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ABSTRACT

Technical papers accepted for presentation at the Seventh Internaticnal 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 Hydrauiics 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 developmeit 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 communiiy of experts from academia and
industry.

On behalf of the organizing committee 1 invite you to activ:ly 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 Mode! of the Boiling Crisis

P. M. Carrica and A. Clausse
Centro Atémico Bariloche and instituto Balseiro
(R400) 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 controi volume, yielding to a set of three
nonlinear differential equations for the local void fraction, bubble number censity and
velocity. Boiling crisis at critical heat flux is interpreted as a dvnamic transition caused
by the coslescence 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 saturate! boiling are present in PWR end 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 wal! temperature for a given geometry.

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

o Bubble coalescence: First proposed by Rohsenow [4], this model postulates that vepor
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].
2452






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.

o 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 atter:uation technique. They observed a 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 heated 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 »s:
n=[f(v)dv (1a)
0
n-jf(v)vdv (1b)
0
a, = If(v)a,(v)dv (1c)
0

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

[fyvay
] - )

Tf(v)dv
0

Control Volume . A
\ g b, /
b

09777)%917779777»77 %7779777
Heater Surface

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

Let us consider a smal! 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:

¢ The bubbles are spherical.

¢ The bubbles inside the CV are identical with a volume V, . This volume is the average
volume cf all the bubbles inside the CV.
e The bubble distribution is locally homogeneous, so the spatial average is valid.

* The bubble velocity is calculated as the velocity of a bubble with volume ¥, .
» 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:

a=nV, (3a)

a =4nrin (3b)

V, =4/3nn (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

9‘3'8(9/“P,)Vb-‘;‘CJPI“I("'LI)'%PJVV; (4)

where, from left to right, the inertia, buoyancy. Jrag 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 p,, compared to liquid density p;, yields:

2.2
%zzg_ﬂ%u_ (5)
b

combining Eqgs. (3) and (5) gives

du C,ula
—p el 6
& T 4 ©)

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

. o
(d » zga (7)
Uy a

Following Zuber & Findlay [i9], the terminal velocity of bubbles cant  culated

Uy = CO .’ +Vy (8)
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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 Cy 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]:

Ve = (1=a)vy, 9)
Combining Eqgs. (8) and (9) yields:

V,
uw::-l—;‘-"a-sva (10)

Eq. (10) implies that the terminal velocity of the bubbles in the CV, u,, is the same
as the 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 coeffcient is obtained combining Egs. (3), (7) and (10):

Cd2§£_'}_ (1)

Vapor mass balance

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

da
ngA—;h—+aupgA=r (12)

where 1" 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=--I"hf,z + G (13)

In Eq. (13) the subscript "nv" in the second term stands for "no vapor", and is the
heat that does not produce vapor inside the CV. The modelling of ¢, is quite complex, and
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to the present is a subject of investigation. For the purpose o. the present analysis a simple
model will be postulated based on logical conjectures about the physical mechanisms
influencing ¢, . Since the different heat transfer mechanisms in the presence of bubbles
without evaporation are directly related to the interfacial urea density, it is postulated that in
steady state we can write:

dq,, =q, kda, (14)

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

dq:dqv+dq,w==0 (15)

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

[ % o[t (16)
ql-a) q, 0

Notice that g(1-«) is the raaximum 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:

. (l—u)q"Aexp(-ka,l (7

I
h]z

finally, from Ecs. (12) and (17) results:

yda_(1-o)g"exp(-ka) (18)

i Pe s

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«»B-Q-MA (19)

whereSisthebubblegemntionintleV.Bisﬂ\ebtukupmurcetcrm.Cisﬂ\clouby
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=0po+0p + 90, (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

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

- q,
O N— 21
Ap'hf' 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 deperture
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 agreer.aent 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:

N"= cl qn/ (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:

G=clyn’ 23)

where ¢ is a constant coefficient to be determined. The same equation can be obtained using
the dilute media hypothesis [31].




The breakup term is modeled assuming that no breakup is possible for bubble size
smaller than a critical volume V,, 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:
Vﬂ
HV, -V,)= —t— (25)

me +V‘.m

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, =3 8Pl (26)
o

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

m
& = gy 4 s -can-*2 (27)
dr pghngLVd a"'+Vc"'n"'

and combining with Eq. (18) yields:

dn 1da wafl 1 bna™
e 2 vie it I S S e g § it S (28)
d’ Vd df L Vd l’b GM*V‘.""M

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 (x, a, ») in the boiling
region. The dimensionless form of these equations is:

. a2 a
W3 (298)
1 a
i%s(l—a)q‘"ﬂp(-flé,%ﬁ(: (29b)
A B A m-1
ggs-!—g+—g-{—}--—.l—- +Cha E-Qg—;—-l (29¢)
aa Vydt L\Vy, V, a” +a"

where the dimensionless variables are defined as:
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V= %‘- Dimensionless departure voluroe
c
M= Vf’:' Heat removal number
'
L=t Dimensionless CV height
¢
jre A Dimensionless heat flux
Pehpg Ve
= cV‘/b
C=—f5 Coalescence number
£
ag = : Coalescence to breakup number
"

