film
boiling heat flux.

From the overall comparison illustrated in Figures 3 to 10, it can be concluded that the
transition boiling heat fluxes including the MHF and the MFB heat flux are well predicted at low
qualities / high pressures, while a considerable discrepancy is observed at high qualites / low
pressures. In future, the observed weakpoints of the present model will be overcome through an
improvement of the unstable film boiling model and the development of the physical model for
high quality and low pressure situations.

IV. CONCLUSION AND RECOMMENDATIONS

A mechanistic model for forced convective transition boiling has been developed to
investigate transition boiling mechanisms and to predict transition boiling heat flux realistically.
This model is based on a postulated multi-stage boiling process occurring during the passage
time of an elongated vapor blanket.

The model predictions are compared with some available experimental transition boiling
data given as the steady-state or transient boiling curves. The parametric effects of pressure,
mass flux, inlet subcooling on the transition boiling heat transfer are also investigated. From
these comparisons, it can be seen that this model can identify the crucial mechanisms of forced
convective transition boiling at low qualities/high pressures and that the transition boiling heat
fluxes including the maximum heat flux and the minimum film boiling heat flux are well
predicted at low qualities/high pressures near 10 bar.

From the results of model validation, the improvement directions of the present model and
further studies are recommended as follows: . '
(1) A new hydrodynamic instabilty criterion for the determination of the vapor blanket
length at low pressure and low flow condition should be established.
(2) The generalization of the physical model for the high quality and low pressure
conditions is needed. :
(3) A improved model to consider the parametric effects of the mass flux and inlet
subcooling on the unstable film boiling heat flux and the DFB temperature is required.
(4) A two-dimensional and transient heat conduction model is needed to simulate and
evaluate realistically the experimental condition and its data.

NOMENCLATURE

Total Surface Area beneath Vapor Blanket  (m?)
Cross Sectional Area of Vapor Stems in Macrolayer  (m?)
Specific Heat (J/Kge C)
Drag Coefficient of Vapor Blanket

Tube Diameter (m)

Bubble Diameter at Bubble Detachment Point (m)

Average Statistical Wetted Area Fraction

Local Liquid Contact Time Fraction

Acceleration Due to Gravity (m/s?)

MassFlux  (Kg/m?)

Enthalpy (J/Kg)

Heat Transfer Coefficient (W/m2K)’

JoOL >

T 1]
= >

e Qo
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5F

Latent Enthalpy of Vaporization

(J/Kg)
Vapor Blanket Length  (m)

P Pressure  (Pa)
q  WallHeatFlux (W/m?
R, Radius of Tube (m) -
T Temperature (°C)
AT,  Wall Superheating (K)
UV  Velocity (m/s)
Uy Velocity of Macrolayer (m/s)
U,  Liquid Velocity at the Center of Vapor Blanket  (m/s)
X Actual Flow Quality
Z Axial Location (m)
Greek
o Void Fraction
8;,, Macrolayer Thickness at the CHF Condition (m)
3., Macrolayer Thickness during Macrolayer Evaporation Stage  (m)
K Thermal Conductivity (W/mK)
Ay Helmholtz Instability Wave Length (m)
1! Dynamic Vlscosny (Ns/m?)
p Density (Kg/m®)
c Surface Tension (N/m)
T Macrolayer Dryout Time (sec)
T, Vapor Blanket Passage Time (sec)
Toe Vapor Coverage Time (sec)
T, Wall Shear Stress (N/m?%)
Subscripts
b Bulk
B Vapor Blanket
chf Critical Heat Flux Point
DFB Departure from Film Boiling Point
DNB Departure from Nucleate Boiling Point
- f Saturated Liquid
fb Unstable Film Boiling Stage
g Saturated Vapor
in Inlet
i Interface
le Subcooled Liquid at the CHF condition
me Macrolayer Evaporation
MFB Minimum Film Boiling Point
MHF Maximum Heat Flux Point
SAT Saturation
t Total
W Wall
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A FORMAL APPROACH FOR THE PREDICTION OF THE CRITICAL
HEAT FLUX IN SUBCOOLED WATER

C. Lombardi
Dept. of Nuclear Engineering, Polytechnic of Milan

Via Ponzio 34/3
20133 Milan, Italy

ABSTRACT

The critical heat flux (CHF) in subcooled water at high mass fluxes are not yet
satisfactory correlated. For this scope a formal approach is here followed, which is based on an
extension of the parameters and the correlation used for the dryout prediction for medium high
quality mixtures. The obtained correlation, in spite of its simplicity and its explicit form, yields
satisfactory predictions, also when applied to more conventional CHF data at low-medium
mass fluxes and high pressures. Further improvements are possible, if a more complete data
bank will be available. The main and general open item is the definition of a criterion,
depending only on independent parameters, such as mass flux, pressure, inlet subcooling and
geometry, to predict whether the heat transfer crisis will result as a DNB or a dryout
phenomenon.

1. Introduction

The critical heat flux (CHF) in subcooled water at high mass fluxes is being thoroughly
studied by many researchers, in view of cooling applications in thermonuclear fusion reactors.
In spite of a rather wide experimental evidence, so far no fully satisfactory correlation of the
data is available. However, Celata et al. of ENEA [1] recently suggested an interesting
mechanistic model, which seems to yield reliable predictions.

A different approach is followed here based on a formal extension of the parameters
and the correlation used for the prediction of the heat transfer crisis data in medium-high
quality mixtures (the so called dryout).

The resulting correlation was compared with the data bank prepared by Celata and
Mariani [2], which contains four different groups of data, all relevant to natural waters , round
tube geometry, uniform heat flux distribution, and negative outlet quality (few positive quality
data were discarded). The first group refers to high mass flux experiments (1811 CHF points),
purposely obtained for fusion reactor applications (Bank 1). The second group refers to typical
fission reactors conditions and is characterized of medium-low mass fluxes and high pressures
(711 points, Bank 2). The other two groups of data refers to a limited number of special tests
relevant to possible fusion reactor application, i.e. : i) half heated tube experiments (26 points,

Bank 3), ii) half heated tube with twisted tape experiments (13 points, Bank 4).
The operating ranges covered by data banks are detailed in Table 1. These data show a
rather wide scattering, which is also confirmed by the above mentioned lack of satisfactory
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correlations. In particular this spread may hide the effect of relevant parameters, thus
preventing the achievement of a correct physical understanding of the CHF phenomenon.

Table 1: Operating ranges of data banks with subcooled CHF (water)

Data Pressure Diameter Length Mass flux Inlet sub.

# [kPa] ~ [mm] [mm] [kg/m’s] X]
1811 100 + 8400 0.3 +25.4 2.5+610 100 = 90000 25 + 255
718 140021483 1.1 +37.5 35 = 8490 350 = 19000 13 + 338

26 1960 = 3700 8§-15 150 - 300 660020000 110 + 190

13 2560 + 3610 8-15 150 - 300 690015000 130 = 180

1: High mass flux; 2: Medium low mass fluxes and high pressures; 3: Half heated
tube;
4: Half heated tube with twisted tape.

2. The dryout interpretation

The heat transfer crisis obtained in medium-high quality mixtures is commonly defined
as dryout, because it is interpreted as the break or the dryout of the liquid film flowing along

the wall. According to the CISE interpretation [3] (see fig. 1a), the heat transfer crisis is
defined by a relationship between the saturation power and the saturation length, with the mass
flux, the pressure and the diameter of the tube as parameters. The critical saturation power
(Ws,cr) is the power supplied to the two-phase zone of the duct between the cross section
where the fluid first reaches in the bulk the saturation condition (zero thermodynamic quality)
and that where the crisis first occurs. The critical saturation length (Ls,cr) is the length of the
region where Ws,cr is supplied.

The CISE correlation [3] is valid for steam-water mixtures flowing in round' tubes,
independent of axial and radial heat flux distribution, and it is written as follows:

We _ 1 L, |
7, =p.6)7 +5(p,G,D) ®

's,cr

where I is the total mass flow-rate, Hy is the latent heat of vaporization, and a and b are two
empirical functions defined as (in SI units):

__1-p/p.
“=1G71000)" - @
b=02(p./p-1)"D=G 3)
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with pressure (p), mass flux (G) and diameter (D) and p, the pressure of the critical point of

water, equal to 22120 kPa. :

The correlation was successfully extended to complex geometries (rod bundles and
annuli) by introducing the concept of the rod centered subchannel. In this context, only the
round tube correlation will be used.

The left hand side of eq. (1) is the ratio between the critical saturation power to the
power needed to evaporate all the saturated liquid. The asymptotic value of this quantity
should be one, even though the correlation does not give this result, because in order to avoid
rather complex analytical formulations it was not purposely made valid at the limit conditions
(Lser = o, or G => 0).

In the case of uniform heat flux distribution, the correlation can be transformed into the
following simple form:

i (a—x )—i— (4)
I'H ""L+b

gl

where Wy, L, and x;, are the total critical power, and the total length of the channel, and the

inlet quality respectively.
In this work, the pressure dependence in the function b was translated in terms of the
steam specific volume as follows:

G2 0.5
b= 2.2( 2"8) D+ ®)

The ratio between egs (5) and (3) differs from one with a maximum difference of *
13% for a pressure range of 1000 and 17000 kPa. However, the effect of this difference on
critical power obtained by eq. 4 is substancially reduced, because the function b is to be added
to the length, having in general a lower value. This modification has been suggested by the
results obtained for DNB data (see below).

3. The formal appproach

The above definition of the left hand side of eq. (1) was formally extended to the
subcooled CHF phenomenon. In other words, only the data for which the heat transfer crisis is
obtained in the presence of subcooled liquid (thermodynamic average over the cross section)

are taken into account. A parameter B is defined as the ratio of the overall test section power
and the power needed to bring the inlet fluid to the saturation condition (see fig. 1b):

W 4CHF L

A=Mam-m) GlE-H)D ©

where Hj and Hjp, are the saturated and inlet liquid enthalpy respectively and CHF the critical

heat flux. Because B is applied, as said above, only to the subcooled liquid conditions at the
test section outlet, its asymptotic value is one. Therefore data showing B values higher than
one are not used in this context. The use of B as correlating parameter reduces the data spread,

2508



in fact when calculated for all high mass flux data it varies of a factor 23 instead of a factor 60
shown by CHF values.

The B values are plotted versus CHF in fig. 2 for data bank 1.This figure indicates a
progressive convergence of B by increasing CHF, tending to a value around 0.3 for very high
CHF values (> 10° kW/m?). It is not clear whether this behaviour is of general meaning or only
fortuitous, because the high CHF data are too few to display an actual trend. The same
quantities for data bank 2 are plotted in fig. 3. In spite of a much lower maximum heat flux
(roughly an order of magnitude lower) and the presence of a single set of data having B values
close to 1, the trend of fig. 2 seems to be confirmed. However further verifications are
undoubtly needed

In order to empirically correlate $, the same structure of eq.(1) was adopted, i.e.: the
first term is substituted with 8, while in the second term Lg ¢ is substituted with the overall

length of the duct L; then one obtains:

— A L
:B =4a (p’G)L+b'(p,G,D) (7)

After several trials it turned out that:

— a’ does not seem to depend on the mass flux and on the pressure; its value ranges around 1;

— b’ results rather similar to b, in the sense that it is proportional to the parametric group of
eq. (5), where v, substitutes for v;.

Summarizing, the resulting correlation can be written as:

L
L+k(Gw,12)" D

B = ®)

where k is an empirical constant. This expression also satisfies the limiting condition of
tending to 1 for L —0, or G — 0 (always remaining, if physically possible, in subcooled
conditions).

Then CHEF is as follows (see eq. 6).

CHF = Gmehj ©)
4[LID+k(G,12)" D]

4. Verification of the correlation

The constant k is optimized by reducing to a minimum the average error of the CHF
predictions for all data of Bank 1 and Bank 2. It resulted for k a value of 1.3 (SI units). The

average error (g) and the root square error (RMS) is detailed as follows:

Data Bank  Number of data € RMS
[%]

1 1811 -1.30 20.26

2 718 3.23 19.82

1+2 2529 .+ =0.01 20.14
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Different kind of CHF data behave in a similar way as shown by the above values of ¢ and
RMS. The comparison between the calculated CHF and the experimental data are shown in fig.
4 through 9 as function of different parameters. These figures, while confirming the inherent
scattering of the data, do not show any clear systematic effect, apart perhaps the effect of inlet
and outlet qualities, because the calculated over experimental CHF seems to increase by
increasing in absolute terms both the inlet and the outlet qualities. The constant k when singly
optimized on Data bank 1 or 2 does not show an appreciable difference, in spite of the different
features of the two Data banks.

Fig. 10 shows a comparison among different correlations Katto [4] ENEA [1], Tong-
Celata [S], and the prediction of the present correlation. The comparison refers only to data
Bank 1 for which Katto and ENEA results were available in ref. [1]. The figure shows that the
present correlation is better than the Katto one and worse than the ENEA one, while it is
practically equivalent to the Tong-Celata one. Katto model implies that almost half of the data
cannot be used. Therefore, in spite of its simplicity and its explicit form, the present correlation
does not result worse than more sophisticated correlations. However, these correlations are
based on a sound physical model, which is completely lacking in the present approach.

For half heated tube data (Bank 3) two different drastic hypotheses are made: i) Mixed
flow; ii) Separated flow. In the first case a CHF value equal to half CHF experimental datum is
assumed to be uniformly distributed along the whole circumference. Then the right hand side
of equation (9) multyplied by two is adopted to predict actual CHF data. In the second case,
the cross fluid mixing is assumed equal to zero and equation (9) is directly applied to the half
heated channel to predict actual CHF data. The results are shown in fig. 11 in terms of
calculated over experimental CHF versus mass flux. At mass flux lower than 10000 kg/m’s the
separated flow hypothesis yields satisfactory predictions, while the contrary is true for mass
fluxes around 20000 kg/m’s; in between the predictions are symmetric around 1. In fact it is
reasonable to immagine that the fluid cross mixing be an increasing function of mass flux.

For half heated tube with twisted tape data (Bank 4) the same hypotheses are made;

moreover the length in equation (9) is multiplied by the term

T
L_L(HZTTR) (10)

where TTR represents the half pitch of the twisted tape in terms of tube diameter: this in order
to take into account the actual length flowed from the fluid. The results are shown in fig.12 in
terms of calculated over experimental CHF versus mass flux. In this case the mixed flow
hypothesis seems more able to predict the data, and this is coherent with the fact that the
twisted tape determines an alternative contact between the fluid and the heated and unheated
section of the tube.

Transforming eq. (9) as function of outlet quality (x.u) one obtains:

CHF Xon Hg
= ) 11
ak(v,/2)” D o

This equation implicity says that the condition of x.u — 0 is obtained only with infinite long
channel, because CHF tends to zero as well. In other words the present approach is not
applicable to very small outlet qualities (on the negative side), where DNB phenomenon
assumes a different character. Moreover, the above equation states that CHF vs. xou trend is
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linear and indipendent of mass flux while dependent on D to an exponent -0.4. This latter
dependence is in agreement with other correlations. For instance Groeneveld et al. [6]
suggested an exponent of -1/3, while Celata shows that its correlation foresees an exponent of
-0.3 [7].

5. Concluding remarks

An approach based on a formal extrapolation of CISE dryout correlation was applied
both to CHF data obtained for fusion applications and to more conventional CHF data typical
of fission reactor conditions. In both cases the predictions are reasonably good and not worse
than other current correlations, in spite of its simplicity and its explicit form. ,

The proposed correlation might be improved by taking into account the probable but
not certain effect of inlet quality. For this it is advisable to refer to a more complete data bank
than that used here. It is also necessary to have a further verification of the trend, which seems
to indicate an asymptotic value for B (overall critical power over power needed to reach the
saturation conditions) of about 0.3, by increasing the heat flux.

However, a criterion is needed to establish, on the basis of independent parameters,
such as mass flux, pressure, inlet subcooling and geometry, whether the crisis will be obtained
in subcooled conditions (DNB) or in the quality region (dryout). To the author’s knowledge no
such a criterion seems to exist in the open literature. In spite of several attempts made to this
regard, no reasonable results were obtained in this research..
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Nomenclature
Symbols

CHF: critical heat flux

D: diameter

G: mass flux

H: enthalpy

L: length

p: pressure

RMS: root square error

TTR: half pitch of twisted tape
v: specific volume

W: power

L

Subscripts

c:critical point of water
cr: critical

g: steam

in: inlet

l: liquid

out: outlet

s:saturation

B: critical power over that needed to bring the inlet fluid to saturation

€: average error
I': mass flow rate

X: quality
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A COMPARISON OF CHF BETWEEN TUBES AND ANNULI UNDER PWR
THERMAL-HYDRAULIC CONDITIONS
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A. SOUYRI - J. GARNIER
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Critical Heat Flux (CHF) tests were carried out in three tubes
with inside diameters of 8, 13 and 19.2 mm and in two annuli with
an inner tube of 9.5 mm and an outer tube of 13 or 19.2 mm. All
axial heat flux distributions in the test sections were uniform,
The coolant fluid was Refrigerant 12 (Freon-12) under PWR
thermal-hydraulic conditions (equivalent water - conditions
- Pressure: 7 to 20 MPa, Mass Velocity : 1000 to 6000 kg/m2/s,
Local Quality : ~75% to +45%). The effect of tube diameter is
correlated for qualities under 15%. The change from the tube to
the annulus configuration is correctly taken into account by the
equivalent hydraulic diameter. Useful information 4is also
provided concerning the effect of a cold wall in an annulus.

0 NOMENCLATURE AND ACRONYMS

P : Outlet pressure MPa

W : Mass flow rate kg/s

G : Mass velocity . kg/m2/s
T : Inlet fluid temperature °C

Q : Total heating power kw

M : Measured critical heat flux . kW/m2

c Calculated critical heat flux kW/m?2

® : Critical heat flux kW/m?2

X : Outlet thermodynamic quality -

d : Tube inside diameter mm

¢ : Diameter (in general) A mm

€ : Exponent for correcting CHF for tube diameter
g : Gap between tubes in annulus mm

dhy’ channel hydraulic diameter mm

CHF : Critical Heat Flux _

CEA : Commissariat 4 1' Energie Atomique ,
CENG : Centre d' Etudes Nucléaires de Grenoble (CEA)
EdF : Electricité de France

PWR : Pressurized Water Reactor

BWR : Boiling Water Reactor

R-12 : Refrigerant 12 (Freon 12)
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ID : Inside diameter

oD : Outside diameter
IT : Inner tube
oT : Outer tube
RTD : Resistance Temperature Detector
APHRODITE : EdF R-12 test loop
ENEE : 13 mm ID tube test section on APHRODITE
POSEIDON : second mockup to be tested on APHRODITE
DEBORA : CENG R-12 test loop with various test sections
AGATE : CENG LDV rod bundle test loop (no heating)
OMEGA : CENG rod bundle CHF water test loop
GRAZIELLA : CENG rod bundle CHF R-12 test loop
PLAQUEs : CENG mathematical "regression" method

g 1/2 (ID of outer tube - OD of inner tube)

o

dhy 4 x flow area/wetted perimeter

I INTRODUCTION

The boiling crisis is a significant phenomenon limiting
nuclear power plant operating capacities of Boiling Water
Reactors (BWRs) and Pressurized Water Reactors (PWRs). It
defines the limit above which correct cooling of the core
is no longer assured. A sudden and large increase in the
fuel clad temperature occurs, possibly leading to the loss
of clad integrity and the release of £fission products
into the reactor coolant system. This problem is directly
connected with the thermal and hydrodynamic effects of the
flow and results from a rapid degradation of the heat
transfer between the fuel rod and the water due to f£ilm
dryout in the annular flow regime (for BWR configurations)
or bubble-layer blanketing of the heating wall leading to
Departure from Nucleate Boiling (DNB) in PWRs. On this
subject, reliable tools, mainly based on empirical Critical
Heat Flux (CHF) correlations, have been qualified to
compute and predict the occurrence of boiling crisis using
the CHF value. Every major nuclear plant designer and fuel
assembly supplier now has an accurate CHF correlation. In
fact, each correlation is designed for a specific use, i.e.
for specific fuel assemblies and core configurations.

The extension of a correlation to another design or the
extrapolation to larger parameter ranges has to Dbe
supported by experimental tests. One of the main reasons is
that the basic CHF mechanisms, that are sgtill not well
understood (especially for DNB), are not taken into
account when building a correlation. For example, some
major geometry effects, such as hydraulic diameter or
channel shape, are not yet correctly represented.

This paper presents a quantitative parametric analysis of
CHF versus geometry and heating factors. It includes CHF
tests performed both in round tubes (with inside diameters
(ID) of 8, 13 and 19.2 mm) and concentric annuli (outer
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tube with ID of 19.2 mm or 13 mm and inner tube with
outside diameter (OD) of 9.5 mm) under normal and abnormal
PWR operating conditions. These tests were conducted by
Electricité de France (EdF), the Commissariat & 1' Energie
Atomique (CEA) and FRAMATOME as part of a larger program,
briefly described below, devoted to studying the boiling
crisis phenomenon.

All tests were carried out with uniform electrical heating
and Refrigerant-12 (R-12) as the working fluid. R-12 is a
valuable simulation fluid for water, with scaling laws to
obtain equivalent water conditions, suggested, for example,
by Stevensl or Ahmad?-

ITI OBJECTIVES OF THE PROGRAM
2.1 General objectives

Better knowledge and comprehensive modeling, taking into
account the basic mechanismg involved in the CHF
phenomenon, would help to prepare for the nuclear plant of
the future and to optimize the performance of existing
reactors. In order to contribute to these objectives, two
experimental programs were initiated in France:

- the APHRODITE program at EdF,
- the DEBORA program, a joint project between the CEA, EJdF
and FRAMATOME.

As the specific geometry of nuclear cores and the large
variety of fuel assembly configurations (square or
triangular fuel rod arrays, grid designs, etc.) can not be
fully studied, two complementary approaches are used:

- detailled analysis and modeling of the boiling flow, up
to CHF, by means of local measurements (void fraction,
liquid temperature, bubble size and velocity
distribution),

- quantitative analysis of CHF parameters, including among
others, the geometry or heating factors like channel type,
heating shape, turbulence promoters, etc.

This paper describes the first results from tests carried
out in support of this latter part of the program. Tube and
annulus test configurations are considered, all with
uniform axial heat flux distributions.

2.2 The APHRODITE  program

The APHRODITE experimental program was set up by EJF to
contribute to a better understanding of the boiling crisis
phenomenon. Particular attention was given to the detailled
analysis of local boiling two-phase flow up to CHF, which
appears to be very important for the development of a
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comprehensive model of the boiling crisis. This program
involved the construction of an R-12 test loop in which
various mockups can be installed and tested within the
following parameter ranges:

- pressure (P) :1-3.5 MPa (7-20 MPa in water),
- mass flow rate (W) : 0.03 - 12 kg/s,

- inlet temperature (T) : 25-100°C,

- electrical heating power (Q): up to 500 kW,
- height of test section : up to 6 m.

Up to now, two test sections have been designed. The first
one, referred to as ENEE, consists of a single round tube.
The associated experimental program is intended mainly to
calibrate the experimental equipment, to permit running
more complex experiments in the future (using the second
mockup) and to obtain a reference CHF databank for a 13 mm
ID tube for 6 and 3 meter heating lengths. This databank
was used for the studies presented in this paper. The
second test section (POSEIDON) , is currently being
designed. It is a shell side flow mockup, composed of a
group of three electrically heated rods in a rectangular
channel.

On the ENEE mockup, boiling crises are monitored using 168
Chromel-Alumel thermocouples (¢=0.3mm) welded to the outer
surface of the tube wall_(four thermocouples per section,
at 42 heights). Souyri gives more information on the
test procedure. The operating parameter measurements and
Instrumentation and Control (I&C) uncertainties for the
test section are as follows:

Power (6Q/Q) : + 1% ,

Mass flow rate (6W/W): + 2% (W>0.18 kg/s), + 1% (W<0.18)
Inlet temperature (8T): + 0.8°C ,

Outlet pressure (6P): + 0.008 MPa.

2.3 The DEBORA program

For several years, FRAMATOME has performed numerous CHF
tests with rod bundles using water or R-12 as the coolant
fluid. These tests are carried out at the CEA center in
Grenoble (CENG) on the OMEGA loop .(similar to the Columbia
HTRF loop) and GRAZIELLA loop. The information obtained
from these large loops has not been sufficient to achieve
all the above-mentionned objectives. We obtain global
results concerning the performance of a given fuel
assembly, but without any indication of local behavior.
FRAMATOME's R&D strategy has led to a comprehensive
program, based on numerical simulations, experimental work
using advanced mathematical  tools. The experimental

program, jointly performed with the CEA, involves the AGATE
project (Herer?) ~for studying the hydrodynamic effects of
fuel mixing grids, and the DEBORA program (CEA/
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EJdF/FRAMATOME) dedicated to handling all the heat transfer
differences due to the specific environment of the nuclear
rod bundles. DEBORA is an R-12 test loop with the following
characteristics:

- pressure (P) : from 1 to 3 MPa

- mass flow rate (W) : up to 5kg/s N
- inlet temperature (T) : 20°C-85°C

- heating power (Q) : up to 200kW

- height of test section : up to 4m

Heating power comes from two thyristor-type rectifiers
(100 kW each). Boiling crises are monitored using 32
Chromel-Alumel thermocouples (¢=0.5mm) welded to the outer
surface of the tube wall (at three heights). The operating
parameter measurements and I&C uncertainties for the test
section are as follows:

Power (6Q/Q) : + 0.5% (
Mass flow rate (6W/W) : +
Inlet temperature (6T): +
Outlet pressure (6P/P) :

CENG designed transducer),

1% (mass flowmeter or venturi),
0.1°C (RTD),

+ 0.1% (transducer).

IIT BASIC ELEMENTS OF THE ANALYSIS

3.1 Selected CHF databanks

A large number of CHF studies have been carried out since
the 1960s, especially on simple geometries like tubes. Some
authors have compiled and analyzed large tube CHF databanks
from various origins. Groeneveld®:® has collected numerous
data, these data being used to establish an international
CHF look-up table for CHF in tubes. Katto’ also used a
large amount of tube data leading to _a generalized
correlation. Similar work was done by Hebel®. Most of the
CHF data available does not include detailed information on
the experimental procedures wused, the verification tests
carried out, or the accuracy of the results.

Another problem with a large databank is that it is
difficult to study each parameter individually because it
is hard to find two sets of data from tests run with the
same parameter values except one. For example, you can have
same heated lengths, pressures, and mass velocities for two
tubes having different IDs, but the quality range may be
different for each dataset causing difficulties in
examining the effect of the tube diameter without bias.

For these reasons, each test series of our joint
experimental program was carefully prepared and a quality

assurance procedure based on the ISO 9001 standard was
followed. Test series were defined in order to evaluate the

effects. of the first parameters we wanted to study, 19e.
heated length (already described in our previous paper?),
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hydraulic diameter, _and cold wall. Given the absence of a
heated length effectg, at least for the range investigated
here, tests series were able to be performed with various
heated lengths. The analysis of the CHF data was carried
out using the so-called "local conditions hypothesis", i.e.
using the local thermal-hydraulic parameter values
calculated at the CHF location. In our case, for all test
sectiong, CHF 1location is close to the outlet because the
axial flux shape is always uniform. Qualities__are

calculated using the ASHRAE R-12 thermodynamic tableslO.

All test series referred to in this paper are listed in
Tables 1 and 2 and were carried out on the R-12 APHRODITE
and DEBORA test loops with an axially uniform electrical
heat flux. Even if some DEBORA tests in these tables have
a relatively small (<80) L/D ratio , all DEBORA tests were
carried out with a total length of about 4 m. The heated
length was changed by moving the upstream electrical

connector to the desired distance. In this case, we can
assume that a limit of 50 for the L/D ratio is enough to
avoid any inlet disturbance.

It is well known that the CHF mechanisms are very different
for dryout conditions (high qualities and low heat flux
densities) and DNB (low qualities and high heat flux
densities). As PWRs operate with low gqualities and as DNB
effects are more severe than dryout effects, we will focus
our attention on data with outlet qualities smaller than
0.30. This value does not correspond to the limit between
DNB and dryout, which is currently not well known, but it
is generally the upper limit of most of the industrial CHF
correlations. 1In the following section, we present the
general bases of our analyses performed with the usual
PWR configurations and thermal-hydraulic parameters.

3.2 Comparison method

In order to obtain the "purest" and closest comparison of
various CHF databanks, it is necessary to compare the CHF
for exactly the same local_ conditions. The PLAQUEs method,
as described by de Crecyll, or any multilinear regression
method allows interpolations to calculate CHF for given
local conditions (pressure, mass velocity and quality),
providing that calculations are made in the interpolation
range. The PLAQUEs method is a non-parametric regression
method with a residual standard deviation wusually smaller
than the one obtained from a multilinear regression method.
Besides its very low standard deviation, the advantage of
this method is that neither model mnor mathematical
relationship is needed for CHF predictions. However, a
simple analytical relationship like the one obtained with
a multilinear regression does not exist. In the following
analyses, both types of regression have been used. The
results from each method were systematically checked. One
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way to compare data is to always take the same "preset"
conditions. These preset conditions, constituting the
reference "mesh", have the following values:

Pressure:1.5,2,2.5,3 MPa,
Mass Velocity: 2000,3000,4000,5000 kg/m2?/s,
Local Quality: -.10,-.05,0.,.05,.1,.15,.2,.25

3.3 Error estimates

CHF and quality, the two fundamental parameters used for
local analysis, are not '"primary" measurements. They are
calculated from the power measurement for CHF and from all
the measurements for quality. They depend not only on I&C
errors but also on the criteria associated with the CHF
definition based on thermocouple signal analysis. In
addition, the boiling crisis is, in £fact, a transient
phenomenon. Thus, even the most accurate (and unbiased)
device can give inaccurate values. Moreover, local heat
flux is a function of the local thickness of the material
and of possible local electrical shunting through the
thermocouple welds. Thus, it is not worth estimating the
error on CHF and quality because they have no "physical"
reality. :

In addition, our objective was to compare CHF test series
between themselves considering, on the one hand, that
errors and uncertainties on raw data are very similar
between each test series and, on the other hand that the
regression method is always the same for all the analyses.
For these reasons, and as we are not giving any reference
value for CHF, error estimates were not made.

IV THE EFFECT OF DIAMETER ON CHF IN TUBES

One of the major problems still to be resolved is to know
how CHF varies with hydraulic diameter. The simplest way
is to know the CHF wvalue in tubes as a function of the
tube diameter. This modeling seems to be far more
complicated than the literature previously supposed. Most
authors have postulated that CHF varies exponentially with
diameter. The power of this exponential function may be a
constant or may vary with pressurxe, mass velgcity orxr
quality, as pointed out by Groeneveld® or in Czop”. Three
different tube diameters were used. ID of tubes were 8, 13,
and 19.2 mm. Tests configurations are shown in Table 1.

4.1 CHF vs. operating parameters

Using interpolated values of CHF in the mesh, the variation
of CHF with pressure, mass velocity and local quality was
plotted as a preliminary step, to verify the consistency of
the tests. The trends are similar for each tube diameter.
Two examples are given in Figures 1 & 2. In Figure 1, the
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lowest pressure value (1.5 MPa) is taken. At a given local
quality (0.10), CHF is the lowest for a mass velocity
between 3000 and 4000 kg/m2/s. This phenomenon is related
to the "Bowring point". Plotting CHF vs quality shows that
the slope of the curve is higher for higher mass
velocities. For two mass velocities, the two curves
intersect at a point, the "Bowring point". The reason is
probably that, for high qualities, high mass velocities
(mostly vapor) can remove the liquid film from the wall;
CHF decreases when mass velocities increases. At 1low
qualities, higher mass velocities 1lead to higher CHF
because of smaller enthalpy rises. CHF increases with mass
velocity.

This type of phenomenon can be found again for the three
tube diameter data when plotting CHF versus pressure at a
given quality (Figure 2). CHF increases with pressure at a
mass velocity of 4000 kg/m2/s, but decreases with
pressure at a mass velocity of 2000 kg/m2/s. As for the
variation of CHF with local quality at a given pressure and
mass velocity, all three data sets indicate a steep slope
for negative qualities and a small slope for higher
qualities. During this preliminary study, the CHF behavior
observed at low mass velocities (G<2000 kg/m2/s) was quite
different from behaviors at higher velocities. Therefore,
it was decided to consider only data obtained with mass
velocities greater than or equal to 2000 kg/m2/s. The three
data sets being consistent, it is now possible to compare
the CHF level for the three tube diameters for the preset
thermal-hydraulic parameters.

4.2 CHF in tubes of 8, 13 and 19.2 mm ID

The usual equation suggested by Doroshchuk12:13;

q)d mm / qu: 8 mm = <8/d)e (1)

gives a very convenient and easy to use relationship to
relate diametexrs for all tube CHF data. The evaluation of
€ permits relating all data to the single 8 mm tube data.
The interpolated values of CHF are calculated in the mesh.
The ratio between CHF in the 13 mm tube and CHF in the 8 mm
tube appears to be almost constant (=~ 0.87) giving an
average value of 0.29 for the exponent € in equation (1).
Thus we have:

®13 om / ®gmm = 0-87 = (8/13)0.23

In fact, the ratios are mostly in the range of 0.84 to 0.90
leading to an € range of 0.36 > € > 0.22. However, using a
constant value of 0.29 gives acceptable results (Table 4).
The local condition validity range for € = 0.29 is given in

Table 3 and corresponds to the range of 1local conditions
covered by both tests (8 & 13 mm). This value of ¢ is close
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to the value suggested by Groeneveld® which is 0.33 for
tube diameters between % and 16 mm. Note that in a more
recent paper Groeneveld® suggests € = 0.50.

As for the 19.2 mm databank using € = 0.29 also gives
fairly good results (Table 4). Note that the limit on the
tube diameter (16 mm) suggested by Groeneveld® is extended
to 19.2 mm. Table 4 compares the CHFs calculated using
Equation (1) with the measured CHF in the 19.2 mm tube.
Nevertheless, we thought that either the range of validity
for € or its accuracy had to be improved.

4.3 Proposed equation for €

The reference mesh is no longer considered here. We first
calculated a reference PLAQUES using the 8 mm data. This
allows calculating CHF at any 1local condition in the
interpolation range. More precisely, we used the local
conditions obtained in the other two tests (13 and 19.2
mm tubes) to calculate CHF in an 8 mm tube. "Experimental"
values of ¢ were determine for all local conditions using

e=ln(®4q/®g) /1n(8/d) d= 13 or 19.2

where &4 is the measured CHF at given experimental local
conditions for the 13 or 19.2 ID tube tests and og is the
8mm PLAQUEs calculated CHF for the same local conditions.

We see from Figure 3 that these values change dramatically
when local (outlet) qualities exceed roughly 0.1. A more
precise analysis of this figure (but not directly seen on
this figure) indicates that the steep slopes are strongly
dependent on pressure and mass velocity. For example, the
steepest slope is for 1.5 MPa and 4000-5400 kg/m2/s. It
was then decided to 1limit our analysis to the data for
local qualities below 0.15. With this restriction, it
appears that even though the 8 and 13 mm data and the
8 and 19.2 mm data agree quite well, the combination of
both 13 and 19.2 with 8 mm data shows some deviations. This
behavior was also found by Chengl4. For this reason, only a
glight improvement for € was obtained using the following
equation:

€=C+a,P+b,G/1000+c x+ayP2+b, (G/1000) 2+cyx?2 (2)
c = 1.087 .
a; = -0.526 bq= -0.077 cq= -0.303

az 0.099 bz= 0.010 c3= -0.910
As shown in Table 4, this equation permits reducing the

standard deviation for the 19.2 mm data from 0.063 (e=0.29)

to 0.049. The recommendation of Groeneveld~® to use d=16 mm
instead of the DEBORA diameter (19.2 mm) did not lead to
any improvement.
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We must stress the fact that the wvalidity range for
diameters is from 8 to 19.2 mm and that the upper quality
limit is 0.15 and that large errors can be introduced if
Equation (2) or €=0.29 is used for higher qualities. The
ranges of the other parameters are given in Table 3.

The variation of measured CHF (M) divided by the
calculated (C) CHF (or predicted CHF) versus the local
quality is given in Figure 4. Predicted values are

calculated as indicated above using the PLAQUES
interpolated value of CHF for an 8 mm ID tube and equations
(1) and (2). C vs M values are given in Figure 5.

A preliminary interpretation of these results, to be
confirmed by some local void fraction measurements, is
based on the difference between average quality and true
local quality. For low qualities, the difference between
local quality (at the wall) and the average calculated

quality at the same height increases with the tube
diameter. For the same given average local (outlet)
gquality in two tubes, the quality near the wall is higher
in the larger tube. As DNB is a local phenomenon, CHF is
then lower for the larger tube. On the contrary, for high
qualities, the flow regime may be totally different and the
CHF mechanism may be dryout. In which case, the above
study would not be valid.

V CHF IN ANNULT

In order to extend the results in tubes into more general
behaviors, we need to test other simple geometries close to
the tube geometry. Annuli are the most appropriate
geometries. However, this change generates secondary
effects like curvature, radial heating and spacer devices
etc. Spacer devices are designed to maintain the two tubes
in the correct position. A

Compared to CHF studies in tubes, references in annuli are
far less numerous. Shahl® used about 23 internally heated

cylindrical annulus tests from 10 references to build a
correlation extended to any kind of annuli with the
addition of four other tests with outer or both tubes being
heated. The_range of tube diameters and gaps (g) is quite
large. I1icl® presents a series of 29 annuli cooled by
upflow of R-12 at an inlet pressure of 1.04 MPa with
internal, external, and combined internal and external
heating. The range of tube diametergs is large, but gaps are
small (0.8 to 3 mm). Ornatskil? performed tests with
two-side heating, the outer tube being overheated. Inner
tube OD is 10 mm and the gap 1 to 2 mm. Tolubinskiy18 used
about the same geometry but with CHF occurring on the inner
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tube with the inner tube being overheated. Beckerl?®
performed tests with a geometry close to the first DEBORA
annulus, but obtained high qualities.

The first DEBORA annulus gives us three CHF annulus
databanks. The annulus geometry is as follows: 19.2 mm ID
for the outer tube and 9.5 mm OD for the inner tube. The
choice of these dimensions was governed by the geometry of
most of the 17x17 PWR fuel rod assemblies: the diameter of
9.5 mm corresponds to the fuel rod diameter and the
hydraulic diameter of the annulus is 9.7 mm, which is the
hydraulic diameter of a guide-tube subchannel. Spacer
devices used to center the inner tube are welded on the
inner tube every 300 mm, with the last one located 250 mm
upstream from the end of the heated length. These spacers
are designed to interfere as 1little as possible with the

flow.

The first databank, DEBORA 13 (see Table 2), was obtained
with both tubes heated by identical heat fluxes. The other
two databanks were DEBORA 3, with the outer tube heated and
DEBORA 4, with the inner tube heated.

5.1 One-side heating (external or internal)

Figure 6 gives a comparison of CHF in the 19.2/9.5 annulus
with just one side being heated (outer tube for DEBORA 3;
inner tube for DEBORA 4). CHF is greater (about 10%) when
the inner tube is heated under DNB conditions (x<0.1).

5.2 Bilateral heating
CHF LOCATION

On DEBORA 13, power was set on each tube to try and obtain
the same local heat flux densities on both tubes. In
practice, as the heat fluxes are generated by two
independent power supplies of 100 kW each, heat fluxes on

both tubes are never strictly identical. However, the
resulting heat fluxes never differed by more than 4%.
Boiling crisis occurred either on the outer, the inner, or
on both of tubes simultaneously. Looking at the test
conditions when these three cases took place, we noted
that:

- There is no relationship between the tube having the
highest heat flux and the tube on which the CHF occurs.

- Pressure or mass velocity have no effect on CHF location.
We found CHF occurring on either tube for the whole ranges
of pressures and mass velocities.

- Local quality has an obvious effect on CHF location (see
Figure 7).
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For qualities greater than 0.2, almost all boiling crises
occur on the inner tube (¢ 9.5), and for qualities lower
than 0.2, boiling crises occur on the outer tube (¢ 19.2)
except for very £few cases. This behavior could be due to
the type of boiling crisis i.e. DNB under low qualities
and dryout under high qualities. This means that CHF would
appear on the outer tube under DNB conditions and on the
inner tube under dryout conditions. Since DNB is commonly
considered to be a local phenomenon, following the
conclusion of Brighton20 that the local velocity near the
wall is lower on the outer tube than on the inner tube,
this could explain why the cooling is less effective on the
outer tube and why CHF occurs preferentially on the outer
wall. The velocity gradient, and, consequently, the shear
stress can also play an important role. This preferential
occurrence seems to be related more to channel geometry
than to curvature of the heating surface itself,
considering that the diameters and gap used in our tests
are large enough.

In the references, when looking at other tests with equally
heated tubes, on%y data under dryout conditions are
available. Becker?t found that CHF always occurred on the
inner tubes (which is consistent with our observations),
while Ilicl® found that CHF occurred on both tubes. In the
second case, the gaps were rather small. We believe that
for small gaps, major differences can appear compared to
our actual gap. This is also true for CHF in small ID tubes
where other effects (like curvature) may be stronger.

When comparing CHF level for internally or externally
heated annuli (Section 7.1), it seems logical that, £for the
same thermal-hydraulic conditions, CHF preferentially
occurs on the outer tube when both tubes are heated.

CHANNEL SHAPE

Next, we looked for a relationship between the CHF in the
two-gide heated annulus and the CHF in a tube. What tube
diameter gives about the same CHF as was obtained for the
annulus? We first tried- a . tube diameter of 9.7 mm
(hydraulic diameter of the  annulus).. Since we did not have
any data for a 9.7 mm tube, we used either equations (1)
and (2) from Chapter 6, or the PLAQUEs method to calculate
the CHF for a 9.7 mm tube under the preset conditions.

Using the same method as in Section 4.3 allows the direct
comparison of calculated CHF in a 9.7 mm tube and measured
CHF in the annulus. Results of calculated/measured ratios
are plotted in Figure 8. For qualities below about 0.1 (DNB
conditions), CHF in the ‘'equivalent" 9.7 mm tube is
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slightly higher (=~ 6%) than CHF in the annulus with two
wall heating. In fact, the CHF in the annulus is similar to
the CHF in an 11 mm tube.

Under higher qualities (dryout conditions), the effect of
pressure ig predominant if mass velocities are above

2000 kg/m2/s. For low pressures, CHF in the annulus can be
much higher than CHF in a tube of equivalent hydraulic
diameter (see Figure 8).

In conclusion, for a two-side equally heated annulus, under
DNB conditions, CHF occurs on the outer tube at a value
close to that found on a tube having roughly the same
hydraulic diameter. .

5.3 CHF on outer tube : cold wall and channel shape effects

We analyzed two annulus tests; the DEBORA 13 test for low
qualities (boiling crises on the outer tube) and DEBORA 3
(inner tube not heated) and the 19.2 mm tube test (DEBORA 1
and 2). In Figure 9, a comparison of the calculated CHFs
from DEBORA 13 and DEBORA 3 shows that the presence of the
cold wall (inner tube not heated) tends to lower the CHF by
about 10%, under DNB Egnditions (x<0.1). This result
disagrees with Ornatskiy who found, for gaps between 1
and 2 mm, that CHF at the external surface 1is independent
of the heat load applied to the inner tube. But a cold wall
is normally detrimental to heat transfer, /gince it
attracts liquid which could otherwise be used to cool the

heated wall. Once again, gap size seems to be important.

The next step was to compare annulus and tube. Heating
tubes were the same but hydraulic diameters were different
and there was a cold wall in the annulus. When the two
sides of the annulus were heated, CHF was about -the same as
in the tube with the same hydraulic diameter. Having just
the outer tube of the annulus being heated lowers the CHF
by about 10% compared to both tubes being equally heated,
and we found that the CHF corresponded to that of the
19.2 mm tube (Figure 10). Under DNB conditions, CHF in the
outer tube heated annulus is close to the CHF in the
19.2 mm tube. The 10% cold wall penalty in a 9.7 mm
hydraulic diameter annulus is compensated by a larger
diameter (19.2 mm) in a tube according to Equations (1) and
(2) in Section 4.3.

VI _EFFECT OF HYDRAULIC DIAMETER

Lastly, a comparison has been made between the DEBORA 18
CHF data and the ENEE B&C CHF data. DEBORA 18 data is for
an annulus with a 9.5 mm IT OD and a 13 mm OT ID, while
ENEE is for a 13 mm tube . Since the annulus hydraulic

diameter (3.5 mm) is outside the range of the tube databank
(8-19.2 mm), CHF for this diameter was not calculated.
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The only remark we can make is that the behavior of the
data would lead to completely different conclusions from
the conclusions drawn from the above comparison between
annulus and tube. We lack enough data to continue this
investigation, but we can assume that this difference is
probably due to the fact that the flow and heat transfer
characteristics are not the same for such a small
hydraulic diameter.

VII CONCLUSION

The first observation we can make is that CHF can exhibit
dramatically different behaviors under dryout conditions
and for DNB. These behaviors have been precisely establish
with the help of an advanced spline method.

Limiting our conclusions to DNB conditions, we found, for
CHF in a round tube, that the variation with the tube
diameter followed the recommended equation and initial
exponent value of Groeneveld®, although the exponent value
was slightly modified. But a more recent exponent value
proposed by Groeneveld® gives less satisfactory results.
Nevertheless, we impose an up%er limit (0.15) for local
qualities, although Groeneveld®'® indicates no upper limit.
Respecting this 1limit allows comparing the CHF in an
annulus (with both walls heated equally) with the CHF in a
tube having the same hydraulic diameter.

Concerning the externally heated annulus, still under DNB
conditions, the results seem comparable for tubes having
the same diameter as the outer tube of the annulus.

Also, internally heated annuli can reach higher CHF than
externally heated annuli, under the same DNB conditions.

Small tube diameters and small gaps can totally change
these conclusions.

Nevertheless, the need for more research is evident if we
want to assess and generalize these results. Also further
work has to be done to expand our analysis to rod bundles.
It seems that for low gqualities, good accuracy can be
achieved, but for higher qualities, we need to improve the
phenomenological approach to the boiling crisis phenomenon.
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TABLE 1 : CHF TESTS IN TUBE DESCRIPTION OF TESTS CONFIGURATIONS

TEST TEST| Heated ID | OD | # of [Pressure (MPa)| Mass Vel Kgim2s] Quality (%) | Flux (KW/m2
SECTION | # | length(m) | (mm)|(mm)| tests | Min gVIax) Min Max | Min tylé[ax) Min( biimg
DEBORA | 20 1.5 80 1120 75 | 1.44 3.08 1007 5102| =21 +44 | 53 435
DEBORA | 21 0.68 80 |12.0] 45 | 144 3.02| 955 5073] =51 +32 | 70 650

ENEE B 6.0 18.0 140 97 [ 1.24 8,51 |2660 5380 —11 +37 60 282

ENEE C 3.5 18.0| 140 )| 197 | 1.08 3.47 | 1775 5432| —338 +38 | 53 34+
DEBORA 1 3.5 19.2 1 21.2 | 146 [ 1.48 3.03| 960 5017| —30 +39 59 415
DEBORA | 2 1.0 19.2121.2]| 85 |1.45 8.02{1007 5015| =74 +19 108 663

TABLE 2 : CHF TESTS IN ANNULI DESCRIPTION OF TESTS CONFIGURATIONS (DEBORA LOOP)

TEST| Heated | Inner Outer | # of |Pressure (MPa)| Mass Vel. (Kg/m2is| Quality’'(%) { Inner tube Outer tube
# | length (Tube OD [TubeID| tests | Min Max | Min Max | Min Max | Flux (kW/m2) | Flux (kW/m2)
(m) (mm) | (mm) Min Max | Min Max
3 3.5 9.5 19.2 | 120 | 146 3.01| 976 5038 —20 +41| O 0 44 356
4 3.5 9.5 19.2 | 101 {146 3.01| 991 5024| -34 +19| 67 522 0 0
183(*)) 3.5 9.5 19.2 33 1146 3.01[1012 5020| -2 +30 ]| 50.7 261.3| 52.6 260.0
14(*)] 3.5 9.5 19.2 39 | 146 3.01 | 991 4998 | +20 +34 | 30.6 141.7| 29.4 144.5
18 3.5 9.5 13.0 30 | 146 8.01[2022 5040| +2 +41 o 0 34 177
19 3.5 9.5 13.0 27 {146 3.01]12031 5021 -7 +23| 35 224 | O 0

(*) DEBORA 13 concerns CHF detected on the outer tube
(*) DEBORA 14 is the same CHF test series as DEBORA 13 but concerns CHF detected on the inner tube

All test series carried out on the DEBORA loop

TABLE 3 : VALIDITY RANGES

Limited Range | Extended Range All Data
. Pressure 1.5 1.5 - 1.0
(MPa) 3 3.5 3.5
Mass Vel. 2000 2000 1000
(kg/m2/s) 5000 5400 5400
Quality -5 —60 -74
(%) +15 +15 +44
Limited Range : for e (epsilon) constant = 0.29
Extended Range : for e (epsilon) using Equation (2)
TABLE 4 : STATISTICS OF M/C
epsilon = 0.29 | Limited Range | Extended Range All Data
ENEEB&C 1.035 1.0238 1.29 average
TUBE 0.052 0.069 0.57 std
13mmiD 48 131 294 data
DEBORA1 &2 0979 0.996 1.05 average
TUBE 0.062 0.063 0.13 std
19.2 mm ID 92 129 181 data
epsilon = EQ. (2)| Limited Range | Extended Range All Data
ENEEA&B 1.021 1.012 1.26 average
TUBE 0.048 0.064 0.58 std
13mm D 48 131 294 data
DEBORA1 &2 0975 0.996 1.05 average
TUBE 0.060 0.049 0.12 std
19.2 mm ID 02 129 181 data

M is the measured C

HF

P is the calculated CHF using the 8 mm ID tube data and Equation (1) with epsilon
constant (0.29) or varying according to‘zEsaBusation 2.



FIGURE 1 : CHF vs Mass velocity
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FIGURE &b : C vs M DEBORA 1&2 (19.2 mm tube) FIGURE 6 : CHF IN ONE-SIDE HEATED ANNULI
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FIGURE 9 : COMPARISON OF CHF IN A TWO-SIDE EQUALLY HEATED ANNULUS
" OR IN AN EXTERNALLY HEATED ANNULUS
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Various Cross-Section

Bobkov V.P., Kozina N.V., Vinogradov V.N.,
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State Scientific Center,
Institute of Physics and Power Engineering
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Abstract.

The model developed to predict a critical heat flux (CHF)
in various channels is presented together with the results of
data analysis. A model is the realization of relative method of
CHF describing based on the data for round tube and on the system
of correction factors. The results of data description presented
here are for rectangular and triangular channels, annuli and rod
bundles.

Table of Nomenclature.

Co curvature of thermal boundary layer;
D tube diameter, m;
Dhe heated equivalent diameter, m;
F flow area, m#4;
G mass flow rate, kg/(m2s);
Ket parameter of effective thermoconductivity of fuel rod;
L length, m;
Ln heated length, mm;
Lo relative extension of elementary thermal cell flow area;
P pressure, MPa;
Por pressure, critical value; MPa;
Pp heated perimeter, m;
0 heat flux (also critical), MWwt/m2;
Op heat flux in tube with diameter D, MWt/m2;
Qg heat flux in tube with diameter 8 mm, MWt/m2;
Qt heat flux in tube, MWt/mZ2; '
R radius, m;
Rp radius of heated surface, m;
X steam quality;
X0 steam quality, modelling value;
AX value of X biasing;
Yt model parameter, a thickness of thermal boundary layer, m;
secondary parameters Y¢ min, Yt,ay and Yg;
indexes: 1 - for internal surface of annulus;

2 - for external surface of annulus.
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1.Introduction.

The report contains the analysis of specific features of
critical heat flux (CHF) for water flowing in channels of various
non-round cross-section and the results of CHF description in
such channels. The method used here is a relative one which can
be considered to be analogous to ones being used in another
fields of thermohydraulics. The relative model means here the
using of recommendations for CHF in round tubes in order to
predict CHF values in more complex channels. The examples of
investigations based on similar approach can be found in [1,2].

The authors of [1] have elaborated the corrections to
skeleton (look-up) table on CHF in round tubes with uniform
heating which have been used to predict CHF in rod bundles. These
corrections describe the effects of cross-section geometry,
heated length, minimum gap, curvature of heated surface, spacers,
distribution of heat flux along heated perimeter. The authors
have considered their results as preliminary and awaiting for
improvement. They have not presented the estimates of data
fitting accuracy and the ranges of applicability.

The authors of [2] have checked directly (without any
corrections) the possibility of using of CHF values in tubes for
prediction CHF in spaced 7-rods bundles. The cases explored have

yielded satisfactory results.

2. Special features of CHF in complex channels.

When deriving the model of relative CHF description one
should define the conditions of comparation of CHF in various
channels. It seems that the main conditions are connected with
pressure, P, mass flux, G, and steam quality, X. Others will be
considered later.

The complex channels with special features of CHF can be
divided to two types: 1) isolated channels of complex cross-
section (annuli, rectangular or triangular channels, simulators
of rod bundle cells); 2) rod bundles which, in contrast to
isolated channels, should be considered as systems of parallel
channels.

Let's 1look at first at CHF in isolated channels with
respect to CHF in round tube.

1. Having in mind the dependence of CHF in tubes on cross-
section scale (diameter) we should choose the proper scaling
factor for other channels. We guess that we can use the heated
equivalent diameter, Dy., as proper one.

2. An overheating of fluid is inevitable in the narrowest
place of channel with nonuniform gap of flow area along heated
perimeter. Therefore the CHF in such channel depends on such
parameters of cross-section geometry as variation of gap value
and its relative extent. The last factor affects heat transfer
efficiency along heated perimeter and consequently overheating
degree and CHF value.
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3. We assume that thermoconductivity and thickness of
heated channel wall affect CHF in such channels because an
efficiency of transverse heat transfer depends on these factors.

4. Having in mind the fact that CHF differs in annuli with
internal and external heating with the same main parameters (P,
G, Dper X, L) we should assume that CHF depends on the type of
heated surface curvature (either convex or concave) - see also
[3-5].

5. It seems also that CHF depends on conditions of heating
along perimeter in isolated channels of complex profile. The
example 1is the flat channel or annuli with unilateral and
bilateral heating. A presence or absence of heat flux on opposite
surface affects strongly CHF value. There is no steam generation
on nonheated surface (a liquid film is retained) that leads to
displacment of flow regimes and to variation in CHF. It had been
mentioned in [6].

The specific features of CHF in various rod bundles include
features presented above for isolated channels. But we have here
additional factors due to the fact that rod bundle is the system
of parallel connected channels of complex profile. It leads to
considerable complication of experimental methods and phenomena
description. These additional factors are:

1. The problem of thermohydraulic non-equivalence of bundle
cells (subchannels) is connected with difference of central and
peripheral 2zones of bundle and also with possible presence of
technological distortions of bundle geometry. It leads to
nonuniform distribution of mass and heat flow and to dispersion
of such parameters as G, X and, maybe, P along cross-section. The

"crisis occurs in the cell featured by most adverse conditions.

2. The transverse heat and mass transfer between cells can
decrease or suppress the effect of non-equivalence of central and
peripheral cells.

3. The additional turbulization of flow by spacers leads
usually to an increase of CHF value.

The main difficulty of CHF description in rod bundles is
how to define the wvalues of main local parameters in crisis
locality - both operating (P, G) and geometrical.

3. New model.
This new model of CHF description in channels of complex

cross-section including rod bundles is based on CHF features
presented above and on following assumptions {[7,8].

1. The main dependencies of CHF on main parameters (P, G, X, Dpe)
are defined by the case of round tube of D=8 mm with correction
factor for another values of diameter. We use here the look-up
table method for calculation of CHF in tube - see, for example,
[9,10].

2. The model is wvalid for the smooth channels with arbitrary
cross—section which is uniform along length. We assume that the
local values of main parameters (P, G, X, Do) are known and the
heat flux is uniform along length.

2541




3. The whole cross-section of channel is divided to "elementary
thermal cells" (ETC). Its definition ([7,8]) is presented below.
4. We take the heated equivalent diameter D, ,=4F/P, (F is a flow
area of ETC, Py is its heated perimeter of ETC) as the typical
scaling factor for cross-section. It is used to correct the CHF
value for tube diameter. This factor can help to take into
account a type of heat flux cross-distribution and the constancy
of derivative of enthalpy with respect to length.

5. The CHF wvalue for ETC can be found from value for tube with
the same P and G, D=Dpg:

Q(PIGIDheIX)/Qt(PIGIDIXo)=f(Ci)I (1)

where C; is the system of correction factors contained mainly
geometrical factors and effective thermoconductivity of fuel rod.
The definition of function X, is presented below.

4, Definitions.

The elementary thermal cell (ETC) is the part of -channel
cross-section which contains the part of fuel rod or its
simulator and adjacent thermal boundary layer - flow area section
which is responsible for removing of heat from heated surface of
ETC. The ETC can be defined by following borderlines (see Fig.l).
1) Lines dividing ETCs along normal to heated surface (lines N1,
N2, N3 and N4 on Fig.la). It is assumed that heat transfer across
these lines is absent. We call them "the lines of zero transfer"
(LZT) . With these lines been defined properly the heating of heat
agent inside the ETC is equal to the subchannel mean value.

In the case of bundle with uniform radial heating these
lines for internal (closed) ETC coincide with the 1lines of
symmetry {(line N1 on Fig.la) and the surface of barrel gives the
LZT (N3, N4) for peripheral (open) ETC (ETCs of types 3 and 4).
We take the N2 as LZT for ETC of type 2.

The case of bundle with nonuniform radial heating is more

complicated one. We assume that the first step of analysis should
be done by using of proper method of subchannel analysis to

define local ©parameters values of most "dangerous" <cell
(subchannel). Then this last should be divided to a number of
ETCs. Such a complicated <case 1is a subject of further

investigation which will lead to more grounded method of CHF
calculation.

In general, each LZT is the geometric locus of points whose

distances from nearest heated surfaces along normals are
proportional to corresponding values of heat flux.
2) Lines dividing the neighboring ETCs along heated perimeter
(lines L4 of Fig.l,a). In the case of uniform heating these lines
are also defined by symmetry and in general can be defined after
building the LZTs.