Model solutions and critical heat flux

Steady state solutions

The steady state solutions of Egs. (29), (&, a,. A, ), can be found by making zero the

temporal derivatives of a, #n and #, which gives:
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2a, = Dila, (32a)

(1-a,)§"expl~ M4, )= i, a, (32b)
Ca,hn 1-—M ==ﬁ - -xl---l— (32¢)
i N Y "TL v, V¥,
Combining Eqgs. (32a) and (32b) yields:
a D ap 2
& =1/3 2n2/3 > A
6"‘5"(?) it el -3 ta, e
and from Eqgs. (32a) and (32c¢) results:
x s m-l 12,76 A
Ca,ﬁ,(b“g“'m]-.— : [-1"-"2‘—) (33b)
af +a7 ) (36na,)" LDV \Vy @

where D is a function 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]:

fi=St (34)
2
200
~ 160
N
S
$ 120
O
o
S 80
Q
E
40}
0 = ry
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 (a, f,) plane are shown in Fig. 2. In
order to show the behavior of the model with realistic values, the cor ‘ants were calculated
to represent the conditions of an experimental study on freon R-1! a1 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.

i

I T A

@
0.3 0.3 500 2.5mm___|
Table 1: Model parameters for Freon R-11.
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Figure 3: Effect of coalescence in Eq. (33b)
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Figure 4: Effect of detachment volume in Eq. (33b)

2462



Fig. 3 shows a parametric study of Ec. (33b) for freon R-11 with different values of

(' L . The detachment size was 0.0005 cm?. 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 (a, f;) corresponds to the critical heat flux. With some
additional hypothesis it is possible to derive an analytical expression for the critical heat
flux:

¢ The drag number value is D=2/3.
« The bubble volume at critical heat flux is ¥ = 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. ¢., a Heavyside breakup probability function is assumed).
Using these conditions on Eq. (33b) yields:

& 1{1
Oy =0 + = -1 35)
oAl n(fff ] ’

where the dimensionless constant 7, is proportional to the bubble coalescence number:

4n) . .
ﬁ:(-—3—-) ié (36)

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

Gyeny = (367) "y 37

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

0
A 3 achf e ]

=| — 36 M 38
9 chf [“) " exp[( ) Moy, (38)

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

: \[2. . go /4 Q& onf (36 )l"3M (39)
Tew =5 Pe'fe o ,—_;;7"‘9[ 5 & onf
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where Eq. (35) gives the value of the void fraction at critical heat flux a ;.
Eq. (39) predicts that critical heat flux must increase, in a given fluid, when a

increases. Eq. (35) shows that a, increases when the deiachment 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 um attached to a mica substrate for downward thermal
insulation. The use of a very thin heater was mandaiory 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:

o )[W/ " 30¢/10 1021205
t m” | =
9 e ] 60-30 1/10 20212105 (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

i L (mm) v (em') | v, (om) ag §" ey

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 ¥, was estimated after video recording
observations of boiling R-113. a,, M and CL were adjusted 1o fit the experimental data.

G, was adjusted to fit the void fraction at CHF and A and CL were tuned to reproduce the
experimental CHF/Leidenfrust ratio and temporal response respectively.

0.5 ey i e e

Void Fraction
o o o
N " »

o

o-o g " A 4 A -
0 5 10 15 20
Time (s)

Figure 5: Comparison of the void fraction experimental data (circles) with the model (full
line).

Impact Rate (Hz)

0 5 10 15 20

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 bigher
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 raie corresponding to each power level
(proportional to the square of the electrical current) can be obs: ved.

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 (V,), 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 [mz ]

a Interfacial area density [1/m)

b Constant coefficient (breakup) [1/ m3 5]

¢ Constant coefficient (coalescence) (17 m3 s)

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

2468



; g: t’hkbi-hh

QOO 3 "N R

Superscripts

A

Subscripts

o a6 o

8

.‘_hs&h&

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/s?)
[Vkg]
(m)

[m]
[Dimensionless)
(1/m)
[1/m?)
(W]

(W]
[(W/m?)
[m]
[1/m? 5)
[s]
[m/s]
[m/s]

[m/s]

(m3)

| Dimensionless]
[Dimensionless]
[Dimensionless]
[Hz]

[Hz]

[kg/s]
[Dimensionless]
[I/mz 5]
[kg/m?]

[kg/s?)



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

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

Analytical and numerical Investigations of critical heat flux (CHF) and reactor thermal limits are
conducted for oscillatory two-phase flows often associated with natural Zirculation 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 7 the heater. The value of the thermal
limit can be much lower in unsteady flow situations than woi«d be expected using time average flow
conditions. If is also shown that the properties of the heater swrongly influence the thermal limit 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 nucieate boiling to transition boiling. This is the
heat flux at the peak in the boiling curve corresponding to where the siope 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 o tinues until the heater surface is dry. The time for the transition from nucleate beiling to
@ dry heater si'rface is & function of the CHF and the heater thermal properties. Heaters with large
dimensir.; and high thermal effusivity, kpc, transition slowly, while heaters of small dimensions and low
thermz( effusivity transition rapidly. This physics is easy to understand for the steady fiow situation with @
constant applied power and is described in many texts dealing with bniling heat transfer [1].