The exact definition of ETC's borderlines demands checking
the relation derived from heat balance equation:
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Qi *Pp,i/F; = 2(Q3*Pp, ) / Z(F5), (2)

where index 1 stands for given ETC, the sums are over all ETCs
included into the subchannel of commonly accepted division (for
example, one consists of two ETCs of type 3 plus two of type 2).

The thermal boundary layer (TBL) of ETC is its flow area
closed by heated perimeter and LZT.

The thickness of TBL (Y.) is a distance from heated surface
to LZT (see Fig. 1b). The nonuniform ETC has Y. which varies
along perimeter with definite minimum value, VY¢ pijn. It is
important that Y. varies monotonically along heated perimeter. We

use also the average value of Yy, Y ay!

Yt,av=(1/Ph) *J‘Yt*dPh (3)
Ph
and such parameter of ETC's nonuniformity as Yo=Y¢ pin/Y{¢, ay-

The curvature of TBL (C,) is the ratio Cg=Y. ,,/Ry, where Ry
is a radius of heated surface. We have: for tube - Ry=D/2, C,=-1;
for annulus with external heating - -1<C,<0; for annulus with
internal heating - C,>0; for flat channel - Cg,=0. For all
channels which we deal with C, varies from -1 to 1. By the way,
the parameter C, in annuli has also meaning of undimensional mean
gap value.

The relative extension of ETC's cross section (L,) is the
ratio Lo=Pn/Y¢, oy

The modelling value of steam quality (X,) in tube is defined
by a relation of biasing X,=X+AX, where X is the value in given

channel and AX depends on other parameters (see below).

The thermohydraulic nonuniformity of ETC is caused by
different heating of heat agent in narrow and wide parts of its
flow area (see definition of parameter Y,). It leads to a heat
transfer along heating perimeter both in flow area and in a body
of fuel rod (or its simulator). In the last case the value of
heat transfer depends on thickness and thermoconductivity of a
simulator wall. So we should insert the parameter of effective
thermoconductivity of fuel rod or its simulator, K. It is well
defined for case of convective single-phase heat transfer ([11]
but additional investigations are needed to define it for burnout
phenomena. We estimate this parameter here phenomenologically.

So we have such a system of model parameters: thickness of
thermal boundary layer, Yy, with minimum value, Y¢ pi,7 parameter
of nonuniformity of TBL, Y,; curvature of TBL, C,; relative
extension of TBL, L,; parameter of effective thermoconductivity
of fuel rod or its simulator, Kg¢.

5. Results for isolated channels.

The data used were chosen from HEMATIC's (Heat and Mass
Transfer Information Center, IPPE, Obninsk) data bank on CHF in
various 1isolated channels. The correction factors have been
derived from the data for concentric and eccentric annuli with
uni- and bilateral heating in such form:
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Q(P,G, Dhelx) /Qt (P, G, D=Dhelxo)=l_K* (1—Yo)n (4)
where
K=K1*K2*K3*K4*K5 (5)

The recommended data for tubes used to derive coefficients in (4-
5) were (here and below) in the form of look-up table [9], with
diameter effect Qp/Qg=(8/D)0-3.

Let's begin with the relation between X and X =X+AX. The
typical case of this biasing for annulus can be seen on Fig.2.

Fig.3 shows the dependence of biasing AX on C, obtained after
analysis of experimental data on CHF in concentric annuli. With

Co=-1 (round tube) AX is equal to 0. Let's imagine the nonheated
rod inside the tube with both diameters (D; and D,) being
increased so that Dy, 1is being retained constant. When D;/D,
varies from O to 1 the value of C, is increased from -1 to 0 and

that of AX - from 0 to some definite value (our estimate is
approximately 0.05). A changing over C,2=0 to positive values
means the changing of heating from external to internal surface.
The positive increasing of C, (decreasing of D;/D,) leads to

further insreasing of biasing AX.

What are the reasons of this curvature effect? Here we can
only give the hypothesis. Analysing the data on CHF in concentric
annuli we see that 1) CHF biasing along X-axis 1is greater at

internal heating (Cy>0); 2) the values of AX are approximately
the same at all values of X for given Co. This means that the

reasons of curvature effect on AX value are the same at film
boiling, transition and dispersed-annular regimes and result in
better water supplying of an external (concave) surface. We guess
that the reasons are connected with turbulent pulsations of
velocity along curved isotachs. These pulsations lead to a rise
of massive forces acting on each elementary volume of flow. These
forces being proportional to density push the heavy phase (water)
to an external (concave) surface more effectively than 1light
phase (steam).

The phenomenological relation for AX is (see Fig.3):

X =X+AX, (6)
where

AX=0.05% (C,+1)2* (1-0.4*P/P.,), (7)
P., is the critical value of pressure.

The correction for Y, in (4) have been derived after
analysis of data on CHF in eccentric annuli:

n=0.5+0.0015*G*C,2, (8)
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where G is in kg/ (m?s). The typical plots of CHF dependencies on
Y, are presented on Fig.4. The greater is the nonuniformity of
ETC's cross-section (eccentric annulus) the greater is difference
between CHF in this ETC and in ETC with uniform cross-section
(concentric annulus). When Y,=1 (uniform cross-section of ETC,
for example, concentric annulus) the correction factor (1-Y,)D
equals to 0, when Y, =0 (maximum nonuniformity, minimum gap value
equals to =zero) this factor equals to 1. The dependence of
exponent n on G and {C,| (modulus of C,) extracted from data can

be seen on Fig.5.
In (4) Kl is the correction for relative extension, Lo,
which have been derived from the data in eccentric annuli:

K1=K (Lg)=0.077*L, (9)

The correction for both mass flux, G, and C, have been
derived using the relation from [5]:

K2=K (G, |Co|)=G** (=0.37*[C,19-5), (10)

where G is in kg/ (m2*s), ** - raising to a power..
The correction for both C, and heated length, Ly, mm, is:

K3=K (Lp, 1Co 1) =Lp** [ (0.29%Cy1) 0-33] (11)

The correction for steam quality is (see [5]):
K4=K (X)=1-0.3*X (12)

The correction for assumed parameter K. have been defined
from the data for annuli as phenomenological constant.

K5=K (Koy) =0. 4 (13)

This value is valid for tubular simulator of fuel rod made from
stainless steel, with wall thickness being in range 1-1.5 mm.

So, we can describe now the CHF in concentric annulus. We
have the given values of P, G, X, heat fluxes Q; and Q,
diameters D; and D,. Here we have Y, =1, the right part of (4)

equals to 1 and the correction is connected only with biasing A
X.

We should define on which surface the crisis arises. We
have for annulus:

Dhe,i=4Fi/Pp, i (14)
Co,i=Y¢,1/Ri (15)
where i=1 - internal and i=2 - external surface.

To define the value of Dy, we should calculate the diameter
D, of LZH dividing both TBLs - near internal and external
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surfaces (see Fig.lc). This value can be defined as sufficient
approximation using condition: Fi/Fy=Q;1*Py 1/(Qz*Py ). It leads
to relation

=(Q1%D;*Dy2+Q,*Dy*Dq2) / (Q*D1+Q,*Dy) (16)

Then we have for internal surface:

Dhe, 1= (Dg?-D;2) /Dy, (17)
Yt’1=(D°"D1)/2, (18)
Co,1=(Do_D1)/D1' (19)

and for external one:

Dhe, 2= (D22-Dy2) /Dy, (20)
Yt,2=(D2_DO) /2, (21)
Co,2=(Do=D3) /Dy (22)

Note that C, in (22) is negative.

The calculated values of CHF, Qg3 and Qs for both
surfaces are equal to the values, Q. i and Q¢, 2/ for equivalent
tube with given parameter values: intérnal - P, G, D=Dpe,1s Xo=X+

AX,, external - P, G, D=Dyg, 3, X, =X+AX,. These values should be
compared with real values of heat flux on each surface. If
01<Q¢r,1 and 03<Q.r, > then the crisis had not arose. Otherwise we
ea51ly define the critical surface and the value of CHF.

To define the CHF in eccentric annulus we should calculate
additionally the parameters Y,; and L,; and use the
phenomenological value K5=0.4. with Ro,=D,/2, Rl—D1/2, Ro=D,/2 we
have (Y, 1=Y,,2 by definition)

Yo, 1=(Ry-Ry1-E) / (Ry=Ry) , (23)
Y, 2=(Ry~R1-E) / (Ry=Ry) , (24)
Lo,1=3.14%Ry/ (Rg-Rq), ’ (25)
Lo, 2=3.14*Ry/ (Rp-Ro) , (26)

where E is the eccentricity in meters. The values of D, Dpe. 1/
Dhe,2/ Co,1 and C,, should be defined in the same way as for
concentrlc annulus (Fig.1lc).

Statistical results of description CHF data in annuli with
uniform heating are presented in Table 1. The data used have been
taken from HEMATIC's data bank [3]. The notations in Table 1 are:
M is mean value of relative residues, RMS is relative root mean
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square error (non-biasing estimate of scattering around the mean
value M). :

The Table 1 contains also the results for CHF in
rectangular and triangular channel [17].

So, we've got the correction functions system in a rather
general form which helps to predict CHF in isolated channels of
various cross-section. It can be done with given values of main

parameters: pressure, mass flux, steam quality, cross-section
geometry, features of fuel rod or its simulator. It should be

noted that the accuracy of description of data for isolated
channels equals approximately to that for tubes, Dbut the
discrepancies between the data sets of different authors and/or
for different test-sections are greater. The maximum wvalue of
this discrepancy for annuli is about 40%.

6. Results for spaced rod bundles.

The data wused were for triangular bundle geometry,
hexagonal nonheated barrel, with the number of rods from 3 to 37.
The parametric ranges of 2100 points were: pressure - from 3 to
19.9 MPa, mass flux - from 500 to 4130 kg/m2, steam quality -
from -0.5 to 0.7, thermal diameter - from 5.8 to 12.45 mm,
pitch/diameter ratio Tpq - from 1.22 to 1.4.

The thermohydraulic non-egquivalence of internal and
peripheral cells means the difference of local values of system
parameters (P, G, X). The crisis takes place always in internal
cell for the cases under consideration. To be sure that the local

values of system parameters differ little from the mean ones
across channel we use the criterion

Keng=dH () /dH (b) ‘ _ (27)
Here dH is a variation of mean enthalpy in cell ("c" - cell) and
in channel ("b" - bundle) as the result of heating. With

neglecting of intercell exchange this relation can be simplified:

Kt:hd=(Dhe,b/Dhe,c)*(Dhy,lzzt/]:)hy,c)o’sl (28)

where subscript "he" means "heated equivalent" and "hy" means
"hydraulic equivalent".

We use the data with the vaues of Kipq from 0.85 to 1.15.
The relation (28) gives rather upper limit of criterion because
of the transverse intercell mixing. After that we don't use the
subchannel analysis which is needed for more detailed
development.

The use of spacers inside the channel body helps to
turbulize the flow and to increase CHF. To account for this
effect we use the relation [1]

Kep=111.5%K,0-5%G0-2*exp (-0.1%Lgy/Dyy o) s (23)
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where K, is the spacer loss coefficient, G is in Mg/ (m?s), Lsp is
the distance from top to nearest spacer.
The main relations of geometric parameters for internal ETC

are: Dpe=D,* (1.103*T,42-1), Co=1.047*Tyq-1, Y =T,q/Cq,
L,=0.5236/C,, where D, is rod diameter.

So, we assume that the main features of CHF in spaced rod

bundles are described by the function AX(P,C,) (7). The further
data analysis has shown that we have here the residual dependence
of CHF on P, G and X. After data fitting this dependence is

Qrp (P, G, X, Dpe) / [Qt (P,G, X4/ Dhe) *Ksp]=N(PI G,X), (30)
where |
N(P,G,X)=(0.091+1.02*P*G-0.0575*P2*G3) * (1+0.536*X) (31)

Finally, the relation (30, 31) fit 2105 data points with M=

-4.7% and RMS=22.8%. The ranges of values of M and RMS for
various data sets are: M - 60%, RMS - from 8.3% to 29%. The
Figures 6-10 display several plots of CHF (data and calculated
values) versus Xcr.

The data show, Jjust as in the cases of other channels, the
noticeable discrepancies between data sets of different authors.
These data sets differ often by parametric regions so one meet
the danger to overestimate the residual parametric trends when
fitting forcely mentioned discrepancies. Our compromise has been
grounded by the analysis of residual error distribution function
for each data set - we have demanded them to be approximately
normal.

7. Results for tighted rod bundles.

The description of CHF in tighted rod bundles is made
difficult by the fact that this case has the features both of
isolated and bonded channels. Another difficulty is the lack of
data available with all of them being for Dpc<4 mm.

Having this in mind we have dealt with a special case of
problem - to check the accuracy of relation
Qrb(PrG/X/Dhe)/Qt(PIG/Xo/Dhe)=[1'K*(1”Yo)n]*Ksp*N(P/GIX) (32)
against the data for tighted rod bundles.

We have two data sets available: 41 points for Tp4q=1.02 and
49 points for T, ,4g=1.05. The parametric ranges are: pressure -
from 8.2 to 13.8 MPa, mass flux - from 650 to 5550 kg/m?s,
quality - from O to 0.77, heated equivalent diameter - 2.4 and
2.8 mm. The best fit is for K5=0.6 - see (13), with this wvalue
being equal to that for triangular channel ([17]. It should be
noted that these experiments have had the aim to simulate the
crisis in tighted rod bundle. Also, the best fit is for diameter
correction Qp/Qg=(8/D)1/3. This fact recalls the conclusion of
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D.C.Groeneveld [1l] that the degree value of 1/3 helps to fit
better the data on CHF in tubes with D<4 mm.

Finally, the statistical results are: M=15% and RMS=22% for
first data set (Tpd=1.02), M=7% and RMS=22% for second one.

8. Conclusions.

1. CHF in channel differing from tubular one can be predicted by
using reliable recommendations for tube and correction functions
system. This last must include the corrections for geometry,
heating conditions, details of fuel rod design or its simulator
and thermoconductivity of its body.

2. The approximations for CHF in isolated channels presented here
are based on the model which allows to derive such system of
corrections which are workable for channels of various cross-
section. The data for annuli and triangular and rectangular
channels have been used to deétermine the phenomenological
coefficients.

3. The nucleus of model is the concept of "elementary thermal
cell"” (ETC) which helps to analyse the general features of CHF in
various channels. It is geometric and thermohydraulic non-
uniformity of ETC that can result in decreasing of CHF in non-
tubular channel.

4, The model gives a quite reasonable description of CHF in rod
bundles. The residual parametric trends have been been revealed
which are important mainly for low values of pressure and/or mass
flux. ,

5. The use of subchannel analysis can help to improve the
description of CHF in rod bundles.

6. Up to now we don't success to determine accurately the
corrections to internal properties of fuel rod. The reason is the
lack of appropriate data and the absence of suitable theory.
Instead, we have got the phenomenological values for corrections.
7. The authors hope that the results presented here can be used
to improve the methods of CHF calculations in channels of nuclear
reactors.
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Table 1. The statistical results for isolated channels, the data
are from HEMATIC's data bank. The first column features a data
sample (all data, inside the scattering range of 100% and 50%)

Sample N P G ‘ X Gap M RMSP
ranges mm % )

Concentric annuli.
Unilateral uniform heating

All 3359 3:20 500:5600 -0.50:0.85 1.0:5 0.1 34.7
100% 3293 - - - - -2.6 28.9
50% 3028 - - - - -5.3 22.0
Internal uniform heating
All 1737 3:20 500:5600 -0.5:0.85 1:5 -4.5 38.4
100% 1689 - - .- - -8.4 30.1
50% 1539 - - - - -10.7 22.5
External uniform heating
All 1622 3:20 500:4100 -0.5:0.7 1:5 5 29.3
100% 1604 - - - - - 3.5 26.2
50% 1489 - - - - 0.3 20.1
Bilateral uniform heating
All 296 6:20 500:4500 -0.3:0.8 2.1 -6.2 30
50% 260 - - - - -5.3 23
Eccentric annuli (relative eccentricities were 0.25 and
0.5)
All 82 9:20 500:1000 -0.35:0.35 0.5:1 -15.6 15.2
Rectangular channel
All 47 6:15 620:3500 -0.2:0 0 0.8 8.2
Triangular channel
All 40 6:17. 500:3700 -0.2:0 0 2.3 l1l6.8
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Fig.1 The schemes of typical ETCs: a) for rod bundle;

b) internal ETC of type 1 for subchannel; c¢) for eccentric
annulus.
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Dependence of AX on curvature (Co+1)
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2554



2.40 = @) ooo - data for P=9.8 MPa, G=830 kg/m2*s,
Dhe=5.8 mm.
CHF line - calculations
MW/m2 -
2.00 e
1.60 e
1.20 e
O
080 ' [ ' | ' [ 1
-0.20 0.00 0.20 0.40 0.60
Quality, X

Fig.6 The data versus calculation, CHF in rod bundles.

2.40 — ooo - data for P=14 MPa, G=1500 kg/m2*s,
CHF . Dhe=1q mm.
MWIm2 R C%)) line - calculations
@)
' 2,00 — O O
O
- O
1.60 =
O
1.20 = §O
-0.10 0.00 0.10 0.20 0.30
Quality, X

Fig.7. The data versus calculation, CHF in:rod bundles. One
can see two different data sets.
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4.00 — ooo - dara for P=16 MPa, G=3570 kg/m2*s,
CHF Dhe=10.5 mm.
MW/m2 | line - calculations
3.00 —
2.00 —
1.00 —
0.00 ' | ' | ' | ' |
-0.20 -0.10 0.00 0.10 0.20
Quality, X

Fig.8 The data versus calculation, CHF in rod bundles.

3.50 — 000 - data for P=16 MPa, G=2000 kg/m2*s,
CHF, Dhe=10.5 mm.
MW/m2 - line - calculations

3.00 —

2.50 —

2.00 —

1.50 —

10— 71T 71 T 1 r T ' 1

-0.40 -0.30 -0.20 -0.10 0.00 0.10
Quality, X

Fig.9. The data versus calculation, CHF in rod bundles.
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The data versus calcularion, CHF in rod bundles
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Fig.11 Data versus calculation, CHF in tighted rod bundles.
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ON THE LOOK-UP TABLES FOR THE CRITICAL
HEAT FLUX IN TUBES (HISTORY AND PROBLEMS).
P.L.Kirillov, I.P.Smogalev.
National Research Center, Institute of Physics and Power
Engineering (IPPE), Thermophysical Department

249020 Obninsk, Kaluga Region, Russia
Fax: 7(095)230 2326, 883 3112 -

Abstract.

The complication of critical heat flux (CHF) problem for
boiling in channels 1is caused by the large number of
variable factors and the variety of two-phase flows. The
existence of several hundreds of correlations for the
prediction of CHF demonstrates the unsatisfactory state of this
problem. The phenomenological CHF models can provide only the
gualitative predictions of CHF primarily in annular-
dispersed flow.

The CHF look-up tables covered the results of numerous
experiments received more recognition in the last 15 years.
These tables are based on the statistical averaging of CHF
values for each range of pressure, mass flux and guality.
The CHF values for regions, where no experimental data is
available, are obtained by extrapolation.

The correction.of these tables to account for the diameter
effect is a complicated problem.There are ranges of conditions
where the simple correlations cannot produce the reliable
results. Therefore, diameter effect on CHF needs additional
study.

The modification of look-up table data for CHF in tubes to

predict CHF in rod bundles must include a method - which
to take into account the nonuniformity of quality in a rod

bundle cross section.
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1. Outline of history of CHF look-up tables derivation and
relevant publications up to 1989

The idea of derivation of CHF look-up tables was first
proposed by Doroschuk V.E. whose publications initiated this
study [1,2]. The first version of look-up table then-available
was based on a relétively small experimental data base and
a number of subjective -approaches in the form of quality
function of CHF. The Section of Heat and Mass Transfer of

the USSR Academy of Science has formed a commission to
generate new recomendations. The activity of this commission
was based on' the method of expert evaluations presented by
four research organizations such as VTI*, IVTAN?, RDIPE", IPPE.
As a result the edition of "Recoméndations for Prediction of
CHF" [3] and the publication in the journal [4] have been
performed. The procedure to calculate CHF values formulated
in terms of an approximated correlations and based on the CHF
look-up table of Smolin et al. was published [5]. Doroschuk
et al. have reported the new look-up tables [6]. The next
version of look-up tables derived by the ‘experts of the
commission was published in the paper of the IVTAN [7]. They
have been distributed as "The Tables of the USSR Academy
of Science". |

However, there were disagreements between the data from the
look-up table of the commission (4] and the data from the
look-up table in [6]. Therefore, initiated by the IPPE
a series of control experiments to elucidate the cause of
these differences was carried out during 1981-1983. Nine
organizations in Russia were invited to accomplish these
experiments. But not all organizations have taken part in
this study. Besides, the others have not completely carried
it out.

+ VTI - All-Russian Thermotechnical Institute (Moscow)

# IVTAN - Institute of High Temperatures, Academy of Science,
Russian Federation (Moscow)

* RDIPE - Research & Design Institute of Power Engineering(Moscow)
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In each organization the experiments were carried out using
their own procedure and test facilities, but on the same
12x2 mm tube under the agreed range of conditions: P=7,10,14,
18 MPa; G=0.5, 1, 2, 4 Mg/(m’s); I=1, 3, 6 m. The results of
their control experiments have shown that the data of four
organisations presented in ¢ versus X, coordinates practi-
cally agreed. The data of ITTF' and KPI" were lower.The data
of VTI were a much higher. There is a brief publication about
this control experiment - Ref.[8]. The possible reason of data
disagreements may be caused by the difference in the"hydraulic

stiffness" of circulation loops. The hydraulic stability of
flow (the degree of "hydraulic stiffness") is dependent on the
flow throtting wvalue in front of an inlet. When the flow
throtting is absent at the boiling initiation ( "soft" condi-
tions), then the oscillations of flow rate, pressure, coolant
temperature in a loop occur due to reverse flow rate.

Unfortunately, no CHF measurements have been conducted

using the available test rigs neither at that time, nor at

present. In 1980 the Heat and Mass Transfer Information

Center (HEMATIC) was founded at the IPPE. Among other problems,
the problems of derivation of up-to-date CHF look-up tables
has been set before the HEMATIC. At the same time the related
study was fulfilled at the Chalk River Laboratory, Canada.
In 1986 Groeneveld et al. [9] published the first version of
look-up tables used in computer codes such as RELAP 5/Mod.3,
CATHARE and others. The procedure used in this study was based
on the formalized matrix approach to statistical elimination
of experimental data through the three dimensional space with
parametric directions P-G-X .. During the data estimation the
values which overcome more than 50% the average mean have
been excluded. For G -> 0 the results of prediction of CHF
under pool boiling were used. And for X..~> 1 the CHF value
is taken equal to zero. However, these extrapolations were

++ ITTF - Institute of Technical Thermophysics (Kiev)
*%* KPI - Kiev Polytechnical Institute
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not proved.The CHF look-up tables with slight corrections were
published in Ref.[10].

2. Improvement of CHF look-up tables.

The IPPE CHF data bank (see Table 1) covers the results
of all known publications, the RDIPE data base, the Chalk
River data base and a number of other data.The four approaches
used to develop the CHF look-up tables on the base of this
data bank were as follows:

- The separation of the range of quality ( P=const, G=const )
into regions corresponding different two-phase flow patterns
and the description of each region by polynomial function [11};
- The analysis of the available look-up tables to determine
the form of function and to calculate the optimal values of

exponents of the polynomial expressed as [12]:

qcr = Sum( ai ) Pin ’ Xkcr,i : Gim )
- The regression analysis procedure based on the division of
the data array for P and G into two zones and on the descrip-
tion of each zone with a following relationship:

qcr=Kr' (Xi—xcr)/xi

Where K. and X; are the functions of P and G ;
-~ The model which takes into account the initiation of
intensive quality growth or void fraction.

Furthermore, when the differences between the result of
above evaluations were within 15%, the data of these four
approaches were averaged with equal weight. If there were
disagreements between the results, the data of other CHF
look-up tables [7,10] were used and then the averaging of all
these values were performed. The results of research were
published in 1989 [13,14]. In the following years further
improvement of CHF look-up tables took place [15,16].

The availability in the literature of two or more CHF
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look-up tables raises the question of agreement among them and
the production of an unified reference data. Such study was
started in 1993 by the specialists of Russia, Canada and
Germany [17,18]. To date (1994), the project of CHF 1look-up
tables has taken into account the different approaches and
aimed to evaluate data and to eliminate disagreement between
different versions of CHF look-up tables. The final results
of study can be summarized as follows:

1. The additional amount of data in the regions where they
are already sufficient data does not improve the accuracy (see
Table 1).

2. There are 1limited data in the regions of low mass fluxes,

low pressures and X < 0. It should be pointed out that the use
of only three parameters (P, G, X) is insufficient to generate
a CHF look-up table for these regions. The inaccuracies in
these regions were still considerable.Most data were collected
in small diameter and short heated length where the effect of
diameter and length on CHF is strong. Although the use of
pressure, mass flux and dryout quality as parameters may not
be sufficient to characterize CHF at subcooled conditions,
they are also the primary parameters used in the bubble-
crowding or vapor-blanketing type of subcooled burnout models
and seems to provide good prediction accuracy.

3. The diameter effect on the CHF values is not yet well
clarified. It is not clear whether the use of complex
correlations provides a better agreement between the data for
different diameters.

4.In perspective, it is possible to develop CHF look-up tables
using a dimensionless criterion. A dimensionless CHF look-up
table has been derived by Groeneveld and his co-worker for non-

aqueous fluid.

3. Effect of some factors on CHF.
3.1. Effect of tube diameter on CHF.

The diameter effect on CHF has been studied by many
researchers over almost 30 years. However, to date the
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contradictions were not eliminated. In deriving the look-up
table a correction factor for CHF based on the diameter ratio
to the some power has been used:

Qe (d) / 9, (8) = (a/ 8)" (1)

Doroschuk et al. [16] suggested a value of =-1/2 for the
exponent. Groeneveld et al. [9] pointed out that different
researchers recommended an exponent within the range
(-1/10) + (-1/2). An exponent value of -1/3 for d = (2 + 16)mm
has been used in the first version of the look-up table. A
correction factor equal to 0.79 was acceppted for d > 16mm.
Similar values were also recommended by Smith [42] suggested

the exponent: -1/3 for d < 32mm and 0.63 for 4 >32mm. In the
last version of the look-up table [18] an exponent of -1/2 has
been used and for d > 25 mm the correction factor 0.6 was
accepted. It is noted that for d < 8 mm the diameter effect
is better described with the above law with n=1/3 (see Fig.1).

Becker and Soderquist [19] suggested the diameter
correction factor given in tabular form (see Table 2). These
values disagree with other data.

The complex correlations were suggested by Muller-Menzel
and Zeggel [20], and also by the IPPE ([21]. In practical
calculations their application presents difficulties.
Moreover, the physical nature of these correlations remains
to be understood. Besides, the above suggestions disagree with
each other (see Figs.2,3).

An effort to analyse the diameter effect on CHF was
performed by Bethke [22], but there are no conclusions.

Boltenko and Pomet’ko [23] observed that increasing the
diameter increases the CHF at nucleate boiling and the
reverse situation occures at the annular-dispersed flow
conditions for freon (see Fig.4a). The same results were
also observed for water(see Figs.4b and 4c) at high pressures.
The following has been proposed to explain these trends:

"At nucleate boiling an increase of diameter enhances the
mass exchange between the flow core and the two-phase layer
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near the wall. Consequently, the bubble removal is enhanced
which, in turn, increases q.."

In an annular-dispersed flow the fraction of the liquid
in the flow core increases with increasing diameter and causes
a decrease in q,. This observation is qualitatively confirmed
by the "entraintment curve" [24] given in Fig.5 as well as

by the measurements carried out by other researchers [25,26].
The similar results were obtained by Celata et al. [4] at
high mass flux.

Erbacher et al. [26] pointed out that the exponent in the
equation (1) depends on the quality. Although the numerical
values of n obtained ( see Fig.6 ) in the recent investi-
gations [11, 23, 27] were different the dependence of the
exponent on the quality seemed to be similar.

To clearly establish the quality effect on g, (d)/q.(8)=
= f(d), we compared the data obtained by different authors
specified in Table 4 on freon and water. A typical example of
such comparison is shown in Fig.7. Unfortunately, there is
no sufficient amount of data for the large diameters and X<0.

Since in Fig.7 the data for different pressures and mass
fluxes have been used, it has only an illustrative character
and demonstrates the complex character of the diameter effect.
The results of the investigations for which deviations from
the equation (1) are observed are shown in Figs.8(a -d).

The question is then: why does the simple power depen-
dence given in the equation (1) provide reasonable results in
deriving the look-up tables. The fact is that the most data
used to develop the look-up tables were obtained for quality
X > 0 and the contribution of data obtained for X < 0 is
small. This argument is supported by Fig.9 reproduced
from [18].

The look-up tables provide the best results when the
geometrical characteristics of channel and the flow parame-
ters are located in the center of the "points galaxy"; when
they are brought to the periphery of the "galaxy", the
accuracy decreases. This concerns, especially, subcooled

water, small diameter tubes, low pressures and low mass

2564



fluxes. It is not apparently the only reason of deviations
from the equation (1) as indicated by Figs. 8c, 8d.

Despite the data scattering for the dependence of d.,, on
"d", one can draw the following qualitative conclusions:

1. For high qualities X>>0, pressures and mass fluxes, d.,
decreases with increasing diameter according to the equation
(1) .

2. For X<0, the diameter effect on ¢, is more complex.
The dependence of ¢, on "d" can be directly or inversly
proportional. The experimental data sets for water do not
agree. There is a direct effect of diameter for long tubes
( 1>Im ). Celata [41] observed an inverse effect of diameter
for short tubes ( 1<0.1m ) which is consistent with the
equation (1). The data for freon are also ambiguous. The
experiments of Erbacher [27] have shown an inverse effect
of diameter at high pressure ( 2.3-3 MPa ). The results of
Boltenko [21] for a pressure of 1.08 MPa have shown a direct
effect of diameter. The qualitative character of the depen-
dence of ¢, on "d" as confirmed by the experiments (see
Figs.8(a-d)) is shown in Fig.10.

3. It should be supposed that the current conditions and
the structure of two-phase flow have an effect on the function
d.-(d) . The refinement of the equation (1) should be carried

out by conducting systematic researches.
3.2. Gas content effect.

The wuse of gas pressurizers in NPP experiments results in
the saturation of the water by gas due to a contact between
them. As the water temperature increases, the gas solubility
decreases. Therefore, the gas liberation and accumulation in
the flow near heat transfer surfaces can initiate an early CHF.

The investigations dealing with the determination of effect
of gas content in water on heat transfer and CHF are rare, and
the results presented are contradictory. Subbotin et al. {31]
have not found a variation in the CHF value for nitrogen

content in water of 1500 ncm’/kg under subcooled boiling
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conditions. However, approximately with the same parameters
Fisenko et al. [32] have observed the g, reduction by 10%
under subcooling conditions; under saturated conditions and
with gas content of 3500 ncm® /kg they established that the
d,. decreases by 30%. The similar effect was also observed by
Bertoletti [33].

In order to establish the causes of data disagreement, ' the
verification experiments were carried out by Lozhkin et al. in
the IPPE [34] and Smolin in the RDIPE [35]. Different techni-
ques - of gas dissolution in water and various sampling
methods were tested. The gas distribution over the tube
cross-section was determined by using an isokinetic probe.

For qualities > 0, pressures between 10 and 18 MPa, mass
fluxes between 1000 and 3700 kg/(n@s) and gas concentrations
up to 4100 ncm® /kg, the CHF was not found to be reduced
within the experimental accuracy (Table 3).

In the region of subcooled water, within the same range

of parameters and gas concentrations above 2000 rmmﬁ/kg, a
reduction in the CHF has been observed up to 20% at
¢ = 4100 ncm’/kg) (Fig.11,12).

These results were confirmed by the gas content variation
measurements in a liquid film flowing along the wall. For X<O,
the gas content in the 1liquid layers near to the wall
corresponds to the mean content of the flow. For XSO, the
film turns out to be completely degassed.

4. Application of data of look-up tables for prediction
of CHF in rod bunles.

With the advent of look-up tables for the prediction of
CHF in uniformly heated tubes, their use in the computer codes,
instead of rod bundles correlations, is recommended. One: of
the reasons is that the look-up tables are based on a wider
range of parameters as compared with the correlations. These
tables are also important for calculations under transient and
abnormal operating conditions.

The first step in this direction was made by Groeneveld
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[9,36]. His procedure involves the introduction of eight
empirical coefficients to correct the data of look-up tables
with respect to the data for rod bundles.

The other approach was reported by Bobkov [37,38], who made
an effort to derive universal correlations independent of the
geometry of the channel.

Currently, some objections against the use of such
approaches have been raised [39]. It is the author’s opinion
"that since the tubes and rod bundles have different relation-
ships between d., and G the transition procedure from a tube
to a rod bundle could be quite complicated".

This argument can be supported confirm by the data of Smolin
[40] ( shown in Figs. 13a, 13b ). However, such a direct
comparison is not right because the experiments with rod
bundles were carried out with few rods only 7 and 19. It

should be believed that the use of the function q4.. (X,,.) for
a such small number of rods is incorrect.
For a small number of rods the average quality in a bundle

is considerably less than the local quality where the crisis
takes place. Therefore, it is incorrect to perform the direct

comparison between the results of experiments in tubes and
rod bundles in fofms of similar average parameters.

It is more adequate to make the comparison using the
coordinate transform:

Xcr,b = xcr,t - a(p,qG)
b(P,G)

qcr,b qcr,t
Where X“ﬂ; Qept = for tubes,

Xer,b? 9er,p — Tor bundles.
Figure 14 illustrates as the data on diagrams Figs. 13a, 13b

agree better in this specific case. Only under these conditions

( the given bundle and the pressure 7.4-7.8 MPa) there are
a=0,23G and b=1,55-0,7G, where G in Mg/ (m? s); g, in MW/m?.
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5. Conclusions.

The results of study could be summarized as follows:
1. The additional amount of data in the regions where they are
already sufficient data does not lead to an improvement of
the look-up table accuracy (see Table 4).
2. There is a lack of data for low mass fluxes, low pressures,

high qualities and, especially, in the subcooled boiling
region. In this region the use of only three parameters (P,G,X)
to develop the look-up table does not seem to be sufficient.
The inaccuraccies in these regions are still considerable.

3. The diameter effect for qualities X>0 may be represented by
the law: g, - d" = const, where n=0,5.

For X<0, low pressures and low mass‘fluxes, the dependence
of g, on "d" 1is more complex and no relationship has been
obtained. There is a need to perform systematic researches in
the shaded regions shown in Fig.9.

4. It is possible to use the data of look-up tables for the
prediction of CHF in rod bundles if the rules of data
correction are refined. The determination of generalized

correlations for this purpose represents an interesting

avenue for further development.
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DATA BANK THERMOPHYSICAL CENTER IPPE

Table 1.

(D-inner diameter, Dt-heated diameter, Del- gap size annuli,

L-length, P-pressure, G-mass flux).

Form

Geometry

Parameters

channel

L, mm

P,MPa G,Mg/m?s

No.of Data

Tubes,
uniform
heated

Tubes,
nonuniform
heated

Annuli,
uniform
heated.

Rectangle,
uniform
heated

Triangle,
uniform
heated

Rod bundle,
uniform and
nonuniform
heated

Del
0.5-11.1

Dt 8.3
Dt 4.8

S/D=
=1.01-2.22
D=5-19

2-20000

100-6000

40-2740

200

200

0.1-21 0.01-90

0.28-20.6|0.25-9.97
0.45-20.6{0.05-8.4

0.6-3.5

0.5-3.6

0.28-19.6|0.02-7.48

27825

8330

13000

47

40

24227
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AT S

Table 2.

Correction Factors for Diameter Effect on CHF [19].

|| d, mm 3.930 6.010 7.85 10 13.06 17.49 19.93 24.95 36.0 “
I q..(d) /4..(10) 1.176 1.193 1.11 1 0.965 0.941 0.926 0.905 0.915 "

Table 3.
CHF in tube D=9 mm, by different content of gas

dissolution in water.

Gé P, §:I Yer 12 ch
kg/ (m°s) MPa ncm’/kg MW/m :

1000 10 53 2.21 0.404
1350 2.17 0.792

14 590 1.81 0.226

1350 1.84 0.218

18 53 1.78 0.079

1350 1.71 0.074

2000 10 53 2.53 0.145
1350 2.52 0.146

14 127 2.27 0.002

1470 2.25 0.002

18 95 2.33 -0.190

1440 2.37 -0.184

3000 10 29 2.81 0.069
1510 2.93 0.068

14 29 3.18 -0.025

750 3.10 -0.039

18 29 3.44 -0.170

1630 3.38 -0.180
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Table 4.

ASSESSMENT OF VARIOUS CHF TABLE ( From [17] ).

No Error %
Table Ref. of Data

Avg. Rns.
Doroschuk et.al. 6 3705 -3.00 12.27
Table 1993 3741 -1.18 4.42
Recommendation 7 4901 10.56 9.78
Table 1993 4926 -1.32 4,61
Groeneveld et.al. 9 21710 1.54 8.07
Table 1993 21724 1.01 7.44
Kirillov et.al. 13 12129 2.32 9.97
Table 1993 . 12131 0.81 7.14
Kirillov et.al. 15 13300 0.67 8.76
Table 1993 13259 1.14 7.59
Kirillov et.al. 16 16900 1.53 9.49
Table 1993 16881 1.17 7.68
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Fig.7. CHF ratio for tubes of various
diameter values.

Data is used for Fig.7.

Author Ref. | Coolant P, MPa G, X
Mg/m?s

fo} Boltenko et al. 23 F-12 1,06 1 0; 0,15
x | Cheng et al. 28 F-12 2,3 4 -0,4
B | Groeneveld et al. 29 F-12 1,34 2 0,3

4 Doroschuk et al. 25 Wéter 8,0 2,86 0,3

o Celata et al. 30 Water 0,8 1 -0,075
\vj Levitan et al. 26 Water ' 9,8 3 0,3
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A COMPARISON OF CRITICAL HEAT FLUX IN TUBES AND BILATERALLY
HEATED ANNULI

by
S. Doerffer*, D.C. Groeneveld* and S.C. Cheng

University of Ottawa, Department of Mechanical Engineering
Ottawa, Ontario, KIN 6NS, Canada

ABSTRACT

This paper examines the critical heat flux (CHF) behaviour for annular flow in bilaterally heated annuli and compares
it to that in tubes and unilaterally heated annuli. It was found that the differences in CHF between bilaterally and
unilaterally heated annuli or tubes strongly depend on pressure and quality. The CHF in bilaterally heated annuli
can be predicted by tube CHF prediction methods for the simultaneous CHF occurrence at both surfaces, and the
following flow conditions: pressure 7-10 MPa, mass flux 0.5-4.0 Mg/m?s and critical quality 0.23-0.9.

The effect on CHF of the outer-to-inner surface heat flux ratio, was also examined. The prediction of CHF for
bilaterally heated annuli was based on the droplet-diffusion model proposed by Kirillov and Smogalev [12]. While

their model refers only to CHF occurrence at the inner surface, we extended it to cases where CHF occurs at the
outer surface, and simultaneously at both surfaces, thus covering all cases of CHF occurrence in bilaterally heated
annuli. From the annuli CHF data of Becker and Letzter [3], we derived empirical functions required by the model.
The proposed equations provide good accuracy for the CHF data used in this study. Moreover, the equations can
predict conditions at which CHF occurs simultaneously at both surfaces. Also, this method can be used for cases
with only one heated surface.

L. INTRODUCTION

Current methods to predict critical heat flux (CHF) in subchannel codes are often based on empirical CHF
correlations derived from tube data, which ignore the influence of bundle-specific parameters such as element-element
gap size, heated surface curvature, and the presence of unheated surfaces. The paper presented by Doerffer et al.
[4] at NURETH-6 systematically examined the differences between CHE in tubes and internally heated annuli by
accounting for the differences in geometric parameters. One of the methods, accounting for the effect of eccentricity,
was applied recently at Chalk River Laboratories (CRL) to the analysis of CHF data obtained from a full-scale
bundle simulator contained in a pressure tube with a variable diametral creep, resembling an internally heated annulus
with an eccentricity. It was found that the relative effect on CHF is approximately the same in a bundle-pressure
tube system with and without diametral creep, as it is between an eccentric and concentric internally heated annulus.
This successful extrapolation of a prediction method for a simple flow geometry to a more complex geometry
demonstrates the relevance of studying subchannel-specific- separate effects in simpler geometries.

This paper is an extension of Doerffer et al. [4] previous CHF study on concentric and eccentric annuli. The
objectives of the current paper are: (i) to examine the CHF behaviour in bilaterally heated annuli and compare it with
that in tubes and unilaterally heated annuli, and (ii) to develop a CHF prediction method for bilaterally heated annuli.
Both studies are directed towards improving the CHF prediction accuracy in geometries having bilateral heating, such
as subchannels in a fuel bundle,

*Mailing address: Chalk River Laboratories, AECL Research
Chalk River, Ontario, Canada KOJ 1J0

2583



2. EXPERIMENTAL OBSERVATIONS AND COMPARISON AGAINST TUBE DATA

In general, the literature on CHF in bilaterally heated annuli is very scarce, compared to that of CHF in unilaterally
heated annuli. The few available sources apply to concentric annuli, and of these only the experimental data of
Becker and Letzter [3] and Becker et al. [5] are available and well documented. The Becker and Letzter data [3]
were chosen as a reference data base since: (i) their parameter ranges cover conditions of interest (i.e., P > 3 MPa,
G > 1 Mg/m’s and the critical quality range corresponds to the dryout-type CHF in water), and (ii) their data base
includes also CHF data obtained in the same annulus with only internal and only external heating. Their ranges of
parameters and geometric dimensions are given in Table 1.

The initial location of CHF occurrence in bilaterally  Table 1: Conditions of Water CHF Data for Annulus
heated annuli was found to depend primarily on the with Bilateral Heating

heat flux ratio, R, between the outer and inner
surfaces. At low R values the CHF occurs

referentially at the inner surface; at R value
Eomewhat b):atween 1.2 and 2.2 CHF could occur Parameter Range
simultaneously at both surfaces; and for higher R
values CHF occurs only at the outer surface of an
annulus. At simultaneous CHF occurrence the dryout P [MPa] 2.96 - 10.0
vality reaches its maximum value (during the
gxpe;iyments, the inlet quality remains constang. To G Mg/(m’s)] 0.24 - 3.98
assess the effect of bilateral heating on CHF these
three cases were considered individually and Xg [ -0.03 - -0.06
compared against a reference tube CHF prediction % [ 0.15 - 0.89
method (the standard 8-mm tube CHF look-up table < : :
of Groeneveld et al. [6]), and the prediction method L [m] 3.0
for annuli with unilateral heating (Doerffer et al. [4]) '
at the same dryout conditions (i.e., P, G and x,). 8 [mm] 4.65
2.1  Bilateral Heating with CHF D; [mm] 12.0
Occurring Only at Inner Surface
D, [mm] 21.3
The data of Becker and Letzter [3], representing the D, [mm] 9.3
CHF occurring at the inner annulus surface, CHE, * :
were compared with the predicted CHF values: (i) for D, [mm] 9.3
a tube of ID = 8 mm, CHF,, and (ii) for intemally ad :
heated annuli (using correlation (1) of Doerffer et al., L/D, 322.6
[4]1 ), CHF,,
No. of CHF 240
For the same dryout conditions it was observed that

CHEF, is larger than CHF,, This difference, in general,

increases with an increase in q", and R, and pressure (see Figures 1 and 2). The corresponding CHFp is always
larger than that in an annulus, but its value decreases with pressure.

Moreover, at constant inlet conditions CHF, decreases, regardless of pressure and mass flux, with increasing heat flux
applied to the outer surface, q",, (.., Figure 3). At a certain value of q",, significantly higher than q";, the CHF
occurs simultaneously at both surfaces of an annulus (at R = 2.17, for conditions shown in Figure 3). Figure 3 also
shows the CHF,; values corresponding to CHF, values, which decrease at higher rate than the CHF; with increasing
X..
The fact that heating both inner and outer surfaces results in an increase of the inner surface CHF, compared with
that of the inner surface heating only, was also confirmed in other studies. Kirillov and Smogalev [2], Becker at
el. [5], Jensen and Mannov [7] and Alekseev et al. [8] observed that in the annular geometry, while Collier et al.
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Figure 1: Comparison at Various Pressures of Experimental CHF, Data with Predicted CHF,,_; for Tube and
CHEF; for Intemally Heated Annulus, at G = 1.5 Mg/m’s, R = 1.3 and x_ = 0.4.
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Experimental Data Range of Becker and Letzter [3] of Different Outer-to-Inner Surface Heat Flux

Ratio, R.
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Figure 3: CHF, vs. Outer Surface Heat Flux, q",. Comparison of Experimental CHF; Data with Their

Prediction by Equation (29) and with Corresponding CHF;; Values. Determination of Simultaneous
CHF Occurrence by Equation (45).

(9] found it in an annulus with irregular outer surface, and Tippets [10] in a rectangular channel with either one or
both long sides heated. These observations refer only to the dryout-type CHF. A situation during the DNB-type
CHEF is different.

Tolubinskiy et al. [11] and Omatskiy et al. {12] investigated the effect of bilateral heating on CHF at very high
pressure (15-20 MPa) and very high subcoolings resulting in DNB-type CHF. They concluded that the presence of
a heat flux at the outer surface does not affect the CHF at the inner surface, and vice versa. In addition, they found
that the CHF at the inner surface is always higher than that at the outer surface.” This is opposite to the CHF
behaviour during dryout. :

2.2 Simultaneous CHF at Both Surfaces

Figure 4 shows an example of the experimental data (i.e., CHF, and CHF)), obtained during simuitaneous CHF
occurrence at both surfaces of an annulus; as a function of mass flux for two pressures (7 and 10 MPa) and one inlet
quality (-4%). It was observed that: (i) the CHF, value is always much higher than the CHF; value, (ii) at a given
pressure, with an increase in mass flux, both CHF, and CHEF, increase monotonically, (iii) the ratio R = CHF/CHF,
decreases with pressure regardless of the mass flux (Figure 4), but CHF, decreases at a much higher rate with
pressure than CHF, (compare Figures 4 and 5; when pressure increases from 7 to 10 MPa, CHF, drops by 43% while
CHF, does not drop at all at G = 1.5 Mg/m’).

When comparing for the same exit qualities CHF, vs. CHF,, and CHF, vs. CHF,, the values obtained during bilateral

heating are larger than those of unilateral heating. The CHF,; values in a tube are larger than those of CHF, and
CHF,, but are closer to the CHF, values. For CHF,the following equation was used (Doerffer and Cheng [13]):
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r,
CHF,, = CHF x- +
r

[ ]

where f = 0.0102*G*** - 0.0035 for P = 5 MPa, f = 0.,012*G%** - 0.00315 for P = 7 MPa, f = 0.00782*G'” +
0.0035 for P = 10 MPa, G is in Mg/m?®s, and other parameters are specified in chapter 4.

2.3  Bilateral Heating with CHF Occurring Only at Outer Surface

When at given pressure and mass flux, the ratio R exceeds a value of the CHF /CHF, ratio corresponding to the
simultaneous CHF at both surfaces, then CHF occurs only at the outer surface of an annulus. At constant inlet
conditions it appears that CHF, is almost insensitive to q"; at the inner surface (i.e., CHF, slightly decreases with
heat input to the inner surface, q",, as shown in Figure 6), and the predicted CHF,, values corresponding to CHF,
values are lower and decrease at higher rate than the CHF, with increasing x,, similarly as in the case of CHF

occurrence at the inner surface.

At the same P, G and x_, the corresponding CHF,,_; values are also higher than CHF,, but very close to each other
at pressure 7 to 10 MPa.

< 1800 P=7MPa
= & G =3.7Mg/m"©s
1600 Ao Fenneats
2 g x, = -0.04
w | cHF
:5 1200 ° CHF |
1000 -
a CHF Experimental (Bil. Heat.)
800+ + CHF Predicted (Bil. Heat.)
600 4 o CHF Predicted (Ext. Heat.)
400
200
% 200 ) 800 o i 120 ql [kWm]
+ $ " n
~ 2.838 1.960 % /i
' ; X .
0.218 0.255 0.268
Figure 6: CHF, Occurring at Outer Annulus Surface During Bilateral Heating vs. Inner Surface Heat Flux,

q", at P =7 MPa and G = 3.7 Mg/m’. Comparison of CHF, with Their Prediction by Equation
(42), and with Corresponding CHF_, Values.
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24  Comparison with Tube CHF Data

When comparing the tube CHF to an annulus CHF, an equivalent diameter must be chosen. The following
possibilities are available Dy, D,, D, and D = 8 mm (for convenience only). Strictly speaking, D, = D,,, even
if there is only very small heat flux present on the lower heat flux surface. An altemnative D,, could be based on
a-heated perimeter P = Puyoq: sud, + Pogp. surt*q opp. surt. 1 cur

The ratios CHF /CHF,, for D = D, (21.3 mm), D = D,, (9.3 mm) and D = 8 mm for the simultaneous CHF
occurrence are shown in Figure 7. Each point in the figure represents an average value of the experimental CHF,
to the predicted CHFj, ratio over the given range of mass flux and exit quality. Both for D =D, , and D = 8 mm
the tube CHF values appear to agree well with the CHE, for simultaneous CHF, from 7 to 10 MPa. Note that in
all other cases either for bilateral heating or unilateral heating, or simultaneous CHF at lower pressure, CHF, is

higher than the CHF in an annulus.

2-

CHFo

CHF 1.8
1.6

1.4
1.2+

1-
0.8 1
0.6

G [Mg/m2s]= 0.5-1 0.7-36 1-38

b'e c [] = 06-08 0.27 -0.78 0.22.0.52

% 1 2 3 4 &5 6 7 8 & 1011 2 1
P [MPq)

Figure 7: Comparison of CHF, Data at Outer Surface in Bilaterally Heated Annulus During Simultaneous
CHF Occurrence with Corresponding CHF,, Values Predicted for Tubes of Various Diameters as
Function of Pressure. Points Represents Average Values Over Given Ranges of Mass Flux and
Exit Quality.

3. CHF MECHANISMS IN BILATERALLY AND UNILATERALLY HEATED ANNULI

The physical phenomena responsible for CHF in annuli are more complex than those in tubes. The following
interacting phenomena control the dryout type of CHF in annuli: (i) the shear stresses and their distribution between
the surfaces, (ii) the distribution of the droplet deposition between the surfaces (the droplet deposition is assumed
to be affected by the vapour flow normal to a heated wall, the droplet concentration, pressure and fluid properties),
and (iii) differences in entrainment rates from liquid films flowing along concave and convex surfaces. Each of them
will be discussed separately:
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- Shear stress distribution; In single-phase flow, both in the laminar and turbulent flow regimes 7, > 1, (e.g.,
Knudsen and Katz [14], Brighton and Jones [15]). This is also assumed to be true in two-phase annular
flow at the vapour-liquid films interfaces.

- Deposition rates D*: Deposition rate D* = f(C, K), where the deposition coefficient K = f(P, q", view factor).
At the same P and q": K, > K|, because of the difference in so-called view factor, which is larger for the
outer surface than for the inner one, hence D, > D;". The view factor quantifies chances of reaching a
given surface by the droplets entrained in the vapour core. It can be defined differently (e.g., Equation (5)
in the Kirillov and Smogalev [2] model presented below, or Equation (4.10) of Doerffer and Cheng [13]).
In general, K decreases with an increase in P; moreover, for a given surface, K decreases with an increase
in q" supplied to this surface (Kirillov and Smogalev [2]) due to the vapour counterflow generated by q".
Saito et al. [16] concluded also that D,” > D;".

- Film thickness: For the same heat fluxes on both surfaces 8, > §, due to 7,> 1, and D, > D;. For
this reason CHF, > CHF,.

- Entrainment rate: E = (5, 1, q"). The thicker liquid film, §, the more wavy surface and greater E. It
is difficult to quantify at which surface E is higher, because the higher 8, may compensate for lower 1.,
The q" effect on E is probably small.

Compared to unilateral heating (q", = 0), the presence of q", decreases the film thickness J,, increases C and hence
enhances K;; therefore CHF, is always higher than the corresponding CHF; (at internal heating, as shown in Figure
3). Whenq";,=q", then§,> & dueto T,>17,and D, > D, . All these effects are favourable to enhance the
CHF, at the outer surface, and that is why CHF, is always observed larger than CHF,. A change in q"; has a less
significant effect on CHFE, comparing to the effect of q", on CHF, (see Figures 6 and 3), and this is presumably due
to the smaller impact of a change in §, on C. Still, the presence of q"; enhances K, therefore CHF, is higher than
the corresponding CHE,_, (at external heating, see Figure 6).

In general, the CHF,;, in tubes is always higher than that in annuli, regardless of a mode of heat supply to the annulus
surfaces (although in bilaterally heated annuli the ratio of the heated perimeter to the total wetted perimeter is one,
like in tubes). But CHF in annuli strongly depends on the ratio of the perimeter of the wall where CHF occurs, to
the total perimeter. The discrepancy between CHF, and CHF, is the largest when CHF occurs at the inner surface
(where this ratio is minimum), and it is the smallest when CHF occurs simultaneously at both surfaces (where this
ratio is maximum = 1), The differences in the shear stress distribution and the shape of the flow area can partially
explain the differences in CHF behaviour between these two flow geometries. Even though the heated equivalent
diameter of an annulus is close the tube diameter, the gap in the annulus is only 4.65 mm. At the same exit
conditions the average velocity of two-phase mixture is the same in both geometries, but the maximum velocity and
the velocity gradients at the walls are much larger in the narrow gap of an annulus than at the tube wall. Because
these gradients control entrainment and the thickness of the liquid films, therefore they lower CHF in annuli
compared with that in tubes.

Moreover, the deposition of droplets in tubes is uniform around the whole perimeter and entirely reaches the heated
perimeter where CHF occurs, while in annuli always one heated wall, where CHF occurs, experiences a lower
deposition rate due to the parasitic effect of the opposite wall. This fact contributes to the lower CHF values in
annuli than in tubes. Therefore the ratio CHF, /CHF,, is smaller at a low pressure, where the deposition coefficient
is high and the parasitic effect on CHF of the opposite wall in an annulus is more pronounced than at a high pressure
(see Figures 1 and 7).

However, for DNB-type CHF behaviour opposite trends have been observed by Tolubinskiy et al. [11] and Ornatskiy
et al. [12]. The fact that T; > T, explains that CHF, > CHF, during the DNB. A higher t; causes more effective
cooling of a heated surface by bubble removal from that surface, and prevents the formation of a thick bubbly layer
near the surface and thus increases CHF,. Since the DNB type of CHF is a very local phenomenon, therefore the
presence of a heat flux at the opposite surface does not affect the CHF at a given surface.
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4, DERIVATION OF PHENOMENOLOGICAL CHF EQUATIONS FOR BILATERALLY
HEATED ANNULI

Saito et al, [16] formulated a four-fluid model to analyze flow characteristics and CHF in the annular flow regime
in annuli, This very complex model, involving numerous constitutive relationships, was solved numerically, and was
tested against CHF data obtained in a bilaterally heated annulus. The model was able to predict a general CHF trend,
but overestimated CHF occurring at the inner rod, underestimated CHF at the outer rod, and failed to predict
simultaneous CHR occurrence at both annulus surfaces. It was concluded that "the deposition coefficient for the
outer tube should be larger than that for the inner rod. No direct experimental data are available to verify this
observation”,

No empirical correlations or analytical equations to predict the CHF and its location in bilaterally heated annulus
have been found in the literature. Only Kirillov and Smogalev [2] proposed an analytical model to predict CHF at
the inner surface. This model, which takes into account the differences in deposition rates on the inner and outer
surfaces, and the effect of the normal vapour flow on the droplet deposition, has been applied to bilateral heating
with simultaneous CHF occurrence, or CHF occurrence at the outer surface of the annulus. The results have been
adopted to the experimental data used in this study.

4.1  Description of the Kirillov and Smogalev Model

An analytical droplet-diffusion model describing the dryout-type CHF in tubes (Kirillov and Smogalev [1]) introduced
the new parameter x, the quality at which droplet deposition from the core stream onto the channel wall deteriorates
markedly or ceases completely, for adiabatic two-phase flow. This approach was subsequently used to developed
a CHF prediction model for annuli (Kirillov and Smogalev [2]). Due to restricted availability of reference [2], this

model will be summarized below.
41,1 CHF in Internally Heated Annulus

To develop a CHF model for bilateral heating, Kirillov and Smogalev [2] first derived the model for internally heated
- annuli. Figure 8 shows that a formation of annular flow takes place between 1 to 2. Between 2 to 3 droplets from
the wavy liquid films become entrained in the vapour core as a result of interaction between the films and the core
flow. At 3 liquid entrainment ceases and a fairly smooth liquid films begin. In the region from 3 to 4 (i.e, to the
. section, where CHF occurs) the core flow consists of the vapour and the liquid droplets. If the effect of the vapour
thrust velocity (due to the film evaporation) on droplet deposition is neglected, then deposition will continue until
the liquid mass flow rate in the core flow reaches its minimum value I,° (corresponding to the quality x.).

The mass flow rate of deposited droplets in this region is

Ty =Top - T @
Deposition on the inner (heated) surface is

T =M Ty &)
and on the outer (unheated) surface is

I‘o’ ap = M l‘dep @

" where
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Figure 8: Schematic of Flow Patterns in Annulus for Kirillov and Smogalev’s Model 2]
r r
n = —* and n, = —2 &)
n + Fy n + ro

A normal component of the vapour flow, q;"/(H,p,), decreases the droplet deposition onto the inner surface in the
ratio K /K, as follows:

K

T ap =M Ty ?Z )

Consequently, the mass flow rate of droplets in the core flow, at which their mass transfer toward the wall
deteriorates, is increased by the amount:

K

a

ATE =, T, (1 - ﬁ] )

The droplets mass flow rate in the core stream, at which mass transfer deteriorates, is

K
m=r‘,‘,+n,r@(1-?“] ®

a

In this case, the liquid mass flow rate at any section in the region is
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P=Tu+@E-T,) +T,,+T,, | ®

For the onset of CHF it is necessary that:

TE=T, ad T,=0 (10)

so that
' =T +T (11)

Equations (2) and (8) with the following relation

Tap = Lap Egp (12)
and the assumption
"
K =K, - % 13)
Hyp,

introduced to Equation (11), which divided by the total mass flow rate, I';, yields

Ui
L] L,
xc = xn - nl [(1 - xAP) EAP- 1+ x”] KdH‘mpg - l:Tf (14)

' where I/lr=1-x, ITy=1-x,and T/ =1 - x,p. The liquid mass flow rate in the film on the outer
surface is

D,p=2nr,8,p (15)

)

The stable film thickness, §,, is assessed from the Tippets formula [17]

C,C,0 !1+ %!
8, = 0:2 (16)
T, |1+ L
Pg

where the shear stress at the outer surface was assumed after Knudsen and Katz [14] for single-phase flow as also
valid for the annular flow regime

_drv ¢ -ry an

0 2,2 2
r,(ry + 1y - 2ry)

and
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= J(rf -1y | @n) a8)
i
To replace the average vapour velocity, v, in Equation (17), by the average liquid velocity, v, the following slip
ratio equation is assumed to be valid:

1
s=Ye - [P]2 (19)
Vv \Pg

Then, the fraction of liguid in the film at the outer surface can be expressed as follows:

T
¢o¢ = %! = AM*B*C“ (20)
T

where
0.5
on () [
B Py "arz , 1)
P 0.5
oo (2
Pg
and

c, = ’: (": + ’iz - 2':) 22)

@2 -l -1l

Rearrangement of Equation (14) with an assumption E,;, = 1, yields this equation the following form:

+r, K
onr, = 1 te o _f";L"s " o Oy - %) @)

where x,, = X, - X,p, and the heat flux q"; becomes the CHF in an internally heated annulus.

4,12 CHF at Inner Surface During Bilateral Heating

Due to evaporation of the outer film, the normal component of the vapour velocity, q,"/(H,p,), attenuates droplet
deposition on this surface, and thus increases the liquid mass flow rate in the core flow, I';°, by the amount

AT =n T K, I % (24)
" = R, dep(l-—K—a)-no(IﬁP' u)Kangpg

Therefore, the liquid balance equation at the CHF section with bilateral heating is
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CHF, q" |

Also, due to evaporation the liquid film thickness at the outer surface decreases in the direction of flow at the rate

ds, _ qﬁ' - (26)

dl He p,v,

Then, the film thickness at the CHF section can be determined as
8, = 8, - A8, 27)

where A3, is obtained from integration of Equation (26) over the distance (L - L,;). Using Equation (15), where
9, is replaced by 8,,, the fraction of liquid flowing along the outer (now also heated) surface is

2rg) (L - L,p)

= ¢, - Ad, (28)
GH,, ¢Z-r) :

¢, = b, -

Dividing Equation (25) by the total flow rate, and using Equations (12) and (28) the equation for CHF at the inner
surface during bilateral heating is obtained

‘ r+r, K r '
CHF}:'L‘_O*“@*(%“%"-")'TOQZI 29)
1

r H xnl

Kirillov and Smogalev assumed this method to be valid for: (i) L > 1 m, (ii) n; > 0.17, (iii) 7 <P < 20 MPa, (iv)
2 <G <5.5Mg/m’s, and (v) x/2 < x, < x,,

4.2 Extension of the Kirillov and Smogalev Model

Applying the same methodology as Kirillov and Smogalev [2], we extended their method to bilaterally heated annuli
where: (i) CHF occurs at the outer surface only, and (ii) CHF occurs simultaneously CHF at both surfaces. To
obtain the equation for case (i), first the equation for CHF for external heating has to be derived.

42,1 CHF in Externally Heated Annuli

If evaporation at the outer surface only takes place, then a normal component of the vapour flow, q,"/(Hg,0)),
decreases the droplet deposition onto this surface in the ratio K /K, as follows:

K
Ty iy = o Ty 3 (30)

a

Consequently, the mass flow rate of droplets in the core flow is increased by the amount:

o
ATE =1, T, (1 - 7?"} )

a
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The droplets mass flow rate in the core flow, at which mass transfer deteriorates, is

I

ng

=m+%nwp-gﬂ 32

a

Tn this case, the liquid mass flow rate at any section in the region is given also by Equation (9). For the onset of
CHF at the outer surface it is necessary that:

and T, =0 (33)

so that
r,-T, + T, (34)

c

Applying the same approach as to Equation (11), Equation (34) takes the form

"
x, =% -n [(1 -x,p) Epp~ 1+ %, % __ Ly (35)
(4 n (4 AP . KaHfgpg I‘T

The liquid mass flow rate in the film on the inner surface, I;;, and the stable film thickness, J;, are obtained
similarly as before, using Equations (15) and (16), where the quantities with the index "o" are replaced by those with

the index "i". The required shear stress at the inner surface we calculated from the force balance in the annular flow,
which results in

2
r(r, - T,
T, =1, L:__f) (36)
rr, - 1y
where 1, is given by Equation (17).

Taking into account Equations (18) and (19), and modified Equations (15), (16) and (36) the fraction of liquid in
the film at the inner surface can be expressed as follows: .

\
¢i¢ = .F't = Aie*B*CIe (37)
where
2,2 2 2
- rp(r, + r -2 (38)
R )
(-1 (LS
Finally, the equation for CHF in extemnally heated annulus takes the form
r+r K H
caF, = 1170 (Jam Py o ¢, x) (39)

T o xnl
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422 CHF at Outer Surface During Bilateral Heating

The similar considerations apply in this case as those in Section 4.1.2, but now the liquid film in question is that on
the inner surface, which decreases its thickness due to the heat flux, q", and its evaporation attenuates the droplet
deposition onto this surface.

The liquid balance equation at the CHF section with bilateral heating can be written as

I
CHF
L, =T, + @G -T n, a +nm, 2 +T,, (40)
KaHJ&pe Kafopg
In this case, the fraction of liquid flowing along the inner (now also heated) surface is
T 2r, ¢’ L - L,,)
¢;=I+f=¢u' — 2 o = by~ Ad “n
T GH, (r, - r,z)
The CHF at the outer surface during bilateral heating is given by
+ K
CHFO - n+r, * aHfgpg « (xn _ d); _ x') _ qull 42)
. r

ro nl [

42.3  Simultaneous CHF at Both Annulus Surfaces

If CHF occurs simultaneously at both surfaces, then at the CHF section both liquid films disappear. So, for the onset
of CHF it is necessary that I, ; =0 and T, ; = 0. For this case the liquid balance equation at the CHF section is

/A /4
4 2o 43)
D=T,+@w-T)|n +n (
¢~ m " AP "KHp, ° KHep,

and this equation yields the following equation for the critical quality

" "
X, =X - Y L0 YT do (44)
KaHfgpg n +r [

where the heat flux at each surface is the critical one (i., ¢" = CHF, and q," = CHF)). Rearrangement of
Equation (44) allows to relate the CHF, to the critical heat flux ratio q,"/q; as follows:

K r,+r
CHF, = __"Hfgpg * (%, - x‘) ¥ —+ o ; y 45)
ot rr,x (g0lal)

5. APPLICATION OF MODEL TO EXPERIMENTAL CONDITIONS

In this chapter we will apply the above derived CHF equations to predict the CHF in bilaterally heated annulus. The
basis for this application will be the data of Becker and Letzter [3].
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5.1  Development of Working Equations

Once the values of K,, ¢,, ¢,, X, and x,, in Equations (29), (42) and (45) are known then the CHF can be predicted
for all above cases. Unfortunately, not all of these values are known, and have to be derived from the experimental
data [3]. Kirillov and Smogalev [2] suggested that the term x, = X~ X,; is independent of mass flux and constant
at a given pressure (based on their Figure 2b, but from this figure x;, can be assessed only at P = 14,3 MPa). On
the other hand, this term can be equal to x, (Kirillov and Smogalev [1]). Both approaches were tested (Doerffer and
Cheng [13]), but the assumption x,, = x, seems to work better and will be presented in this paper.

5.1.1  Prediction of simultaneous CHF at both surfaces

Kirillov and Smogalev [2] provided in a graphical form (Flgures 6a and 6b in [2]): (i) K, as a function of pressure
(7 to 20 MPa), and (ii) x, as a function of mass flux (< 2.2 Mg/m?®s) and pressure (7 to 20 MPa), both obtained from
tube CHF data. The function K, can be approximated by ;

K, = 015869 + 3.5917%107+P?* - 0.047+P% + 1.7591+P™ (46)

Thus only Equation (45), for the simultaneous CHF occurrence, may be directly used and tested within the given

range of the parameters. A comparison of the CHF prediction by the equation with the corresponding experimental
data (seven CHF points) is very good as shown in Table 2. This indicates an applicability of tube CHF data to CHF
prediction in annuli. (N.B. A companson based on the inlet conditions is required as these are the mdependent
parameters; a comparison based on x, is frequently used, as x, is specified in the prediction method, but x, is not
an independent parameter. Both comparisons are given in Table 2).

Table 2: Accuracy of CHF Prediction Methods for Bilaterally Heated Annuli

" Error [%) .
4 Number
Correlation Inlet Conditions Exit Conditions of
Rms Avg Rms Avg CHF Data
Equation (45) 3.61 0.63 6.85 143 7
(simult, CHF - predicted by [2])
Equation (45) 293 0.22 5.53 0.64 15
(simult. CHF - our prediction)
Equation (23) 3.32 0.49 11.27 0.78 146
(internal heating only)
Equation (29) 3.55 0.36 14.56 1.28 62
(CHF at inner surface)
Equation (39) 0.55 -0.03 1.94 0.0 17
(external heating only)
Equation (42) 1.52 -0.07 7.20 0.01 47
(CHF at outer surface)
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Due to very limited mass flux range of x,, given by Kirillov and Smogalev {2], we extended this range using all the
data of simultaneous CHF occurrence as follows. Converting Equation (45) into the form

K, ”J.’t Pg(ri*r,)

¥n = Kot : ", oo @7
K, Hk pg(rl'"o)'(rlqi + roqo)
we found:
- for P = 7 MPa and 0.57 < G < 4 Mg/m’s
%, = 0302686 + 0.323285+G™! - 0.061864+G 2 + 0.61698+e "¢ 48)
~ - for P = 10 MPa and 0.5 < G < 4 Mg/m’
x, = 0323236 + 0.201339*G 1% + 0.051459+G 2+Ln(G) + 038443+~ 49)

where G is in Mg/m?. For the G values lower than indicated above x.=1 was assumed. These x results are shown
in Figure 9 together with the curves obtained by Kirillov and Smogalev [2].

1.2
X
n .
1.1 g X
1 . A P= 3MPa
0.9- X P=7MPa
08- O P=10MPa
Acc. to Kirlllov & Smogalev [2]
0.7 4 (Obtained from Tube CHF Data
upper ref. to 7 MPa, lowsr to 10 MPa)
0.6 )
0.5 -
04 -
0.3 1
0-2 T ¥ T ] ] 1 ] 1
0 05 1 15 2 25 3 35 4 45 5
G [Mg/m?s]
Figure 9: ' Comparison of Quality x, Obtained from CHF Data of Bilaterally Heated Annulus with those

Obtained by Kirillov & Smogalev {2] from Tube CHF Data, as Functipn of Mass Flux.

5.1.2  Prediction of CHF at the inner surface

. Bquation (29) defines CHF, occurring at the inner surface, while the heat flux q", is supplied to the outer surface.
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To use this equation first the quantity ¢, has to be determined. It can be done in two steps: (i) the quantity ¢,; (i.e.,
Equation (20)) can be retrieved from the CHF data obtained in internally heated annuli using Equation (23), and (ii)
the unknown term Ad, of Equation (28) may be defined from the CHF data in bilaterally heated annuli for CHF
occurrence at the inner surface.

The first step yields the unknown quantity A,; in the form

2

i0l
Pg (50

05
Pr Pg

This analysis is limited to pressures of 7 and 10 MPa due to limitation of the x, characteristics. Among 1547 CHF
data for concentric annuli with internal heating (Table 1 of Doerffer et al. [4]) there are 138 and 8 CHF points
meeting conditions with respect to Equations (48) and (49). We found that:

2p.gG

4 CHF, r; x,
d T (K, H p,

- for P = 6.9 to 7.1 MPa and 0.57 < G < 4 Mg/m’s
A, = 0022174 + 0.000638+G> - 0.008031+G "5 + 0.00272+G 2 (D

- for P = 9.8 to 10.2 MPa and 0.5 < G < 4 Mg/m’s

A, = 0066306 + 0.01678+(ln G)* - 0.02709+G%* - 0.019618+G ™ (52)

and are valid for the quality range 0.05 < x, < 0.35 (G is in Mg/m?). Having defined A; and thus ¢,; the CHF in
internally heated annuli can be predicted using Equation (23).

To determine A, Equations (29) and (28) were rearranged and yield

/4
T4
CHF, + °ro] r X, (53)
i

(ro* 1) KHyp,

Ad)o = d)oi - xn+ xc+

The functions A¢, of a general form

Ad, = a (@) (G° + dG + eq, ) (54)

of mass flux and the outer surface heat flux, were found with the following coefficients:
- for P = 6.9 to 7.1 MPa and 0.5 < G < 4 Mg/m’s
a = 0.467855,
b = 1.237649,
¢ = -0.999684, 3
d = 0.055746, and
e =-0.109612,
- for P = 9.8 to 10.2 MPa and 0.5 < G < 4 Mg/m’s
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a =0.586847,

b = 1417714,

¢ = -1.307195, (56)
d = 0.011097, and

e = 0.022094,

where G is in Mg/m® and q", is in MW/m?. Finally, having defined Ad,, ¢, (Equation (28)) is determined and so
the CHEF, at the inner surface in bilaterally heated annuli (Equation (29)).

5.1.3  Prediction of CHF at the outer surface

Following the same steps as in Section 4.2.2, the unknown quantities A, and Ag; are derived. The functions A,
derived from the CHF experimental data of Becker and Letzter [3] for extemally heated annuli are:

- for P = 6.9 to 7.1 MPa and 0.5 < G < 4 Mg/m’s
A, = 0037945 + 0.3151+G ™% - 0.35825+G 1*InG - 0.34439+G ™15 67N

- for P = 9.8 to 10.2 MPa and 0.5 < G < 4 Mg/m’

Ay, = 004615 - 0.1258+G ™1 + 0.09118+G 1% + 0.014224+G 2+InG (8)

and are valid for the quality range 0.22 < x, < 0.65 (G is in Mg/m%). A, and thus ¢, allows the CHF prediction
in externally heated annuli using Equation (39).

The functions for A¢; of the form (54), where q," was replaced by q;", were found with the following coefficients:
- for P=6.9 to 7.1 MPa and 0.5 < G < 3.8 Mg/m’s

a =0.399263,

b = 1464061,

¢ = -0.974858, (59)
d = 0.070029, and

e =-0.339141,

- for P = 9.8 to 10.2 MPa and 0.7 < G < 4 Mg/m’

a = (.228416,

b = 1.538116,

¢ = -2.354578, (60)
d = -0.104088, and

e = 0.96837,

where G is in Mg/m’s and q"; is in MW/m®. Now, having defined Ad,, Equation (42) can be used to predict CHF,
at the outer surface in bilaterally heated annuli.

5.2 Comparison of Model Results with Experimental Results and Discussion

A direct use of K, and x, functions, obtained by Kirillov and Smogalev [2] from tube CHF data, allowed the CHF
prediction in bilaterally heated annulus only for simultaneous CHF occurrence at both surfaces at known ratio R.
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The agreement with the experimental data is very good as shown in Table 2 (seven CHF points). Our extension of
x, function, obtained from annulus CHF data, allows CHF prediction over wider range of mass flux also with good
accuracy (Table 2, 15 CHF points).

The good agreement between Kirillov's and our x, functions (sce Figure 9), strongly suggests similar physical
mechanism govemning the dryout-type CHF in tubes and annuli, especially in bilaterally heated annuli with
simultaneous CHF occurrence at both surfaces.

An agreement between the CHF data and the corresponding predicted values for internal and external heating, and
for CHEF at the inner and outer surfaces during bilateral heating is also very good as shown in Table 2, and in Figures
3 and 7. Figure 3 illustrates this comparison for CHF,at P=7 MPaand G = 1.5 Mg/m’s with increasing the heat
flux applied to the outer surface, q", (or increasing the ratio q"/q"). The predicted characteristic for the
simultaneous CHF at both surfaces (Equation (45)) is also shown. The intersection of these two characteristics
determines the simultaneous CHF occurrence. It can served as a criterion defining the simultaneous CHF occurrence.
Beyond this point CHF can occur only at the outer surface.

To make above predictions possible empirical functions such as ¢;, ¢., A9, and A¢; were derived form the data
of Becker and Letzter [3]. Unfortunately, the limited range of the data limits the range of the functions’ application.

Some interesting observations can be drawn from Equations (28) and (29), particularly the effect of the term Ad,,
which describes a contribution of vapour generation at the outer surface due to the heat flux, q",, to the critical
quality as shown in Figure 10. The experimental CHF; data show a linear dependence between this term and the
critical quality for a given mass flux with the heat flux, q",, as a parameter. The higher q", the higher increase of
the term and the higher x, at a given mass flux. On the other hand, the higher mass flux the lower critical quality
and the lower contribution of the term.
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Figure 10: Contribution of Heat Flux at Outer Surface, q",, in Bilaterally Heated Annulus to Changes in
Critical Quality while CHF Occurs Only at Inner Surface.

An extension of every line in Figure 10 up to the intersection with the axis x, defines the x, value at q", = 0 (i.e.,
at internal heating, where flowing liquid film at the outer surface does not evaporate or change the critical quality).
A comparison of the x. values obtained from these extrapolations with those from Becker and Letzter’s [3]
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experiments in internally heated annulus confirms this observation (e.g., at P =7 MPa, G = 1 Mg/m? those values
are 0.29 and 0,296, respectively).

Similarly, the effect of A¢; on the critical quality x, when CHF occurs at the outer surface is shown in Figure 11.
An extension of every line in Figure 11 up to the intersection with the axis x, defines the value of x.atq"; =0 (.e.,
at external heating), and these values are almost identical to those of the Becker and Letzter [3] data obtained in the
extemnally heated annulus. :

0.14 -
= 0.13-
< a / \
< o121 G=1.0Mg/m ‘s
0.11 1.5 ¥ 045
0.1- 25 20 !
3.0 !
009{ 36 % v ¥ 042 / .
=09 v Y i ; 9
0.08 ] N Y z' ! . !
Ygy v ¢
0.07“ § g 77 H N .
. < ¢ Y =0.35 MW/nf
0.06 - q . 0.8 ‘b \4
P=7 MPa
0.05
OOM L] ' + L) 1 1 1
0.1 0.2 0.3 04 05 0.6 0.7 0.8
X c
Figure 11: Contribution of Heat Flux at Inner Surface, q’;, in Bilaterally Heated Annulus to Changes in

Critical Quality while CHF Occurs Only at Outer Surface,

A comparison of both terms, Ad, and A¢,, indicates that for the CHF occurrence at the inner surface the heat flux
applied to the outer surface, q",, generates much more vapour and increases the critical quality much more
(demonstrated by a smaller slope of the curves in Figure 10) than for the case of Figure 11, where the curves are
steeper and the values of the term Ad; are much lower.

In addition, a qualitative analysis of general Equations (29), (42) and (45) shows agreement between the trends
predicted by these equations with those of the experimental data. Equation (29) reflects correctly the effect of the
heat flux q", on CHF, (compare with Figure 3). Equation (42) shows a much weaker effect of q";on CHF, than the
effect of q",on CHF, (compare Figures 3 and 6; and also compare the last terms in Equations (29) and (42)).
Finally, Equation (45) predicts the correct relation between CHE, and the ratio q"/q"; = CHF /CHF, during
simultaneous CHF at both surfaces (the equivalent trend is shown in Figure 5).

6. CONCLUSIONS AND FINAL REMARKS

This paper investigates the effect of bilateral heating on CHF of the dryout type in annuli and compares it with that
in tubes and unilaterally heated annuli. Also, it provides the CHF prediction method for bilaterally heated annuli.

-+ It was found q‘lat the predicted CHF trends agree well with those observed from the experiments, especially:
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- The heat addition to one surface of an annulus (where CHF does not occur) enhances CHF at the other
surface (due to an enhancement of droplet deposition). Therefore, the corresponding CHF values in
unilaterally heated annuli are always lower than those in bilaterally heated annuli.

- The CHF occurring at the outer annulus surface is less sensitive to the heat addition to the inner surface
than that in the opposite case.

- During simultaneous CHF occurrence at both annulus surfaces, the CHEF, is always larger than the CHF,
and this difference is a strong function of pressure.

- The q"/q"; ratio determines the location of CHF occurrence in bilaterally heated annuli.

In addition, the corresponding CHF value in a tube is always larger than that in an annulus regardless of a mode of
heat supply to the annulus. The CHF, value can be predicted from the tube CHF prediction method within the ranges
of pressure 7-10 MPa, mass flux 0.5-4.0 Mg/m?s and critical quality 0.23-0.9, when CHF occurs simultaneously at
both surfaces and D, is the characteristic dimension.

As CHF was primarily obtained at conditions far away from the spacers (i.e., the most downstream spacer plane was
located 630 mm from the CHF location, or Lg,/D,, = 68, in the Becker and Letzter [3] experiments), the effect of

spacers on CHF is considered to be minimal. However, in fuel designs with short axial spacings between spacer
planes (i.e., Lgy/Dy, < 40) the results will be affected by spacer-generated turbulence, which may reduce the CHF
differences between two adjacent heated surfaces.

For the first time a CHF prediction method is proposed to cover all cases of CHF occurrence in bilaterally heated
annuli for annular flow type dryout, including a prediction of the radial location of dryout.

It is also the first practical application of the Kirillov and Smogalev droplet-diffusion model [2] for CHF occurrence
at the inner annulus surface, and our further development of their method for CHF occurrence at the outer surface
and for simultaneous CHF occurrence at both surfaces.

We noted, that the quantity x, is almost identical in tubes and annuli. It suggests the similarity in CHF mechanisms
for both geometries. In this study we extended the range of x, beyond that of Kirillov and Smogalev [2].

Presently, this successful application is limited to the data range used in this study, due to a limited range of validity
of the empirical functions derived from the data. Especially, the functions Ad; and A¢,, which depend on the
upstream flow history, should be developed for wider range of conditions, or derived from theoretical considerations.

The results presented in this paper suggest a further refinement of the mechanistic model of Kirillov and Smogalev
[1,2]. This should eventually lead to a general analytical CHF prediction method valid not only for bilaterally heated

annuli but also for similar flow geometries such as rectangular channel, a rod surrounded by a channel of irregular
shape, and finally for a fuel bundle.
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8. NOMENCLATURE

A - function defined by Equation (50),
avg - average error [%],
B,C - auxiliary functions defined by Equations (21, 22 and 38),
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- concentration of droplets [kg/m®],

- critical heat flux [kW/m?,

- diameter [mm)],

- deposition rate [kg/ms],

- fraction of liquid entrained [-],

- (predicted CHF - experimental CHF)/ experimental CHF,
- mass flux [Mg/m?s],

- enthalpy [kI/kg],

- deposition coefficient in adiabatic conditions, defined by Equation (46) [m/s],
- deposition coefficient in diabatic conditions [m/s],
- heated length [m],

- distance from tube inlet to point at which entrainment ceases [m],
- fraction of deposition rate on a given surface [-],
- pressure [MPa],

- perimeter [m],

- heat flux [kW/m?],

- outer-to-inner surface heat flux ratio, q"/q";, [,
- slip ratio [-],

- radius [m],

- root mean square error [%],

- average velocity [m/s],

- quality [']’

- quality at which deposition ceases [-],

- difference of qualities x, and x,; [-],

- quality at which entrainment ceases [-],

- liquid flow rate [kg/s],

- quality shift [-],

- change,

- liquid film thickness [m],

- dynamic viscosity [kg/m.s],

- fraction of liquid flowing as a film [-],

- density [kg/m’],

- surface tension [N/m],

- shear stress [N/m?,
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Subscripts

an - section at which annular flow regime begins,

An - annulus,

c - critical, at CHF location,

dep - deposition,

D - refers to tube of a given ID,

e - entry of test section,

f - saturated liquid; liquid film,

g - saturated vapour,

fg - latent heat,

he - heated equivalent diameter of annulus,

hy - hydraulic equivalent diameter of annulus,

i - on inner surface for to bilateral heating,

ie - on inner surface for external heating,

ii - on inner surface for internal heating,

m - corresponds to radius of maximum flow velocity,
n - corresponds to minimum liquid in the core for adiabatic conditions,

ng - corresponds to minimum liquid in the core at CHF section in diabatic conditions,
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0 - on outer surface for bilateral heating,

oe - on outer surface for external heating,
oi - on outer surface for internal heating,
SP - spacer plane; spacer pitch,

T - total flow (liquid + vapour),
Superscripts:

c - core flow.
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Abstract

The ABB Atom FRIGG loop located in Vasteras Sweden has
during the last six years given a large experience of critical
power measurements for BWR fuel designs using indirectly
heated rods with individual power supply. The loop was built
in the sixties and designed for maximum 100 bar pressure.
Testing up to the mid eighties was performed with directly
heated rods using a 9 MW, 80 kA power supply.

Providing test data to develop critical power correlations for
BWR fuel assemblies requires testing with many radial power
distributions over the full range of hydraulic conditions.
Indirectly heated rods give large advantages for the testing
procedure, particularly convenient for variation of individual
rod power. A test method being used at Stern Laboratories
(formerly Westinghouse Canada) since the early sixties,
allows one fuel assembly to simulate all required radial power
distributions. This technique requires reliable indirectly
heated rods with independently controlled power supplies and
uses insulated electric fuel rod simulators with built-in
instrumentation.

The FRIGG loop was adapted to this system in 1987. A 4 MW
power supply with 10 individual units was then installed, and
has since been used for testing 24 and 25 rod bundles
simulating one subbundle of SVEA-96/100 type fuel
assemblies. The experience with the system is very good, as
being presented, and it is selected also for a planned upgrading
of the facility to 15 MW.
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FRIGG Loop History and Description

The FRIGG loop was built in 1965 for full scale
thermal-hydraulic testing of simulated BHWR and BWR fuel
assemblies [1]. It is still in extensive use and a major
upgrading is even underway. Although the general layout of
the loop is unchanged (Figure 1), numerous modifications
have taken place over the years, in particular with regard to
control and instrumentation systems, and power supply. It is
interesting to note that the carbon steel piping and pressure
vessels are still in very good condition, thanks to careful water
chemistry control and preservation measures.

-l
Condenser ! Steam
‘ Drum
L 1
S N— '
Main Circulation Loop

14

) L. Test Section
Cooling Circuit 4.2 MW DC

—eo—r7! Lo

Figure 1. Schematic of FRIGG Loop

A major change in experimental technique took place in 1987,
when the use of directly heated rods was abandoned in favour
of indirectly heated. Such rods were previously used alsoin the

FRIGG loop for LOCA testing but were up to then not

considered mature for critical power testing.

The use of indirectly heated rods offers several important
advantages:

—  Low electromagnetic forces between rods because of high
voltage and thus low currents with a helical current path.

—  No electrical insulation of the channel needed.

—  Radial power distribution can be easily changed during
the experiment.

—  Thermocouples are at ground potential.
2609



The change to indirectly heated rods was tied to the
development of new multirod fuel versions, SVEA-96 and
SVEA-100 (Figure 2). Low electromagnetic forces were
considered essential for testing with the relatively slim rods of
those designs. The requirement for the detailed investigations
of the effect of the radial power distribution was angther
strong driver. The existing 9 MW low voltage power supply was
replaced by a new 4 MW high voltage power supply consj.’isting
of ten individually controlled rectifier units. The lower total
power was chosen as being adequate for testing one

SVEA-96/100 sub-bundle with 24 or 25 rods.
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Figure 2. SVEA-5x5 Design Versions and Simulated
Geometries

The new power supply has a maximum voltage of 400 V. Six
rectifiers have a maximum current of 800 A and four 1600 A.
The rods are grouped with one to four rods on each rectifier. To
optimize the radial power distribution and to test the
sensitivity of individual rods, grouping may have to be altered
several times during an experiment.

A detailed description of the development and manufacturing
of the rods is given below. The principle design of a test section
consisting of a pressure vessel with the flow channel and the
rods is shown in Figure 3. The rods are supplied with up to
eight themocouples at different axial positions where dryout
is expected to occur, generally upstream of spacers and at the
end of heated length. The flow channel is cut out and rewelded
from an actual full assembly Zircaloy channel. The indirectly
heated rods enable this to be used without electrical
insulation. Along the channel are pressure taps for detailed
single— and two—phase pressure drop measurements.
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Figure 3. Axial Geometry and Power Distribution of the
Test Section

The results of early SVEA~96/100 tests with this system were
presented in [2]. Since then, a lot more experience has been
gained during continued testing in support of the fuel
development. It is the objective of this paper to discuss some
of this experience with emphasis on the experimental
technique.

History of Development and Manufacturing of the Rods

.

Development of electrically heated fuel simulators started at
what is now Stern Laboratories in the early 1960’s [3]. For
these early heaters, the filaments were made by winding
uniform width Kanthal or Nichrome ribbon in a helix, and
welding this to steel electrodes. Electrical insulation was
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provided by magnesia powder and thermocouples were placed
in external grooves in the thick walled stainless steel sheaths.

These heaters were built by Stern Lab. Inc. for use in their
laboratory, and their many weaknesses soon became apparent,

as did the significant cost associated with unreliable heaters.
Over the thirty years since then, the problems have been
eliminated one by one, and the design and manufacturing
techniques have been continuously refined to improve all
aspects of heater performance. Apart from heaters designed
for Critical Heat Flux experiments, which operate typically at
external sheath temperatures no higher than 350°C, but at
heat fluxes up to 350 W/em?2, many heaters have been designed
and built for Loss of Emergency Core Cooling experiments.
These have to perform reliably at much higher temperatures
(1100°C) but at much lower fluxes.

The most common type of failures encountered by Stern Lab.
Inc. with the early indirect heaters were due to failure of the
termination weld, i.e. the weld joining the filament ribbon to
the electrode at the end of the heated length, and arcing from
the filament to the sheath. In both cases, the heat generated
locally by the arc quickly cuts through the sheath wall,
resulting in damage to neighboring heaters. This necessitates

rebuilding of the fuel assembly with several replacement

heaters, usually a very expensive disruption of the program.

The current design has eliminated the termination failure
problem by making the filament from a seamless tube, which
is laser cut into a helix on a numerically controlled machine.
Figure 4 shows a schematic of a completed heater used in the
FRIGG tests and illustrates how the termination weld has
been eliminated. The cut simply does not go all the way to the
end of the tube but leaves a short length of intact tube for
welding to the electrode. Laser cutting from tubing also
eliminates the curling up of the edges of the ribbon due to the
deformation caused by winding. This allows the average
distance between the sheath and the filament to be reduced,
and thereby permits an increase in heat flux without
exceeding the filament temperature limit. It also, because of
the narrow, uniform gap between turns, achieved even with
non—uniform axial heat flux profiles, practically eliminates
the valleys seen in the longitudinal heat flux with wound
filaments at the gap between turns. Replacement of the

powder filled magnesium dioxide insulation by hot pressed
boron nitride (BN) sleeves addresses the problem of filament
to sheath arcing by ensuring excellent concentricity and hence
excellent circumferential uniformity in the surface heat flux.
The BN also has better thermal conductivity, resulting in
lower internal temperatures, as well as having greater
thermal stability, enabling post CHF temperature
determination without significant risk of heater failure.

2612



Lead-in conductor

Provision for
water cooling

Boron Nitride insulation Lead—in
Sheath Inconel 600 conductor

) Moisture seal
Filament Monel K 500 (Both ends)

Wide pitch

Narrow pitch

3.75 m (Heated length

6.3 m (Appx.) >

Figure 4. Heater Rod Design

Stern Lab. continues to use their fuel simulators with great
success in their own loop facilities, and consider the cost of
producing them of secondary importance, because of the very
considerable cost of the failure of just one heater of inferior
design during loop operation.

Each heater is custom designed usually starting with a
specified operating voltage, total power, heated length, axial
power distribution and finished diameter. The heater filament
diameter and wall thickness are chosen to provide at least 0.7
mm of BN below the thermocouple groove and provide the
appropriate resistance to match the specified supply voltage
and power. Generally the wall thickness is also adjusted to
provide a pitch to diameter ratio in the filament of one or
greater at the peak power location. Custom software is used to
compute the angular rotation required for each cut step to
match the required axial power profile. Adjustments are made
to the cut filament length to account for the increase that
occurs during final swaging while achieving the required
finished resistance. The maximum filament temperature is
calculated and adjustments.are made to component thickness
to ensure that this does not exceed a limiting value, based on
the melting point of the filament material.

The present heaters have filaments laser cut from Monel or
Inconel tubing and can be provided with axial power profiles
having a peak to average ratio of up to 1.6. The filaments are
precision cut in steps of constant pitch, where the number of
steps is at the customer’s discretion, usually between 200 to
500. The heaters used here had 248 steps or 70 steps per meter
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having a peak to average ratio of up to 1.6. The filaments are
precision cut in steps of constant pitch, where the number of
steps is at the customer’s discretion, usually between 200 to
500. The heaters used here had 248 steps or 70 steps per meter
of heated length. After the internal space is filled with
cylindrical slugs of BN, the uncut ends are welded to short
nickel transition electrodes, which in turn are brazed to copper
electrodes. The gaps between turns are packed with BN
powder, and BN sleeves with 100 % x-ray inspection are
assembled over the full length to be sheathed.

With the BN sleeves held tightly in place, round bottomed
grooves are cut longitudinally in the sleeves to accommodate
the thermocouple instrumentation. This is then placed in the
grooves with the junction at the specified location, and the
whole subassembly is inserted into the oversized sheath and
thoroughly dried by heating in a vacuum and back—filling with
helium when cold. The assembly is then swaged for a number
of passes, until the specified outside diameter and degree of
compaction are reached. The sheath is cut to length and heater
resistance and insulation resistance are measured and the
sheath to electrode ends are sealed with a room temperature
vulcanizing (RTV) compound. The locations of the
thermocouple junctions are determined by flux probing with
a soldering iron, and each location is marked on the exterior
of the sheath.

For high power, small diameter components such as the ones
used in the present experiments, the heat generated in the
"unheated length” outside the test section pressure boundary,
by I2R losses in the electrodes, presents a problem. This has
been solved by making copper electrodes from thick walled
tubing, and inserting a small hypodermic style tube into this
to form a re—entrant path for water cooling.

This particular design of fuel simulator with a Zircaloy sheath
was used for the Quad +/SVEA~-C test program conducted at
Stern Lab in Hamilton both with uniform axial and symmetric
cosine power distributions. With the use of indirect heaters
and six power zones 38 different radial power distributions
were tested. Changes between distributions were made by a
combination of cable reconnections or by simple changes in the
relative input from each power zone by adjusting constants in
the computer software. In total about 8000 data points were
taken with this arrangement. Some problems developed at
high powers with the cosine profile after about 1000 test points
when heater failures began occurring. It was discovered that
the heater sheaths were increasing in diameter due to
creeping of the Zircaloy cladding. A light swage of the sheath
eliminated this failure mode and allowed for completion of the
program. This problem has not been observed with stronger
Inconel sheaths used in the FRIGG tests.
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FRIGG Loop Applications

Twenty-seven critical power experiments performed during
the years 1988-1994 in the FRIGG loop have given the
experience of more than 13000 critical power data points,
making successful improvements of the ecritical power
performance of the SVEA-96/100 fuel possible. The large
amount of data is due to the convenience of independent power
supply and indirectly heated rods.

Due to the indirect heating of the rods, the radial power
distribution can be modified within less than five minutes,
unless rectifier connection modification is necessary. The
convenience of altering the radial power distribution is a large
advantage for collecting the sufficiently large amounts of
relevant data needed to develop accurate CPR correlations
and to investigate critical power performances of certain rods.

Further advantages discovered during the experience of
individually controlled heater rods are the possibilities to
investigate the impact of the radial void distribution on
two—phase pressure drop and stability.

The experience of the heater rod reliability is very good. Some
of the heater rods from the first delivery from Stern Lab. Inc.
(December 1987) have been used in all of these experiments.
Some problems have occurred due to corrosion in
thermocouple leads under the fiberglass sleeving (Figure 4),
occurring after a large amount of experiments. To prevent
these corrosion problems, an electric fan heater has been used
to keep the connections dry. The heater rod connection polarity
has also been altered. Even if the usage of the fan heater
inhibits the corrosion procedure it does not eliminate them.
Some rods with corroded thermocouple leads have been sent
to Stern Lab. Inc., and most of these rods have been

successfully repaired.

Once, due to water leakage at the test section’s inlet (lower)

part, a flash-over occurred during one of the many
experiments, causing damage to the heater rod connections.
However, after a rather simple reparation of the connections

no malfunction of the heater rods was detected.

The FRIGG loop will be upgraded during summer 1995 to
allow measurements on a full SVEA fuel bundle. The capacity
ofthe power supply will be increased from 4 MW to 15 MW, Due
to the very good experience of the indirectly heated rods, the
same heater rod design and the same type of power supply
system will be used.

In most cases,.a so called fuel development experiment is
performed to investigate the impacts of design alterings, e.g.
spacer design, axial spacer positioning or numbers of spacers
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on the critical power performance. During a fuel development
experiment different radial power distributions are tested,
generally only at 70 bar pressure and 10 K subcooling, but
each radial power distribution at mass fluxes from 500 to 2000
kg/m?s to obtain critical powers for uniform and optimized
radial power distributions. The so called optimized radial
power distribution is obtained when dryout occurs on most of
the rods, and the bundle critical power is maximized. In the
described experiment type, the number of radial power

distributions generally is within the range 2045, and the

experiment lasts about one and a half week, within 16 hours
of testing per workday.

Larger  experiments are performed to  verify
thermal-hydraulic performance of a new fuel design.

Development and verification of CPR correlations

To determine CPR correlations, testing with a large amount of
different radial power distributions at different pressure
(25-85 bar) and subcooling (5—40 K) are required. More than
1800 critical power data points, covering 115 radial power
distributions, were obtained at the SVEA-96+ [4] design
experiments. The large amount of radial power distributions
is necessary to investigate local dryout performance for each
rod, and to create a sufficient correlation development data
base. Such an experiment lasts 3—4 weeks.

The SVEA-96+ fuel type assembly, used as an example, is a
further developed SVEA-96 fuel type assembly. The number
of spacers are increased from 6 to 7 to increase the critical
power. The spacer frame has been designed for minimum flow
obstruction and maximum ability to shave off the coolant film
from the channel walls. The upper portion of the frame has
been given features to divert the water towards the fuel rods,
favouring particularly the corner rods.

In the SVEA-96+ design, the spacer distance in the upper part
of the fuel bundle is 2/3 of the spacer distance at the
corresponding region in the SVEA-96 design. By improving
the spacer design, increasing of the numbers of spacers from
6 to 7, and by reducing the spacer distance in the upper part
of the fuel bundle,the critical power improved by about 12%
compared with the original SVEA-96 fuel design, as shown in
Figure 5.
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Figure 5. SVEA-96+ and SVEA~96 critical power

comparison

Of historical reasons two types of CPR correlations are used

by ABB Atom for the SVEA fuel designs:

—  local type (for SVEA~100 fuel in ABB designed BWR:s)

¢crit = ﬂst,Dheat,P)

—  Dboiling length type (for SVEA-96 and SVEA-96+ fuels in

BWR:s from other vendors)
Xcrit = fLB,G, Dheat,p)
where
Ocrit = critical heat flux
Xerit = critical steam quality
X = steam quality
G = mass flux
Dpeat = heated diameter (4 X Afow/Uneat)
Afow = flow area
Uheat = heated perimeter
P = pressure
Ly = boiling length
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A weighting factor model is used to take into account the
impact of local power distribution on CPR and corresponding
additive constants for different fuel designs are used in this
model.

The base CPR correlation (boiling length type) with new
correction multipliers for mass-flux, pressure and boiling
length was developed by ABB Atom for SVEA-96+ fuel design
and named XL—~96+.

The X1L—-96+ CPR correlation is based on 1393 data items, and
the obtained mean error is —-0.014, and the standard deviation
is 1.787. The XL-96+ CPR correlation is valid within the
following ranges:

Pressure: 25 — 85 bar
Mass flux: 341 — 2090 kg/(m?,s)
Subcooling: 4-49K

As illustrated in Figure 6, the data obtained from the
measurements and the accuracy of the CPR correlation for
SVEA-96+ type fuel assembly are very good, most of the error
of the dryout points are in between 1-3.5%, even ifit covers 115

different radial power distributions.
Predicted critical power kW
3500

3000+

2500-

2000+

1500-

3000 3500

500 1000

1500 2000 2500

Measured critical power kW

Figure 6. Predicted critical power from XL—96+ dryout
correlation versus measured critical power
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Figures 7-10 show the errors in dryout power plotted versus

pressure, mass flux, subcooling and boiling length
respectively. As can be seen, there are no biases depending on
pressure, mass flux, subcooling or boiling length.
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CHF Considerations for Highly Moderated 100% MOX
Fueled PWRs. !

D. Saphier and P. Raymond

CEA Saclay, DMT/SERMA/LETR,
91191 GIF-sur-YVETTE, CEDEX France

Abstract

A feasibility study on using 100% MOX fuel in a PWR with increased moderating ratio,
RMAZ2, was initiated [1]. In the proposed design all the parameters were chosen identical
to the French 1450MW PWR, except the fuel pin diameter which was reduced to achieve
higher moderating ratios, Vas/VF, where Vir and Vp are the moderator and fuel volume
respectively. Moderating ratios from 2 to 4 were considered. In the present study the
thermal-hydraulic feasibility of using fuel assemblies with smaller diameter fuel pins was
investigated. The major design constrain in this study was the critical heat flux (CHF). In
order to maintain the fuel pin integrity under nominal operating and transient conditions,
the minimum DNBR, (Departure from Nucleate Boiling Ratio given by CHF /4" 1ocal, Where
q”local is the local heat flux), has to be above a given value. The limitations of the existing
CHF correlations for the present study are outlined. Two designs based on the conventional
17x17 fuel assembly and on the advanced 19x19 assembly meeting the MDNBR criteria
and satisfying the control margin requirements, are proposed.

Introduction

Large stockpiles of plutonium from water moderated reactors are expensive to maintain,
and therefore, in addition to the problem of safeguarding, there is a strong economic
incentive to consume as large a quantity of Pu as possible. Since 1987 several French plants
have been using up to 30% MOX fuel loading. However, even with this loading, more Pu
will be produced than consumed. In a conventional PWR it is impossible to increase the
MOX load above 30%, since the resulting spectrum hardening reduces significantly the
efficiency of the control rods and the soluble boron. Calculations performed by Nisan
et al. [1] and [2] have shown that using 100% MOX in a conventional PWR reduces the
control rod value to one half, and the boron efficiency to one third. The required shutdown
margin therefore precludes the use of more than 30% MOX fuel. In addition, the negative
moderator temperature coefficient increases significantly, generating a major concern in
case of reactor cool down accidents. By increasing the Vis/Vr the neutron spectrum is
softened again and the recycling of Pu in 100% MOX fueled PWR becomes feasible.

From the thermal-hydraulic (T-H) point of view, reducing the fuel pin diameter affects

!Paper submitted to the NURETH-7 Meeting, Sept 10-15, 95, Saratoga N.Y., (pap171)
2RMA stands for Reacteurs a Moderation Accrue
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the core performance parameters - assuming that flow and power remain unchanged - in
the following manner:

1. Heat transfer area decreases
Heat flux increases
Flow cross section area increases

Flow velocity decreases

oA W D

Heat transfer coefficient decreases

Calculations have shown, that one of the consequence of the.above changes in the
core T-H parameters is a reduction in the predicted critical heat flux, CHF, while the
local heat flux increases. The direct result is a significant reduction in the DNBR. One of
the most stringent constrains in the T-H design of a PWR core is to keep the minimum
DNBR, (MDNBR), above a certain value, (1.3 in the N4-PWR when using the W3-CHF
[3] correlation) under predefined transient limiting conditions. It became obvious that
some additional modifications are needed in addition to the diameter reduction in order
to maintain the above design limit.

The purpose of the present investigation is to find a PWR fuel assembly design, and

core operating conditions with a moderating ratio of 3 which will have the same MDNBR
as the N4 reference design.

Operating Conditions

The nominal operating conditions of the FRAMATOME 1450M We (4250MWt) PWR were
used in the present study. The calculations in the present study were limited to steady state
conditions. The ultimate requirement for the reactor safety analysis is to show that for a
given set of predetermined transients and accidents, the fuel pin integrity is maintained.
However, at this stage of the project, only steady state calculations were performed. These
calculations were performed for nominal and for limiting conditions. These conditions are
defined in the safety analysis report (SAR) [4] and include the setpoints which operational
transients can achieve and which will trip the reactor shutdown system. These conditions
are defined in table 1.

The Calculational Model

The FLICA-4 [5] code was used in the present study. This code has a full three dimensional

thermal hydraulic model that can be used for steady state and transient analysis of a PWR
core. The flow of the fluid through the core is described by a set of four balance equations
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Nominal Added Transient
Parameter | Units | Conditions | uncertainties | limiting cond

Power Mw 4250 +2% | 4335 | +18% | 5115
Flow ke/s 18527 -3.2% | 17934 | -20% | 14347
Pressure MPa 15.6 -0.21 | 15.39 15.39
Inlet Temp | °C 292 +2.2 | 294.2 294.2

Table 1: Limiting conditions for which DNBR was calculated.

for each discrete volume element. These equations include the conservation of the total
mass, conservation of the total momentum, conservation of the total energy, and a mass
conservation equation for the vapor phase. The drift velocity between the vapor and the
liquid are obtained from algebraic relations. Closure equations, given in the form of various
correlations and equations of state are used to describe the following phenomena:

¢ Wall vaporization - Subcooled boiling

Bulk condensation -

Turbulent mass diffusivity

Pressure drop due to wall friction, mixing grids and other singularities

Drift velocity between the liquid and vapor

Eddy viscosity
Eddy diffusivity

Heat transfer between wall and coolant

"' A three dimensional finite difference scheme is used and several levels of discretization
are possible, ranging from very detailed scheme centered around a fuel pin, up to the
coarse _mésh where the fuel assembly is a single mesh in the horizontal direction. Because
of the symmetrical power distribution it was sufficient to model in the present study one
eighth of the core, using the scheme shown in Fig. 1. The FLICA4 and FLICA3 codes
were partially verified, by reproducing several CHF experiments performed at Columbia
University [15] The numerical scheme [6] is based on an approximate Rieman solver for
the discretized inviscid fluid terms and a central difference scheme for the diffusive terms,
(see full details in ref [5] and [6]).

Applying the CHF correlations

A recent literature search revealed the existence of tens of thousands CHF measured points,
several tens of correlations to estimate the CHF and more then a thousand publications.
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Figure 1: Discretization scheme of 1/8 core used in the FLICA-4 thermal hydraulic model.

This is only to stress the importance of the CHF prediction for the reactor safety analysis.
Since CHF limits the maximum power extractable from a nuclear reactor, and because
there is a strong commercial interest to extract as much power as possible, the CHF is
a continuous subject of theoretical and experimental studies. Most of the measufements
were performed in tubes for a wide range of flows, heat fluxes, pressures, T-H conditions
and diameters. However, there exist today a large body of data from rod bundle mea-
surements, .and correction factors were applied to tube data to extend their applicability
to rod bundles. An excellent recent review and comparison of various correlations was
prepared by Lellouche [7] while an older review describing also the theoretical modeling
efforts was prepared.by Marinelly [8]. .

Some of the correlations, such as a recent Siemens ERB-3 [9] and the Westinghouse
WRB-1 {10] correlations, claiming excellent agreement to measured rod bundle data, and
claiming significantly lower statistical deviations, are still proprietary. Several table look
up techniques based on a large volume of experimental data, such as the standard Russian
tabulations by Doroshchuk [11] and the recent tables by Groeneveld [12] made for flow
in pipes, are also available. Recently deCrecy [13] proposed the pseudo-cubic thin-plate
type spline method for the analysis of CHF measurements indicating that a significantly
smaller standard deviation can be obtained than with algebraic correlations based on the
same set of data. The technique was applied to rod bundle measureients performed at
Grenoble in the Omega and Betsy loops. Tables based on this methodology to calculate
CHF for given conditions were included in the FLICA-4 code.

The problem of evaluating the CHF and the MDNBR in the present study was therefore
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Figure 2: Validity range of some CHF correlations and tables w.r. to flow and quality,
(CHFGX).

fourfold: some of the correlations were not applicable to fuel assembly calculations; others
were not within the range of interest; some are still proprietary; and others are not yet part
of the FLICA-4 database. Consequently - only a small part of the available correlations
were used in this study. In the near future the CHF data base in the code will be expanded.

The Range of the CHF Correlations

Each CHF correlation-and look-up table is valid for a certain range of T-H parameters.
Although the correlations are often used beyond their explicit range of applicability, this
usage can only be justified when approached with great caution and reserve.

Some computer codes have already introduced a mapping technique rather than using
a single CHF correlation. Inside these programs, the local thermodynamic conditions
are evaluated and the most appropriate location in the CHF map is then identified. If

necessary averages or interpolations of several values can be made to achieve the best CHF
value.

It is of interest to map the various correlations and look-up tables, together with the
predicted range of parameters of interest in the present study to obtain a graphical view
of the applicability of the various correlations.

In Fig. 2 some correlations and look-up tables are mapped in the quality-flow area.
As can be seen from the figure all the correlations and tables presented cover the range of
interest with respect to the quality and flow rate for the RMA-S (RMA nominal steady

(&1
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Figure 3: Validity range of some CHF correlations and tables w.r. to flow and pressure,
(CHFGP).

state calculations) and for the RMA-T (RMA transient operating conditions). The CENG
measurements have no values below the quality of -5%, but were extrapolated by deCrecy
[13] into this range when the look-up tables were prepared. For accident conditions, where
low flow and high quality can be expected the W3 and WRB1 might not be sufficient and
other correlations or tables have to be introduced into the FLICA-4 code.

In Fig. 3 some correlations and look-up tables are mapped in the pressure-flow area.
As can be seen from the figure all the correlations and tables presented cover the range
of interest with respect to the pressure and flow rate. The W3 correlation upper pressure
limit is just on the upper bounda,ry of the required range.

The major difficulty in using ‘the available CHF correlations can be observed from
Fig. 4 and Fig. 5. These figures present the range of validity for the fuel-channel heated
diameter and for the fuel pin diameter. As can be seen, there is no correlation shown
in these two ﬁgures that covers the range of smaller fuel pin diameters. In this study,
therefore, extrapolatlons were used, but their validity can not be verified, since no bundle
experiments exist for this range. The deCrecy look-up tables can be only used for the
9.5mm fuel pin since no measurements with smaller fuel pin diameters were performed.
Although extrapolation tables were prepared their quality is not known.

The Doroshchuk tables seem to cover the whole range of interest with respect to
hydraulic diameters and so do the Groeneveld tables. These tables were prepared for uni-
formly heated smooth 8mm tubes and their validity for nonuniformly heated rod bundles
with mixing grids is unknown. At the present:time only the W3, the Columbia, and two
modes of look up tables based on the Grenoble CHF data by deCrecy [13] are present
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in the FLICA-4 code. Some proprietary correlations are also included and additional
correlations and look up tables are in the process of being added to the code.

The Effect of »Decreasing the Fuel Pin Diameter on DNBR

As indicated, the simplest way of increasing the moderating ratio in a given assembly

geometry is to reduce the fuel pin radius. This reduction increases the heat flux and reduces

flow velocity. The combined effect on the MDNBR is shown in Fig. 6. As expected, the
MDNBR increases with the fuel pin diameter. On the same figure the moderating ratio is
plotted as a function of the fuel diameter, and as can be seen it increases with reducing

the fuel pin diameter.

The purpose of the present investigation is to find the appropriate technique by which
the fuel diameter can be decreased to increase the Vi /Vr while keeping the DNBR at
nominal conditions. ‘ ‘

The Effect of Increasing the Number of Mixing Grids

IGrid spacers with mixing vanes increase the mixing of the coolant, thus enhancing heat
transfer. Decreasing the distance between the mixing grids will increase the CHF. Several
formulas are available in the literature (see-for example ref. [14]). Most formulas are
presented in the form of a correction factor, F's, to the CHF correlation. The value of
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Fs increases with decreasing the distance between grids. For consistency we have used
Tong’s formulation [10], extrapolating his Ks - axial grid spacing coefficient whenever
needed for smaller grid spacings. The effect of increasing the number of mixing grids,
that is, reducing the distance between the grids, for a 17x17 assembly with 9.5mm fuel
pins under nominal operating conditions, is shown in Fig. 7. With decreasing the distance
between the mixing grids the MDNBR increases as expected. The rate of change decreases,
however, significantly going from a grid spacing of 501 to 270mm.

With increasing the number of grids, the pressure drop across the core also increases,
however this is offset by the increase in the flow cross section area when the fuel pin
diameter is decreased.

The number of mixing grids was varied from 8 to 16 which corresponds to a distance
of 501 to 270mm. The maximum number of mixing grids considered were 16. Having a
larger number of grids was not considered practical, and there are some indications, as
can be seen from Fig. 7 that there will be very little gain in the MDNBR with smaller
grid spacing.

The Effect of »Water Holes”

The number of guide thimbles or ”water holes” desired in a fuel assembiy is determined by
the requirements of the control system. In the N4 reactor having a 17x17 fuel assembly,
there are 24, guide thimbles and one instrumentation tube. Obviously increasing the
number of "water holes” will increase the moderating ratio, and reduce the DNBR, since
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Figure 6: The effect of the decrease of the fuel pin diameter on MDNBR and. the moder-
ating ratio, (diamef).

the same power is produced in a smaller number of fuel pins.

H, however, the Vm/Vf ratio is kept constant, increasing the number of guide tﬁbes,
requires a corresponding ‘increase in the fuel pin diameter. The resulting DNBR as a
function of the number of guide tubes is shown in Fig. 8. The calculations were performed
for a 19x19 assembly, and the Vm/V{ was set to 3. In the figure the corresponding change
in the fuel pin radius is also shown. As can be seen from the figure, the DNBR changes
very little in the range of 29 to 101 ”water holes”. As a consequence of this behavior, it is
concluded that from thermal hydraulic considerations the exact number of ”water holes”
or guide thimbles is not important and their number can be determined by neutronic
considerations, in particular according to.the control system requirement and the desire
to minimize local assembly power peaking.

Results of the Study

The purpose of the many calculations performed in this study was to identify the condi-
tions for which the same CHF and MDNBR can be obtained as for the reference PWR

during normal operating and upset conditions, while trymg to achieve the highest possi-
ble moderating ratio. Two basic designs were considered. Design A, with the presently
used 17x17 fuel assembly, and design B, with an advanced 19x19 assembly. For the nom-
mal 17x17 PWR fuel assembly this can be achieved by reducing the fuel pin diameter by
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0.9mm, that is to 8.6mm and by using additional 6 mixing grids. The moderating ratio
achieved from this reduction of the fuel pin diameter is 3, which is the desired value to
achieve sufficient reactivity shutdown margin. The details of the design are presented in
Table 2. The number of "water holes” 'was increased to 41. This core when operated at
90% of nominal power will achieve the same DNBR as the reference core. The heat .flux
and the CHF are presented in Fig. 9 and the resulting DNBR is shown in Fig. 10 along
the core hot channel. i '

The major advantage of this design is, that except for the fuel pin diameter and
additional mixing grids, the core and assembly design, as well as the control system, are
identical to the N4 design. Using an advanced fuel assembly having a 19x19 grid instead
of the original 17x17, additional flexibility is introduced into the design. This design has
a smaller diameter fuel-pin and a smaller pitch, both of which affect the CHF. The fuel
pin pitch decreases from 12.624 to 11.274 and the number of fuel elements increases from
239 to 336, (assuming 25 guide tubes). Although the fuel diameter is smaller, the surface
area increases and more design flexibility is permitted. To achieve a moderating ratio of
three, the fuel pin radius has to be reduced to 7.7mm. The optimal number of guide tubes
under these conditions is 41. With this design and nominal power the same DNBR is
achieved as in the nominal core. The heat flux and the CHF are presented in Fig. 11 and
the resulting DNBR is shown in Fig. 12 along the core hot channel.

As can be seen from Table 3, due to the increased heat transfer.area, the average heat
flux is reduced by 18%, however, the flow rate is also reduced by 12% due to the increase
in the flow cross-section area. From the T-H considerations there is a significant freedom
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to choose the number of guide tubes. These can be, therefore, determined according
to the neutronic considerations, such as core controllability, local intra-assembly radial
power peaking. A significant radial peak in the assembly due to "water holes”, will again
affect the T-H design. There might be also mechanical constraint on the control assembly
structure and the number of permissible rods in the assembly.

Conclusions

From the results it can be concluded that a 19x19 fuel assembly can be designed with the

T-H conditions similar to the reference design. Using this assembly the MDNBR is the
same as in the reference 4250MWt PWR.

: Keeping the original 17x17 design, a moderating ratio of 3 can be achieved if a fuel pin

of 8.6mm is used and the power is reduced to 90% of its nominal value while maintaining
a 100% flow rate. All proposed designs required an increase in the number grids with
mixing vanes. ' .

Further improvements in the CHF data and correlations are necessary to improve the
design of the RMA cores using small diameter fuel pins which is equivalent to larger
hydraulic and heated diameters. Most of the tables and correlations are not parametrized
with respect to the grid spacing distance. They relay mostly on som previously published
correction factors. This too has to be corrected since in this study the mixing grids with
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Ll ﬁ | Proposed | Nominal |

1. | Assembly 17x17 17x17
2. | Fuel Pin D, mm 8.6 9.516
3. | Fuel Pellet D, mm 7.33 8.19
4. | Cladding dR, mm 0.571 0.571
5. | Fuel Pin Pitch, mm | 12.624 12.624
6. | Assembly Pitch, m 0.2161 0.2161
7. | Core height, m 4.681 4.681
8. | Core active length, m | 4.295 4.295°
9. | Moderating Ratio 3.02 1.98
10. | Mixing Grids 14 8

11. | Flow, kg/m?/s 3180 3598
12. | Core AP, bar 2.77 2.83
13. | Heat Flux MW/m? | .651 612
14. | Minimum DNBR 2.23 2.23
15. | Water Holes 40+1 24+1
16. | Power MW (%) 3850(90) | 4250
17. | Peak to Av Power 1.490 1.490
18. | Case No. 708 (3G) | 28

Table 2: Design A: based on the N4 core with 205 assemblies of 17x17 pins, the same
minimum DNBR as N4, with the moderating ratio increased from 2 to 3, (designA).

(N4 Core, 17x17 ass., 8.6mm fp., Run-708, File N4;DNBR17)
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4.0 + E
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Distance from bottom of active core, cm.

Figure 10: DNBR along the hot channel of design A, (N4-DNBR17).
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Figure 11: CHF and heat flux distribution for design B, (N4-QCHF19).
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Figure 12: DNBR along the hot channel of design B, (N4-DNBR19).
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L] - | Proposed | Nominal

T;Asserﬁly T 19x19 17x17
2. | Fuel Pin D, mm 7.7 9.516
3. | Fuel Pellet D, mm 6.414 . | 8.19
4. | Cladding dR, mm 0.571 0.571
5. | Fuel Pin Pitch, mm 11.274 -12.624
6. | Assembly Pitch, m 0.2161 0.2161
7. | Core height, m 4.681 4.681
8. | Core active length, m | 4.295 4.295
9. | Moderating Ratio 3.02 1.98
10. | Mixing Grids 14 8
11. | Flow, kg/m?/s 3215 3598
12. | Core AP bar 2.73 2.83
13. | Heat Flux MW/m? 519 612
14. | Minimum DNBR 2.23 2.23
15. | Water Holes 40+1 24+1
16. | Power MW (%) 4250 4250
17. | Peak to Av Power 1.490 1.490
18. | Case No. 748 (3J) |28

Table 3: Design B: based on the N4 core with 205 assemblies of 19x19 pins, the same
minimum DNBR as N4, with the moderating ratio increased from 2 to 3, (designB).

mixing vanes are of major importance.
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Figure 9: CHF and heat flux distribution for design A. CHFnonu indicates the nonuniform
heat flux correction was included (N4-QCHF17).
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GENERAL CORRELATION FOR PREDICTION OF CRITICAL HEAT FLUX RATIO

IN WATER COOLED CHANNELS
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ABSTRACT

" The paper presents the general empirical Critical Heat Flux Ratio (CHFR)
correlation which is valid for vertical water upflow through tubes, internally
heated concentric annuli and rod bundles geometries with both wide and very
tight square and triangular rod lattices. The proposed general PG correlation
directly predicts the CHFR, it comprises axial and radial non-uniform heating,
and is valid in a wider range of thermal hydraulic conditions than previously
published critical heat flux correlations. The PG correlation has been
developed using the critical heat flux Czech data bank which includes more
than 9500 experimental data on tubes, 7600 data on rod bundles and 713 data on
internally heated concentric annuli. Accuracy of the CHFR prediction,
statistically assessed by the constant dryout conditions approach, 1is
characterized by the mean value nearing 1.00 and the standard deviation less
than 0.06 . Moreover, a subchannel form of the PG correlation is statistically
verified on Westinghouse and Combustion Engineering rod bundle data bases,
i.e. more than 7000 experimental CHF points of Columbia University data bank
were used.

INTRODUCTION

Critical heat flux phenomenon is one of technical problems, physical

description of which has been so far unsuccessful. Many Critical Heat Flux
(CHF) correlations have been proposed for water cooled heated rod clusters and
tubes. However, a majority of these correlations is limited to a narrow range
of thermal hydraulic conditions and geometric parameters. Several CHF
correlations are usually involved to predict CHF over a wide range of
conditions by advance computer codes currently used for Light Water Reactor
modeling. However, a combination of various correlations predicting CHF over a
wide range of conditions often results in a discontinuity of computed CHF or
physically inadequate dependence in the certain range of coolant flow
conditions. Shortcomings of the above mentioned procedures and lack of
sufficiently suitable correlations employed for prediction of the CHF over a
wide range of thermal hydraulic conditions in various rod bundle geometries
led to the use of existing CHF correlations valid for water cooled tubes,
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and - to the development of tabular prediction methods for CHF in rod bundles,
based on CHF values for water cooled tubes. The present Critical Heat Flux
Ratio (CHFR) correlation [1], which we call PG, is valid in a wide range of
tube, rod bundle and annulus geometries, as well as - for a wide range of
thermal hydraulic conditions, and shows excellent statistical characteristics.

The value of CHFR, i.e. the ratio of predicted and experimental CHF, is
used to compare the CHF correlations with experimental results - it is
understood as a statistical random quantity (denoted R in this paper) which
fixes the boiling crisis probability. The approach used until now assumed only
a simple inverse proportion of the random quantity R to a local heat flux. The
proposed PG correlation of CHFR uses a more complex dependence on the local
heat flux and thus - determines a value of the quantity R as a direct result.
This should be one of the reasons, why description of CHF conditions by means
of the PG correlation gives very good results, the other one - can be an
appropriate choice of correlating parameters. The PG correlation respects
mixing between rod bundle subchannels as described in the subchannel codes.
That is another significant difference between this and previously published
CHF correlations [2,3] which were developed for the isolated subchannel model
in a rod bundle.

CHF EXPERIMENTAL DATA

The CHFR PG correlation is developed with the critical heat flux Czech
data bank [4] which comprises the boiling crisis experimental data for
vertical water upflow in tubes, internally heated concentric annuli and
hexagonal or square or circular rod bundles for the range of coolant flow and
geometric parameters, and the non-uniform power distributions as shown in
TABLE 1.

The CHF data of Czech data bank were compiled from 40 literary sources. These
data were obtained by different experimental research facilities and measuring
equipment. Thus, 173 tube and 23 annulus test geometries and 153 different rod
bundle test sections, which involve different types of spacers, are included
in Czech data bank which were used to introduce the PG correlation. It is
obvious that the description of experimental facilities, measuring equipment,
test sections and uncertainties of CHF data is hardly possible in such a
paper. Nevertheless, very favourable statistical results of the PG correlation
on Westinghouse and Combustion Engineering rod bundle data bases, i.e. more
than 7000 CHF experimental points of Columbia University data bank [5] are
presented below. Description of the Heat Transfer Research Facility of

Columbia University and CHF data points is known and/or accessible to the
readers.

To the correlation parameters belongs the reduced pressure:

The equivalent diameter of a tube or an annulus or a rod bundle subchannel
d (m):
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d = 4 A : : (1)

r
R

~~1

where A is the flow area ‘and r.'s are perimeters adjacent to the
(sub-)channel. The factor of the radial heat flux distribution is:

;rl - -
T= q(ly) ——— ) ( 2)
r . Y ' .

; riqi(y)

i.e. the ratio of local heat flux through the given perimeter to average heat
flux through perimeters adjacent to the rod bundle subchannel or the annulus
at the axial coordinate y (m). It is obvious that for the tubes Tr= 1.

Io derive other forms of the PG correlation, which will be fully
applicable for the closed channels, i.e. tubes and annuli, let us introduce
the factor of the axial heat flux shape at the axial coordinate y:

z r f?q (z) dz
1 ¥ o) ! ( 3)
T=+ ,

a
PRENCE

For a rod bundle with the identical axial heat flux shape along heated
perimeters as that of the subchannel (it is fulfilled for all CHF experimental
data points [4]) as well as for the tubes, the following products, obtained by
combining Egs.( 1) and ( 2), and from Eq.( 3) respectively, are used as the
correlation parameters:

q
d Tr= 4 A ———m , ( 4)
Z rq
i
yT= 1 q(z)dz ( 5)
a 4q(y)o )

4

GENERAL CHFR CORRELATION

The common correlation functions can be expressed as:

0.126 + 0.22 Pr

f(Pr,G) =G , ( 6)

£(P ,x) =19 +8 P p-x ) (7)
r i r r i

Although the PG correlation is called general, there are characteristics
related to different geometric forms (tube, annulus or rod bundle) given by
constant values ki, k2 and pressure function f(Pr). All of these are
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TABLE II

Correlation Constants k , k, and Pressure Function f(Pr) Depending on

Geometric Form and Indication of Developed Correlations

Geometry Corre-~ k k f(P) F

. 1 2 r q
lation

Tube PG-T 70.9 | 0.15 | 0.17 + P + 1.82 Pf+ 17.7 P:Z 1.

Annulus PG-A 102.1 1.

Rod Bundle:

Subchannel | PG-S | 105.3 | 0.04 | 0.2 + P+ 1.2 Pf+ 14.4 Pil

Code

Isolated PG-I | 109.8

Subchannel

Model

introduced in TABLE II. For rod bundles -the value of the constant k depends
on the thermal hydraulic method used for the determination of the “subchannel
local fluid conditions.

CHFR PG Correlation

The original form of the PG correlation [1] which determines the CHFR is:

R =f(P, G, x,Xx,q,dT, F) =
r i r g
k F f(P ,G) f(P ,x)
- 1 g . r r i (8)
£P) (a T £
r r a

where F is the rod bundle factor. This factor allows us simple transformation
of the 9 general PG correlation to ad hoc form on the basis of CHF experiments
on rod bundle test section. By default, or for tubes and annuli, F =1 . The
alternative function f which in closed channel can be described byg different
forms may be written as:

f=f f(q,f) £(P ,f) £(P ,x ,X%) , (9)
a x X r x r i
where
G hf -
f=—9(x-x) , (10)
x 4 i
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and h is the latent heat of vaporization (MJ/kg). Other functions are
expresfed as:

£lq,f) = |1+ 40 _ - , (11)
30 + =
q
400 + 10 —
- 0.016 + P’
£(P,f) = [1+ - , (12)
rox 30 + f
X
£ ,x,%) = |1+ 1.8 1+ .0. 001 _ : (13)
r 1.6 + 4P - x 0.006 + (x - x,)

The original form of the PG correlation is very convenient for a number
of applications. The following correlation parameters are used:
the product (d T ) described by Eq.( 4), inlet quality x, the 1local heat
flux g and local "fluid conditions at the CHFR point. Thelcoolant flow history
and mixing between rod bundle subchannels are both represented by the
difference between the .local and inlet quality.

The original form of the PG correlation for tubes and internally heated
concentric annuli is denoted PG-T and PG-A, respectively. For the subchannel
codes, which respect mixing between subchannels of a rod bundle, the original
form is denoted PG-S, it is denoted PG~I if the isolated subchannel model is
used.

CLOSED CHANNEL APPLICATION

For a closed channel, i.e. tubes and annuli, we can derive other forms of
PG correlation with help 6f the energy equation. The same is possible also for
the rod bundle geometry, if the isolated subchannel model is applied. In this
case the rod bundle average mass flux is used to determine the local
subchannel quality at the point of CHFR. The energy equation applied to an
isolated subchannel at the akial coordinate y is:

IR

(x-x, ) h GA'= Z riorqi(z) dz ) (14)

From Egs. (1), (2), (3) and Eq.(14) we get the quality x along the subchannel:

f q A ) (15)

1 1
—_— Z rijyﬁi(z) dz = x +
h A 1T o
fg
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f= —2 . . (16)

By combining Eqgs.(10), (15) and (16) we obtain the following relation:
= f . 17
f g g (17)

Results of the statistical analysis of the CHFR PG correlation
transformed forms are identical to those obtained for the original form.

CHFR PG-.g Correlation

The PG-.g is the geometric form of the PG correlation which differs from
the original form by the alternative function only:

a

f=f =f f(f) £f(P_,f ) £f(P_,x_,x) , (18)
ag X g rx r i
where Eq. (17) is applied to transfer Eq.( 9). into Eq.(18) and then:

£(f ) = [1+ i] o : ‘ (19)
g 30 + fg

The local heat flux q as. a correlation.vparameter is replaced by the
parameter (y T ) - see Egs.(16) and (19). The PG-.g correlation is expressed
as the functiof: :

R=f(P,G x,X,yT,dT, F)
r i a r g

The PG~.g correlation for tubes and annuli is denoted PG-Tg and PG-Ag,
respectively. For an isolated subchannel model in rod bundle it is denoted
PG-Ig.

CHFR PG-.f Correlation

The PG-.f is the flux form of the PG correlation which differs from the
original form by the alternative function only:

f

= = g —3
fa faf q fg f(fg) f(Pr,q fg) f(Pr,xi,q c hfg ) s (20)

where Eqgs.(15) and (17) are applied to transfer Eq.( 9) into Eq.(20), then:

400 + 10
0.016 + pP*'®
f(Pr’q £= |1+ 3 ) (21)
9 30 +qf -
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f 1.8

. . )
f(Pr.xi,q E—H;- ) = |1+ .
g 1.6 + 4 P - x - qf
r i . g
Gh
£g
0.001
+ ,
1 3 (22)
0.006 + 4 gqrf
Gh g
£g

The local quality x as a correlation parameter is replaced by the
parameter (y T ) - see Egs.(16) and (19)..The PG-.f correlation is expressed
as the functiof: :

R = f(Pr, G, X 4 ¥ T;, d Tr, Fq)

The PG-.f correlation for tubes and annuli is denoted PG-Tf and PG-Af,
respectively. For the isolated subchannel model in rod bundle the correlation
is denoted PG-If.

Comment. The PG-.f correlation is based on the inlet fluid conditions,
i.e. pressure, mass flux and inlet quality. This correlation form determines
the CHFR without analyzing local thermal hydraulic conditions. The use of the
PG~-.f, same as of . the power PG-.p correlation (introduced in the next
paragraph), is not convenient for such transients in which the time frequency
of any parameter is either comparable or lower than the coolant transport time
in a channel.

CHF PG-.p Correlation

The last form of the general correlation which predicts the CHF is that
the PG-.p power form, that can be derived from the flux form PG-.f . The f
function representing predicted critical heat flux can be expressed as: ©

fc= q R(Pr, G, X, q, ¥ Ta, d Tr, Fq) =

i
k F f(P-,G) £(P ,x )
1 g r r 1 .
= e ' (23)
f(P)(dT)?2 f (q)
r r P

then using Eq. (20) we obtain:
faf ’ fg
3 - fg f(fg) f(Pr,q fg) f(Pr,xl,q 3—5;;

) . (24)

fp(q) =

The terms on the right-hand side of Eq.(24) are described by Egs.(16), (19),
(21) and (22), respectively.
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The PG-.p power form is applicable to a tube, an annulus or an isolated
subchannel in the rod bundle. It is obtained by replacing the heat flux g in
the right hand side of Eq.(23) and Eq. (24) by the predicted critical heat flux
q . Then the PG-.p correlatlon is described by the non-linear constitutive

[+]
equation for q_ (MW/m®) as follows:

q.= fc(Pr, G, X, A ¥ Ta, d Tr, Fg) . (25)

The random statistical variable describing CHFR is:

R = — ) (26)

where q is the measured CHF. Results of the statistical analysis of the
PG-.p ®correlation differ from that for the previous CHFR correlations. The
PG-.p correlation is based on the inlet conditions. Value of CHF calculated by
Eq. (25) represents the critical heat power and enables us to determine the
critical power ratio.

CORRECTION FACTORS

Rod Bundle Factor

Effects of the spacer types and’ spacers - location in a rod bundle are
important. Values of local fluid parameters in a rod bundle, especially that

of quality and mass flux which are determined with help of a thermal hydraulic
model implemented in the subchannel computer code, depend also on the computer
code and influence the CHFR prediction results. It is recommended to assess
these effects together, using results of the statistical analysis of the
correlation obtained with the help of the subchannel code and the CHF
experimental data on the examined rod bundle test section. The rod bundle
factor characterizes statistical population, and for the PG correlation is
given by:

F = (27)

g

w|LA

where R is the mean value of the random dimensionless variable R - it
represents the CHFR computed with the PG correlation using F =1 . When the
value of the rod bundle factor determined by Eq. (27) is 9 used in the PG
correlations, the mean R for the rod bundle is 1.00, and the corresponding
standard deviation is denoted S . If the user lacks CHF experimental data on
the rod bundle under discussion,gwe recommend to use Fg= 1.

It should be emphasized that the value of rod bundle factor can not be
determined by applying the CHF correlation power form PG-.p . The rod bundle
factor value determined by the PG correlation should be used in the PG-.p
form. The described procedure of determining the rod bundle factor value F
enables us a simple transformation of the PG correlation to the ad hoc ¢
correlation form based on the test section CHF experiments - i.e. the PG
correlation is applicable as the design equation for CHF prediction in a rod
bundle.

2644



Cold Wall Factor

The effect on the CHF of the cold wall in a subchannel is respected by
the product (d T ) in the PG correlation. If on the surfaces adjacent to a
subchannel there are constant and zero heat flux only, then the product (d T )
describes heated diameter of the subchannel - see Eq.( 4).

Low Mass Flux
If the PG correlations are used in computer codes for transients, and low
or negative mass flux are expected, it is recommended to replace the quantity

G by max(50, |G]|).

STATISTICAL CHARACTERISTICS OF THE CORRELATIONS

In the statistical evaluation of the correlatlons the constant dryout
conditions approach is applied. This approach requires a prior knowledge of

the correlation parameters, only.

Statistical evaluation of the correlations is performed with the random
dimensionless variable R which represents the CHFR value computed by the PG
correlations, or the ratio of the CHF.predicted by the PG-.p power form and
the experimental CHF. The statlstlcal characteristics used are: mean R
standard deviation SR and root mean square S_. For non-uniform axial heat flux
shapes the random "dimensionless variable ~ R is defined as:

R = R(yc) = m%n R(y) . (28)

The predicted axial coordinate of CHF location Yy, satisfies Eq.(28). The
differences between the predicted axial coordinate “of CHF location Yy, and the
experimentally determined coordinate y, are also examined. The dimefisionless
random variable

y= °_° | (29)

is introduced.

The mean Y énd the root mean square, defined as:

0.5
1 LI
Syo™ ['H_:_T- Z Y ] ’ . ‘ (30)
i=1 .
- are determined (n is the number of experimental points).

To compare the PG correlation with experimental results the CHF data of
Czech data bank [4] are used - see TABLE I. Results of the statistical
analysis of the original PG form, the PG-.g geometric form and the PG-.f flux
form are in a closed -channel identical. Statistical evaluation of the
correlation power form PG-.p, whichzgggdicts CHF, gives different results. The



statistical results presented below do not involve favourable influence of the
rod bundle factor; F;= 1 was used in statistical analyses.

Tubes

TABLE III summarizes results of the statistical analysis of the PG-T tube
correlation and its PG-Tp power form for various tube data bases. Correlation
limit of CHFR, which corresponds to the probability value of 0.95 that CHF
does not occur, is 1.096 for the tube correlation PG-T (PG-Tg, FPG-Tf)
and - 1.181 for the power correlation PG-Tp.

Annuli

Results of the statistical analysis data of the annulus correlations for
the annulus data base_ (n = 713) are R =0.998, S =0.052 - for the PG-A
(PG-Ag, PG-Af) and R = 0.999, S_= 0.071 - for the power form PG-Ap.
Experimental data of the same pressure 6.89 MPa were used.

Rod bundles

The fluid flow conditions in rod bundles subchannels are predicted with
the help of a subchannel code. The code CALOPEA [6] is used for the CHF test
data evaluation to determine local flow conditions. The CALOPEA thermal
hydraulic computer code for Light Water Reactor analysis predicts the
three-dimensional velocity, pressure, end thermal-energy fields and fuel
temperatures for both single and two-phase flow. The basic computational
philosophy comes from COBRA IIIC. Both codes use the subchannel analysis
approach where the reactor core or fuel bundle is divided into a number of

TABLE III

Statistical Analysis Results of the Tube Correlations PG-T, PG-Tg, PG-Tf
and the Power Correlation PG-Tp for Tube Data Bases

Correlation
Axial PG~-T
Heat PG-Tg, PG-Tf PG-Tp
Flux - -
n R S1 | R S1

General | 9547 | 1.001 0.056 | 1.003 0.103

Uniform | 5589 | 1,001 0.058 | 1.008 0.106

Non-

uniform 3958 | 0.999 0.053 | 0.997 0.099

YO YO
0.01 0.084 |-0.002 0.081

Non-uniform
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quasi-one dimensional channels that communicate laterally by crossflow and
turbulent mixing. The flow field is assumed to be incompressible and
homogeneous, although models are added to reflect subcooled boiling and
liquid/vapor slip. The CALOPEA verification and c¢comparison calculations are
provided in the reference [7].

The CALOPEA modeling of CHF test sections is summarized as follows:
uniform bundle outlet pressure; crossflow resistance is an uniform value;

turbulent mixing factor TDC = 0.0064 ; Levy’s subcooled void model; Madsen's
bulk void relations; Armand’s correlation for two-phase friction multiplier.

The PG-S subchannel correlation is compared with the rod bundle
experimental CHF data, and the results of statistical analysis are summarized
in TABLE IV for the various data bases. CHFR correlation 1limit which
corresponds to the PG-S statistical characteristics (n = 7577) is 1.096 .

The isolated subchannel model does not take mixing among subchannels.
Although the statistical results [2,3] can be good and applicable in the hot
channel method, it is obvious that their use is limited and depends on the
acceptance of the assumption on no mixing in a test section. Results of the
statistical analysis (n = 7616) are R = 0.987, SR— 0.081, S = 0.043 - for the
PG-1 (PG-lg, PG-If) correlatidn, and R = 0.993, S = 0.145, s%= 0.086 - for the
power form PG-Ip. CHFR correlation limit of the R PG-1 (PGgIg, PG-If) and
the PG-Ip correlations which correspond to the statistical results are 1.126
and 1.248, respectively.

Columbia Rod Bundle Data. The subchannel correlation- PG-S is also
verified on Westinghouse and Combustion Engineering'rod bundle data bases,
i.e. on more than 7000 experimental data points of Columbia University data
bank [5]. Results of the statistical analysis are presented in the TABLE V.

The PG-S correlation shows very good statistical results for both data bases.

From mean CHFR of Westinghouse, i.e. R = 0.972, which is lower than 1.00
it can.be concluded that the design of Westinghouse test sections (mixing
grids) increases measured CHF values compared with others, The rod bundle
factor F = 1/R = 1/0.972 = 1.029 calculated with the Westinghouse data would
change Imean CHFR to 1.00 . Uncertainty of the CHF point prediction,
characterized by root mean square S o' My be caused by mixing grids of test
sections.

Results of the calculations with Combustion Engineering data base are
also good, the higher standard deviation value 0.073 can be due to the fact
that a guide tube thimble geometry is present. ‘Better mixing model of the
subchannel code could decrease the standard deviation, since local fluid
conditions in the adjacent subchannels are significantly diffefent.

Comment on Statistical Results and Correlations Comparison

The statistical characteristics of the PG correlation described in
TABLES III, IV and V are comparable with each other, i.e. for tube and
different rod bundle data bases, and show the high accuracy of the new
correlation. Comparison of the PG correlation w1th several other prior

correlations or CHF Table is presented below.
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TABLE V

Statistical Analysis Results of the Subchannel Correlation PG-S
for Westinghouse and Combustion Engineering Data Bases

Columbia University Rod Bundle Data Bank

Data Base Westinghouse Combustion Engineering
Axial Heat n R s, S, S n R S S S
Flux g g
2485 4655
0.972 1.007
General 0.052 0.073
0.06 0.073
0.038 0.057
668 3910
0.954 1.009
Uniform 0.048 0.075
0.067 0.076
0.037 0.059
1817 755
0.978 1.
Non-uniform 0.053 0.06
0.058 0.06
0.039 0.048
Y YO Y Svo
Non-uniform
0.058 0.119 -0.041 0.08

The 1986 AECL-UO CHF look-up table [8] is evaluated by comparing with
the tube data base of Czech data bank for uniform axial heat flux (n = 5589).
Obtained statistical characteristics are the mean R = 1.05 and the standard
deviation SR= 0.284 (the PG-T correlation statistical characteristics are
R =1.00 and'S = 0.058 - see TABLE III). Results of the 1993 CHF look-up table

compared with Rthe combined tube data base of AECL and IPPE (n = 21781), based
on the constant inlet subcooling approach, are the average error of 0.0099 and
the root mean square error of 0.075 - it is from the reference [9]. However,
the constant inlet subcooling approach gives more favourable statistical char-
acteristics than the constant dryout quality approach which is consistently
applied in this paper analyses. As an example the results from the reference
[8] are used: the CHF data predicted by the 1986 AECL-UO CHF 1look-up table
within *10% error bounds based on the constant inlet subcooling approach and
the constant dryout quality approach are 87.4% and 40.6%, respectively.

Subchannel correlations respecting mixing among rod bundles subchannels
are compared with Westinghouse data base of Columbia University data bank. The
subchannel correlation PG-S gives statistical results which are presented in
TABLE V. If the rod bundle factor, which respects effects of the rod bundle
spacers and the influence of thermal hydraulic model implemented in the
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subchannel computer code, is used (F =_1.029) then the statistical charac-
teristics of the PG-S correlation are? R = 1.00 and S_= 0.053 (n = 2485). The
correlations ERB3_and WRB-1 show the higher _standard = deviations - see the
reference [10]: R = 0.994, S = 0.096 and R = 1.004, S = 0.087, respectively
(n = 1147). Coefficients of these correlations were not published and were
determined with help of Westinghouse rod bundle data base, i.e. for the
specific geometry and restricted range of thermal hydraulic conditions.

The adequacy of CHF correlations [11,12,13] was evaluated previously by

applying isolated subchannel model. Statistical results of the comparison of
the CHF correlations with CHF data are described in the reference [21.

Favourable statistical characteristics of the PG correlation and a simple
determination of the spacer types and location effects, i.e. rod bundle design
specific features, on CHF, by means of only one correlation coefficient (rod
bundle factor F ), make the PG correlation convenient for the application
as the design 9equation for CHF prediction in the rod bundles. This has been
proved statistically for the PG-S correlation on Westinghouse and Combustion
Engineering rod bundle data bases. We consider that the applicability of the
PG correlation as the design equation for CHF prediction in newly designed rod
bundle may be regarded as a valuable contribution of this paper.

CONCLUSIONS

Developed general correlation combines a simple analytical form and a
wide range of applicability with the excellent accuracy of CHFR prediction.

The CHFR PG-S correlation respects mixing among rod bundle subchannels
and gives the best results for the rod bundle geometry. The effect of spacer’s
type and their spacing, and the subchannel method used for the determination
of local fluid conditions in a rod bundle are taken into account by including
the rod bundle factor, which enables a simple transformation of the
correlation to ad hoc form - on the basis of CHF experimental data of the
examined rod bundle test section.

The CHFR PG-.f correlation and the CHF PG-.p correlation require as
parameters inlet conditions only. The PG-.p correlation requires few
iterations (approx. 4), and the value of the calculated CHF represents the
critical power.

The correlation uses the lowest reasonable number of correlating
parameters and shows the well-balanced means in various data bases. It has
also a wide range of validity for flow conditions, it includes axial
non-uniform heating, and for the rod bundle - also radial non-uniform heating.

The correlation is verified in tube geometries on more than 9500 CHF data
and in rod bundle geometries on more than 14790 data, representative for both
triangular and square rod bundle geometries. For internally heated concentric
annuli 713 experimental data of the same pressure were available.

The correlation is applicable for thermal hydraulic analysis purposes,
for tubes and water cooled rod bundles representing both typical pressurized
water reactor or boiling water reactor and high conversion pressure water
reactor geometries.
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NOMENCLATURE

flow area of_ (sub-)channel, i.e. tube or annulus or rod bundle
subchannel (m°)

Critical Heat Flux
Critical Heat Flux Ratio

rod diameter (m)

equivalent diameter of (sub-)channel (m)
mass flux (kg/mzs)

rod bundle factor: F = 1 or is defined by user - value depends on
rod bundle grid and Ythe mixing model used in subchannel code

latent heat of vaporization (MJ/kg)

peak to axial average heat flux ratio

maximum to radial average rod power ratio

heated length (m) -
number of experimental points

reduced pressure, ratio of pressure to critical pressure
pressure (MPa)

local heat flux (MW/m°)

predicted CHF (MW/m°)

measured CHF (MW/m?)

statistical random variable representing CHFR, i.e. the predicted
CHF to measured CHF ratio

mean of variable R

perimeter adjacent to a subchannel (m)
root mean square of the variable R
standard deviation of the variable R
root mean square of the variable Y

standard deviation of the variable R when rod bundle factors F
determined for test sections are used in the statistical evaluation?
of correlation

factor of the axial heat flux shape

factor of the radial heat flux distribution
pitch to rod diameter ratio

local quality

inlet quality

(yc- y )/ L
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Y = mean of variable Y
y = distance from the channel inlet to the predicted CHF point (m)
v, = CHF predicted axial coordinate (m)
y = CHF experimentally determined axial coordinate (m)
e
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ABSTRACT

A non-linear one-group space-dependent neutronic model for a finite one-dimensional core
is coupled with a simple BWR feed-back model. In agreement with results obtained by the
authors who originally developed the point-kinetics version of this model, we shall show
numerically that stochastic reactivity excitations may result in limit-cycles and eventually
in a chaotic behaviour, depending on the magnitude of the feed-back coefficient K. In the
framework of this simple space-dependent model, the effect of the non-linearities on the
different spatial harmonics is studied and the importance of the space-dependent effects is
exemplified and assessed in terms of the importance of the higher harmonics. It is shown that
under certain conditions, when the limit-cycle-type develop, the neutron spectra may exhibit
strong space-dependent effects.

1. INTRODUCTION

In the fields of rector physics and thermohydraulics, non-linearities and their effect on the
behaviour and stability of nuclear reactors have acquired great importance during the last
decade. Though, the problem of the effect of random parametric excitations on the stability
of early BWRs and in particular, on the observed random bursts (large-amplitude fluctuations
which could cause a reactor scram) has attracted the attention of a number of workers in the
field as early as 1961 [1 - 3] and is still a subject of interest under study by a number of
researchers [4 - 6].

A simple phenomenological non-linear reduced-order dynamical BWR model was developed
and reported in a series of works [7 - 9]. This model was based on point-kinetics neutronics
and predicted stable limit-cycles for BWRs above a certain value of the void-feedback reac-
tivity coefficient (bifurcation parameter) X and the appearance of higher harmonics of the
resonance associated with the void reactivity feed-back in the neutronic Auto-Power Spectral
Densities (APSDs). It also predicted the transition to chaos above a certain value of the feed-
back coefficient. The measurements at the Swedish BWR plant Forsmark during limit-cycle
oscillations [10] have confirmed the appearance of these higher harmonics in the neutronic
APSDs. Similar (but more complicated) results are to be found in Ref 11 (see also Ref. 12)
in which measurements of Decay Rations (DRs) at the Ringhals-1 Swedish BWR plant were
presented. In these measurements, while at some radial position in the core there was only
one resonance appearing in the neutron spectrum, in other positions there were two [13],
indicating the existence of strong space-dependent effects and regional oscillations different

1This work has been privately pursied and is not related to the present activities of the author at PSL
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DR’s. These strong space-dependent effects were due to the way that the control rods and
fuel boxes were radially distributed in the core [12,14], resulting in a double-hump radial
power profile. Due to this, the two radial segments behaved like a loosely coupled core”,
with the first higher flux harmonic in the transient neutronic equations (which reflects such
an azimuthal shape) being excited by the particular "double-hump” radial power distribution
in the core. Recently [15], a theoretical study on the problem of out-of-phase core oscilla-
tions has also been reported. In general, measurements in different BWRs during limit cycle
oscillations have shown that while some times the whole core oscillates ”in-phase”, there are
cases in which this is not the case (Parmegiani et al., 1984) and the oscillations are 180°
out-of-phase. This will certainly depend on the static radial flux shape which in turn will
determine which one of the azimuthal harmonics will dominate. Consequently, ([11], one
cannot always associate a unique DR to the system, but rather there are different local DR’s.

In this work, we shall extend the model of Ref, 7 - 9 by including explicit space-dependent
neutronics, but only giving a simple “ad hoc” phenomenological space dependence to the
other equations of the model (eg avoiding any direct modeling of the axial dependence of
the transport of the coolant). After writing down the non-linear space-dependent neutron
kinetics modified one-group diffusion equation for a homogeneous core which is finite in
the x- direction, we shall assume that the system is stochastically excited by a distributed
random source. We shall then separate the independent variables into their deterministic
and fluctuating parts and expand their space-dependent fluctuating components (both of the

independent variables and of the space-dependent random source) in a series of time-dependent
coefficients and orthogonal spatial eigenfunctions of the Helmholtz equation [3]. The resulting
infinite set (due to the coupling of each harmonic to all other harmonics) of non-linear
equations for the time-dependent coefficients we shall solve numerically after truncating them
at a certain harmonic. Finally, the complete space-dependent solution (up to the nt® spatial
harmonic considered) is constructed, from which one can compute the APSDs, CPSDs or

-assess the importance of the different spatial harmonics. In particular, we shall show that
depending on the assumptions made about the magnitude of the different harmonics of the
feed-back coefficients and the random excitation source, when the limit-cycle-type oscillations
develop, there may be 180° out-of-phase neutronic oscillations in the two halves of the core
and also, strong spatial dependence of the neutronic APSDs. In this work, we shall not
investigate the actual hydraulic mechanism which is responsible for inducing the instabilities
and the power oscillations; instead, we shall assume the simple reactivity feed-back (with
a simple space-dependence) as formulated in Ref. 7 - 9. A more in-depth analysis of this
problem and a subsequent association of model parameters with reactor parameters would be
a worth-while task.

2. THE COUPLED NEUTRONICS-THERMOHYDRAULICS MODEL

We shall first write down the equations of the model of Ref, 7 - 9, Though, in contrast

to the point-kinetics approach followed by these authors, we shall assume one-group space-
dependent neutronics in the diffusion approximation and a spatially finite and homogeneous
core (we shall perform the calculations only for the one-dimensional case) in which the random
perturbations are spatially smeared. Then, the neutronic and the coupled thermo-hydraulic
equations can readily be written for the general case; we shall have the following system of
non-linear differential equations

aNa(?t) _ szrz V2 N(r,t) + (P(r_’f)l—_ﬂ) N@mY + 200, (21a)
acg,t) N N(rz’ D o), (2.1b)
aczg,t) = K [N(r,t) + o&f(r,t)] — agT(r,t), (2.1¢)
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Foet) |, 0D 1 oy pryt) = T (2.1d)

Equation (2.1d) above is derived by utilizing the void propagation equation for void fluctu-
ations with the fluctuations in the coolant heat absorption rate 6Q(z,t) as the source (this
equations results after linearizing the mixture mass and energy continuity equations)

Oéa(z,t) LV dba(z,t)  6Q(z,t)
ot * 0z - ho

(2.1¢)

(where the void propagation velocity V;, and ho are functions of the phasic enthalpies and

densities), Laplace transforming the equation, solving it, expressing the reactivity fluctuations
in terms of the void fluctuations by integrating over the core height and taking the inverse
Laplace transform, after approximating an exponential. In doing this, separability of the
fluctuations of the heat transferred to the coolant in space (in the axial direction) and time
is assumed i.e. point kinetics. An equation similar to (2.1d) was used as early as 1961 by
Akcasu [1] (see also Ref 3), who studied the origin of large-amplitude fluctuations (random
power bursts) which were randomly occurring in the early BWRs. Notice that apart from the
neutronic equations for which we have explicitly used the modified one-group space-dependent
model, we have assumed for the thermohydraulic (and reactivity) equations a ”naive” straight-
forward space-dependent extension of the corresponding equations of the model of Ref. 7 -
9. In egs (2.1a) - (2.1d), M? , I, X and 3 are the migration area, the prompt neutron life
time, the delayed neutron time constant and the delayed neutron fraction, respectively. K
is the adjustable feed-back coefficient, f(r,?) is a Gaussian noise (not necessarily white) by
which we shall excite the dynamical system parametrically, o is the standard deviation and
¢ is, for the time being, a constant which we shall later set equal to either 0 or 1, in order
to assess the importance of the different axial harmonics to the final result. a; and a, are
constants related to some thermohydraulic parameters in the core [7 - 9]; in principle, one
could actually generalize this and assume that they are also random functions, consisting of
an average and a fluctuating part ( ai(t) = a; + da;(t) ) [1,3]. In general, one can assume
that £(r, t) satisfies a random differential equation of the form

fli(dft’_tl = —bf(r,t) + oww(r,t) (2.1f)

where b is a constant, o, is the standard deviation, and w(r,t) is a temporally white noise
which, similarly to f(r,t), can be expanded in an infinite series of orthogonal spatial eigen-
functions multiplied by temporally white random coefficients. In this work, we shall assume
that f(r,t) itself is temporally white. We shall now proceed and separate all variables in egs
(2.1a) - (2.1d) into their steady-state and fluctuating components, but we shall keep the second-
order non-linear term in the prompt neutron equation. The neutronic equations for example
can be written by separating N(r,t), C(r,t) and p(r,t) into averaged and fluctuating parts
[3], but avoiding any linearization of the resulting equations. After some straight-forward
algebra, it can readily be shown that eq. (2.1a) can be written as

2 2 —
%%(:—’Q = —A—/;-r—vz én(r,t) + A—?——VZ N(r) + (p—ol——ﬂ—)N(r)

(5p(l’,t; — :B) 5n(1‘,t) + 6_p(-;£2 N(l‘) + /\5c(l',t), (2.2)

where now
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én(r,t) = N(r,t) — N(r), (2.32)
be(r,t) = C(r,t) — C(r), (2.3b)
bp(r,t) = p(r,t) — po (2.3¢)

and N(r), C(r) and p, are the corresponding steady-state values.

Finally, if one notices that N (r) satisfies the steady-state equation, eq. (2.2) simplifies to

) = M a4 o0 = B) gy
+ ) iy 4 s, )

It can readily be shown that eq. (2.4) above together with egs. (2.1b) - (2.1d) (after also
assuming that T'(r, tg = ?1?) + 6T(r,t) and re-writing eq. (2.1d) as two first-order
differential equations) can be written in the following form

SO (v, 5,1) 5%;(r,0

+ (6Y,'(l‘, t) 5Yj(l', t)) o 6_7'4 + (K £ f,'(l', t)) bis (2.5a)

where M;;(V?,r, ) is a 5X5 matrix, Y;(r, ¢) is a (column) vector with components

Y,'(l', t) = (57‘1,(1‘, t)a 56(1‘, t), 5T(l‘, t),d(sp(l‘,t) / dta 6p(l‘,t)) (2'5b)

and 6;; is equal to 0 if 5 # j and 1 otherwise. Eq. (2.5a) above is a non-linear space-dependent
Langevin’s equation [3]. The second term on the RHS of the above matrix equation is the
non-linear term which we shall retain (and which is ignored in the linearized approach as
being of second-order), while the third term is the random source function.

We shall now expand the vector §Y;(r,) the source f(r,t); and each term in the product
gY,-(r, t) 6Y;(r,t)) (which in fact is (6p(r,t) én(r,t))) in a series of eigenfunctions of the
elmholtz equation; neglecting for notational convenience the subscript i” we shall have

V2N,(r) + BZN,(r) = 0 (2.6a)
satisfying
/_ " dr N(r) N,(r) = 4, (2.6b)
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where §,,, is the Kronecker delta, in the following way:

() = 3 Y,(t) N, (272)
and
(f(x,t) = ”ij €, fu(t) Nu(r). (2.7b)

where now we shall assume that £, is either 1 or 0. For the sake of simplicity, we shall assume
orthogonal rectangular coordinates and for computational convenience, we shall assume that
the core is finite only in the x-direction; hence,

krn

Nk(:z:) = (%) sin(Bk,za:) (Bh,a: = —H—', k= 1,2, 3..... ) (2.8)

and B} is the geometrical buckling in the x-direction. Notice that we could have easily
assumed that the core is cylindrical (which would have been a much better approximation
with more realistic space-dependent effects, as well as preserving the radial two-dimensionality
of the problem); though, we tried to simplify the problem by avoiding dealing with Bessel
functions, hence keeping the algebra as simple as possible. We shall now insert the egs
(2.72), (2.7b) and (2.8) into eq (2.4) multiply both sides by N *(mg_ (which is the adjoint; in
the one-group case, it is identical to the normal one) and integrate from 0 to H (we denote by
H the core “length” in the x-direction); the equation(s) satisfied by the expansion coefficients
nn(t) of the fluctuations én(z,t) for the nt* harmonic will be

dny(t) M?
& = =7 Bwen®)

m=co n=°co

b S e S eI )

m=1 n=1
n=co

- gnn/(t) + 1—2—2 > pa(®I(n'; 1, n)

n=1

+ ey (t) | (2.92)

and the "tensor” I, is defined by

I, = I(n' s m, n)
= /OH dz Np(z) No(z)Ny(2). (2.9v)
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It can readily be shown after some straight-forward algebra that with the simple assumption
of sinusoidal harmonics as defined above, we shall have

I(n’ ; m H n) = Iﬂ’mn
_Ii(cos(m +n-n)r -1 N cos(m—n+n)r — 1

T 4r m-+n—n' m-—n4+n'
cos(m+n+n')7lr -1 cos(m—n—n')ir - 1) 2.10)
mitn+n m-n—n

Eq. (2.9) constitutes in fact an infinite number of non-linear equations for the time-dependent
coefficients n,(t). This infinite hierarchy of equations for the time-dependent coefficients is

typical for non-linear problems, but also for problems with feed-back in which each harmonic
18 coupled to all the other harmonics. Hence, we cannot completely neglect the cross-couplings
between the harmonics, since if we were to do this, we would probably be neglecting important

non-linearities. As an example, for n' = 1, if we only keep the first three harmonics, we
shall explicitly have
dn, (¢ M?
a;t( : - T Bl m(t) ~ "? n1(t) + Aei(?)

+ Hizl'(pl(t) (nl(t)Illl + nz(t)qu + nS(t)IIIS)
+ p2(t) (m(Ohar + n2(O)figr + ng(t) i)

+ pa(t) (na(t) 1z + na(t) iz + n3(t)I133))

4
t Ty (Pl(f)fm + po(t) 1z + ps(t)Im> (2.11a)

with similar equations for n,(t) and ng(t), while for the other equations (n = 1,2,3),

den(t) _ B
@ = () = Aea(®), (2.11b)
T = Kalnal) + ob£0] — T -
dzgzz(t) + azdpcrlxt(t) + G1,0n(t) — Tn(t) (2.11d)

In writing down the above equations, we have assumed that the feed-back coefficient K is
in fact different for different harmonics. Within the framework of our simple homogeneous
model, it is not easy to justify this assumption. Though,we shall see in due course that
this is a basic requirement for predicting strong space-dependent neutronic APSDs from the
model. The system of non-linear neutronic and “hydraulic” differential equations for the
time-dependent coefficients can be solved efficiently by one of the IMSL ordinary non-linear
differential equations solvers based on the Runge-Kutta or Gear methods (eq. (2.11d) must

2659



first be written as two first-order differential equations). Subsequently, the time-dependent
coefficients are substituted back into egs. (2.7a), and the space-dependent solution is obtained.
Though, since a large number of points is needed when the spectral functions are calculated,
the running time increases dramatically as the number of harmonics increases, since clearly,

the number of equations to be solved if one wants to keep up to and including the Nth
harmonic will be 5N. Concluding this section, we should say that a very important problem
which we shall not tackle in this work is the establishment of rigorous convergence criteria for
the “infinite” sums above and hence, the minimum number of harmonics one should retain to

achieve convergence. Due to the non-linearities of the problem, this is not a straight-forward
task. Instead, in this work, we shall follow a »non-rigorous” approach and try, for one
particular case, to get a feeling of the differences between the model predictions, depending

-

on the number of spatial harmonics retained in the series expansions.

3. NUMERICAL EXAMPLES

In this section, we shall evaluate the model numerically and try to assess the importance of the
different spatial harmonics to the final results. Additionally, we shall show that under certain
conditions, the model can predict strong space-dependent effects, which manifest themselves
in the neutronic APSDs [11,12].

We shall assume that the core is finite in the x-direction and that its “length” is given by
H = 2.8 m. The nuclear constants which we shall use in the neutronic equations will be
typical for a BWR [7] and are given by § = 0.0056, A = 0.08 s%,1 = 45107° s and
M2 = 0.0056 m?. The coefficients a;, az and a3 in the thermohydraulic equations were also
taken from the aforementioned reference and are given by a; = 6.8166, a3 = 2.2494 and
az = 0.2325. Finally, we shall assume that §; = Oand §; = £ = 1, while we shall keep
the feed-back coefficients K, as open parameters and, as we have already mentioned before,
we shall assume that generally, are different for different spatial harmonics. By choosing
these values for the factors &,’s multiplying the expansion coefficients of the random spatially
distributed sources (cf. eq. (2.7b)) we have completely suppressed the contribution from the
fundamental spatial mode of the random source. We shall see in due course that although this
is necessary for the appearance of space-dependent effects, it leads to a divergent solution
some time after the appearance of limit-cycle-type oscillations. Similarly, in the present work,
in order to magnify the contribution from the second spatial harmonic, we shall assume that
K, is always much higher than the other K,’s. Finally, we shall assume that there are three
neutron detectors are locatedatz = 0.7m,z = l.4m and z = 1.85m, and a temporally
white noise source excites the system parametrically, with ¢ = 0.001. Other non-white
sources have been considered (cf eq. (2.11e)) and the final results do, to some extent, depend
on it. In this work, we shall not elaborate further on this point. The system of differential ‘
equations (2.9a), (2.1 1b - ¢) was solved by an IMSL ordinary non-linear differential equations
solver based on the Runge-Kutta-Verner fifth-order method; the white noise-source fr(t) in
eq. (2.11c) was generated also by an IMSL routine. :
In Fig. 1, we show the predicted neutronic responses (A) and APSDs (B) (also computed by an
IMSL routine from the signals generated by the solution of the system of non-linear differential
equations), respectively, at ¢ = 07m,z = l4dmandz = 1.85 m after the limit-cycle-
type oscillations are initiated. For all the calculations, 2000 neutronic “measurement’ points
were used from the solution of the non-linear differential equations at intervals of 0.1 s and
the spectra were evaluated by utilizing the predicted neutronic fluctuations between t = 200 s
and ¢ = 400 s. In these calculations, three spatial harmonics were originally considered (ie
a system of 15 simultaneous non-linear differential equations was solved), and K; = 2.65,
K, = Ks = 072, &4 = 0,6 = & = 1was assumed. Clearly, one can see
that under the aforementioned assumptions, the neutronic response at * = 1.4 m exhibits
a double-frequency behaviour when compared to the neutronic response at T = 0.7 m,
and that this is clearly reflected on the computed neutronic APSDs: Atz = 0.7 m, the
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APSD exhibits two resonances at approximately 0.433 and 0.865 Hz, respectively, with the
resonance at 0.46 being the dominant one, while at z = 1.4 m, the APSD exhibifs only one
resonance at 0.865 Hz. The appearance of these multiple resonances when the limit-cycle
oscillations develop was first predicted in Ref. 7 - 9 who used the point-kinetics neutronic
model, and has since been verified by measurements [10]. In the same figure, one can see
that although the APSD at z = 1.85 m is almost identical to the APSD at = = 0.7 m, the
neutronic response is 180° out-of-phase with respect to the one at z = 0.7 m. The reason
for this is clear: Due to the assumed dominance of the first higher harmonic, the neutronic
responses in the two different sides of the core will be out-of-phase. In Fig. 2, we show the
predicted Cross-Power Spectral Density (CPSD) (A) and phase (B) between z = 0.7 m and
z = 1.4 m, also computed in the same way. The two neutronic APSDs at the two different
locations are different and exhibit a strong space-dependence; though, these differences are
extremely sensitive and are strongly dependent on the assumed values of K,’s and ¢,,’s. As
an example of this, we show in Fig. 3 the computed neutronic responses (A) and APSDs
(B) at the same spatial locations as above, but with K, = 265 K, = K; = 0.77.
If one compares the APSDs with the ones shown in Fig. 1, the APSD at z = 1.4 m
exhibit now a second peak while again, at + = 0.7 m the APSD is almost identical to
the one at z = 1.85 m. Furthermore, one can clearly see in the same figure that while

the neutronic response at ¢ = 1.4 m also exhibits this second frequency, in this case, the
neutronic oscillations consist of a superposition of two signals with different amplitudes. At

z = 1.85 m, the neutronic signals are also 180° out-of-phase with respect to the ones at
z = 0.7 m. Finally, we show in Fig. 4 the trajectories in the n(t) - T(t) planeatz = 0.7m
(A) and z = 1.4 m (B), respectively. One can clearly see the different behaviour of these

trajectories at the two different spatial positions. Clearly, full limit-cycle oscillations have
not yet been established within the time period of 400 s considered in this work, as can also
be seen from the predicted neutronic signals whose amplitude is still increasing.
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(...) and z = 1.85 m (-.-.) after initiation of limit-cycle-type oscillations; 3 spatial
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In order to try to assess the sensitivity of the series expansions used in this work to the number
of spatial harmonics retained, we show in Fig. 5 and 6 the predicted neutronic responses (A)
and APSDs (B) at locations z = 0.7 m,z = l4 mand z = 1.85 m by retaining 4 and
5 harmonics, respectively (solving 21 and 26 non-linear differential equations, respectively)
with K; = 2.65, K, = 0.77,(n = 1,...5), and with the same values for £,’s (a case similar
to the one shown in Fig. 3). If one compares the APSDs shown in these figures with the
corresponding APSDs of the case depicted in Fig. 3 (in which only 3 spatial harmonics were
retained in the analysis), one can see that their general shapes are very similar, although for the
case in which 4 spatial harmonics were retained (Fig. 5), they have started developing rather
pronounced resonances at integral multiples of the fundamental resonance of the system (as
predicted also by the point-model [7]). For both cases, the neutronic responses at z = 1.85m
are also 180° out-of-phase with respect to the ones at ¢ = 0.7 m while at z = 1.40 m,
they exhibit a double-frequency, consistent with the frequency of the dominant resonances in
the corresponding APSDs. In general, if one looks at at Figs. 3 and 5 - 6, one can say that
at least for this particular case, the model predictions are relatively insensitive to the number
of spatial harmonics retained; though, our argument is qualitative and this conclusion is by
no means one of general validity since we only demonstrated it for a particular case.

Finally, in Fig. 7, we show the Auto-Correlation functions (ACCF(t)) at z = 0.7 m and
z = 1.4 m for the same case depicted in figures 3 - 5, computed by retaining 3 (A) and 5
(B) harmonics. Notice that for our case, at z = 1.4m, the ACFs exhibit a double-frequency;
the DRs are estimated in Fig. 7(A) to be 0.96 and 0.935, while in Fig. 7(B) are estimated
0.95 and 0.914, respectively. Hence, there is a small difference between the DRS of the two
oscillation modes (and this can be seen directly from the figures) which, at least in our case,
increases when the number of harmonics retained in the calculations increases. Generally, in
our model, the mode associated with the second resonance in the spectrum is a little more
stable than the one associated with the first.

Before concluding this section, we should elaborate on a problem which cannot be easily
realized from the results presented until now. As it is well-known [7-9], if only the fun-

damental spatial mode is retained in the series expansions (equivalent to point-model), the

system develops typical limit-cycle oscillations after some time greater then 400 s. Though,
within the framework of our model and with the particular assumptions made about the spatial
distibution of the random sources and the values assumed for the £, ( cf. eq. (2.7b)), this is
not the case if higher harmonics are retained. In this case, the “limit-cycle-type” oscillations
shown in the previous figures start growing without bound (as can be seen both from the
neutronic signals and the trajectories on the n(t) - T(t) plane which diverge) and after some
time, the numerical solution scheme breaks-down. Analysis of the same cases by assuming
that the only spatial mode of the random source f(z,t) in eq. (2.1c) is the fundamental (ie
assuming that & = 1 and all other ¢, are equal to 0) did not exhibit this behaviour. In Fig.
8, we show the neutronic signals (A) and APSDs (B) for a case in which 3 spatial harmonics
are retained, at the spatial locations z; = 0.7 m, z; = 1.4 mand z3 = 1.85 m, but with
& = 1,6 = & = 0,and with K, = 3.0and K; = K3 = 0.78. In Fig. 9, we

show the trajectories on the n(t) - T(t) (A) and p(%) - T(t) (B) planes at z; = 0.7 m. For,

this case, the transient was run until 2000 s and the limit-cycle oscillations were established
at approximately 630 s. The trajectories shown in Fig. 9 are plotted from ¢ = 400 s until
t = 2000 s and after ¢ = 630 s, they converge to a limit-cycle. One can now see that
although all three APSDs are almost identical and the neutronic signals at z; = 0.7 m and
z, = 1.4 m are in phase, the neutronic signals at z3; = 1.85 m are 180° out-of-phase.
Similarly, one can see from Fig. 9 that limit-cylce oscillations have developed. Clearly, the
solution now remains bounded, but although the neutronic signals exhibit space-dependence,
the APSDs do not exhibit the strong space-dependence shown in the previous cases. Hence,

we conclude that the reason of the pathological divergent behaviour is the assumed form of
the spatial distribution of the random source.
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4. CONCLUSIONS

By employing the model developed by March-Leuba et al. ([7] - [9]) but with space-dependent
neutronics and assumed uniformly distributed stochastic perturbations, similarly to the con-
clusions reached in these works, we showed that for a finite (in the x-direction) BWR core
excited by small inherent stochastic perturbations, the magnitude of the feed-back coefficient
will determine the stability of the system and the subsequent bifurcations and development

of limit-cycle-type oscillations; in the point-model, this will lead to a transition to a chaotic
behaviour which will occur above a certain value of the feed-back coefficient K [7 - 9].
Additionally, we showed that within the framework of our model, under certain conditions
which include the dominance of the higher spatial harmonics of the stochastic source as well
as a feed-back coefficient associated with the first higher spatial harmonic which is higher than
the one associated with the other harmonics, the model can predict strong space-dependent
effects which, when the limit-cycle-type oscillations develop, manifest themselves by the ap-
pearance of resonances in the neutronic APSD whose frequency depends on the position in
the core. These effects are manifesting themselves only over a relatively narrow band of
values of the feed-back coefficient(s) K, and outside this band, they almost disappear. On
the other hand, if one assumes that all the K,,’s are the same and that all ¢£,’s are equal to 1,
no significant space-dependent effects can be seen. With the aforementioned special spatial
distribution of the random sources from which the first spatial mode is missing (a neces-
sary assumption for exciting space-dependent effects), limit-cycle-type oscillations do appear
above certain values of the feed-back coefficients K,’s but after some time, the solution
suddenly diverges. The typical limit-cycle oscillations appear only if one assumes that the
random source is spatially distributed proportionally to the sinusoidal static flux (ie assuming
that f (m,tt) = f(t)sinBz). For this case, there are still significant space-dependent effects
and out-of-phase neutronic fluctuations; though, there is no strong space-dependence of the

APSDs as in the previous cases.

As far as the convergence of the model is concerned, for one particular case, we showed that
the model predictions are converging, and are not so strongly dependent on the number of
harmonics retained. This we showed in a heuristic and non-rigorous fashion, by retaining
different number of harmonics. Finally, due to the one-dimensional character of the model, in
this work, we could not investigate the importance of the axial harmonics on the predictions.

Concluding, we should say that the simple analytical model developed in this work shows
that under certain conditions, strong space-dependent effects can become important during
limit-cycle-type oscillations of a BWR. Clearly, a more detailed analysis of this problem may
reveal that other effects of thermohydraulic origin are also important for explaining observed
space-dependent effects; hence, we consider the value of this model more didactical and
qualitative than predictive and quantitative, and should not be considered as a substitute for
detailed calculations with a suitable code like RAMONA.
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ANALYSIS OF THE RETURN TO POWER SCENARIO
FOLLOWING A LBLOCA IN A PWR
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ABSTRACT

The risk of reactivity accidents has been considered an important safety issue since the beginping of the nuclear

power industry. In particular, several events leading to such scenarios for PWR's have been recogmzed and studied to
assess the potential risk of fuel damage. The present paper analyzes one such event: the possible retum to power during
the reflooding phase following a LBLOCA.

TRAC-PF1/MOD2 coupled with a three-dimensional neutronic model of the core based on the Nodal Expansion
Method (NEM) was used to perform the analysis. The system computer model contains a detailed representation of a
complete typical 4-loop PWR. Thus, the simulation can follow complex system interactions during reflooding, which may
influence the neutronics feedbuck in the core.

Analyses were made with core models bused on cross sections generated by LEOPARD. A standard and a
potentially more limiting case, with increased pressurizer und accumulator inventories, were run. In both simulations, the
reactor reaches a stable state after the reflooding is completed. The lower core region, filled with cold water, generates
enough power to boil part of the incoming liquid, thus preventing the core average liquid fraction from reaching a value
high enough to cause a return to power. At the sume time, the mass flow rate through the core is adequate to maintain the

rod temperature well below the fuel damage limit.

1. Introduction

Several events leading to reactivity accidents in
PWRs have been recognized and studied to assess the
potential risk of fuel damage. In most of such events,
the injection of cold water with low boron content
into the core inserts a large positive reactivity. Thus,
depending on the thermal-hydraulic conditions during
the injection, there exists the potential for a return to
criticality, which could lead to a dangerous power
excursion and severe fuel damage.

Some studies have been performed to analyze
reactivity accidents during local dilution transients'
and SBLOCAs?. These analyses have identified the
necessity of detailed three-dimensional thermal-
hydraulic and a three-dimensional neutronic core
models to better describe the transient evolutions. A
first step in this direction has been taken with an
analysis of a LBLOCA without SCRAM using
TRAC-PF1/MOD?2, coupled to a 3D transient kinetics
model’. That study was an extension of LBLOCA
analyses made by Los Alamos** using a modified
version of TRAC-PF1/MOD2v5.3. In the LANL
studies, a reactor SCRAM was assumed, and the
potential for recriticality was thus averted. Tyler's
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work and analysis® described in that paper used a
similar plant model, but two major differences were
introduced: no SCRAM was simulated and a full
three-dimensional neutronic core model replaced the
classic point-kinetics model. The close thermal-
hydraulic and neutronic coupling allowed a refined
study of the core power evolution as the transient
progressed, and could predict a return to a critical
state, should it occur during the reflooding phase.
Tyler's original work included the standard