Unsteady two-phase flows cause the CHF value to vary in time at any given location on the heater. This
aliows portions of the heater 10 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 1o the nucleate boiling region results in oscillations in the wall temperature [3), [4], and [5]. The
ability of the heater to retumn to nucleate boiling after encountering CHF causes & distinction 1o 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 aliowable temperature.

The character of the wall temperature oscillations is controlied by the nature of the unsteady flow and the
thermal properties of the heater. A thin foil heater wiil transition from nucleate boiling to dry surface
conditions very rapidly due to iow heat capacity, as discussed earlier. Therefore, a heater of this type
may be damaged upon the first encounter with CHF and transition bolling conditions. A massive heater
with large heat capacity and high conductivity will transition from nucleate boiling to dry surface
conditions more siowly. 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 bolling when the
adjacent fluld 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
osciliations of large amplitude and large period will allow the heater 10 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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aliowing for & retum to nucieate 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 govermning 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 1o reactor fuel systems. It is shown that this scaling is very important when unsteady flow
conditions sre present. The performance of the scaling criteria Is verified by comparison with

| 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.

L Analviic Development

The physical development starts with the treaiment 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 ampilitude, period, and CHF model. These equations are then
manipuiated to describe the thermal limit, as determined by circumstances that do not allow the heater 10
retum to nucleate bolling.

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

VVT)- pc%l:-- +E=0, (1)

where « is the thermal conductivity, ¢ is the specific heat of the heater material, p Is density, E is volumetric
energy generation of decay hea:, and T is temperature. The variable T = =T . T« Isdefined for convience,
where T . is 2 constant reference temperature.

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

ar _ .,
xén—{' =q"(z,1,T,), 2)

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 bolling heat flux will be time varying despite a constant
value for the volumetric energy genaration in the heater, E.

The solution of equations (1) and (2) is not simple for the general case of arbitrary q"(t, T,). However, bolling
heat flux oscillations with angular frequency, o=2n/t, limit consideration to temporal dependencies of & type,
exp(inot), where n is an arbitrary whole number and | = 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 tempereture T in a slab of width 2d with
temperature independent thermal conductivity, x, and thermal diffusivity, . The x-axis is directed into &
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:

2
a_‘zz_l_aE*..E.__o (3)
x° x0T «x

In the general case of nonsymmetrical heating of & slab, the following boundary conditions are
considered:
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where ¢, and ' are the heat fluxes on the left (x=0) and right (x=2d) side of the heater. Similafly. the heater
left and right wall temperatures are defined by T, = T(x=0) and T.s = T(x=2d).

c«mmmmummummw,me.p.a.mtm
non-dimensional variables are introduced

1= lg, X = Xa/(/0)'" = X (AN5),
Q" = Qar(x(oh) 5T = Q'ad/(Goe N2,

where the amplitude of the heater wall heat flux first harmonic, G"ws ~ x(w/)'?ATeQy/Gou o , 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 g"o o I8 CHF at steady conditions as dotonnlno‘g
using the time average flow conditions. Note that the depth of the thermal wave penetration is d~(y/o)
[7), such that N, is equal to d, /d.

Equations for temperature harmonics T, follow from equations (3) and (4). Temperature is now represented in
theform T=) (T,e™ +cc):

n=0

®

2 2
Q_Tﬁ",-E—x—zo, ?—I;l—in'l',,=0.ﬂ21:
' ok Ox
®)
aT . 7T, .
sl =ATq,, -—2 = AT, Qy, .
ax x=0 qul\ ax x=2/NI| bqh

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, @nd C.C.
denotes the complex conjugate.

The solution of the system (8) for nz21 takes the form:
Al ex,; + e-n.u-m,') eu,- _ e-u.(.»zn;‘)
] [SL_

2k 1- N +D,, 2N

T, (x)=

l+e
m
s\.n-q'u."q'nn ' DLn‘q.u«'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,
2x

where T, and Ty are zero harmonics of the left and right heater wall respectively. The final expression for
the transient one dimensional temperaiure profile in the heater has the form:

N
T(x) = Ty ==L (N’ = 200 + (T = T )5 ®
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( e ke (x-2NT)
T= T,,(x)+§£ZL-i-ae e +c,c).+

2 . l Zk N, (')
D e x o (x-2N1)
Z n 1+e2LN," ¢ +ccy
The expressions for sum and difference of heat fluxes q", and q'x are obtained from (9) as:
q +qy,  Ed +° L, +T0, o
= € +¢C¢C).,
2 Qoir o2 Z(Bm 2 *
(10)
99 . X -Ty) )+Z(Bh /P +cc),
2 2q e oN,d 1 2
where
i- ezt,N;' ] + eke Ny
Po =&,y , P =y —er
] +e"™ " 1= e
The left and right heater wall temperatures are given by
T =T+ (T,e"+cc), T, =T +) (T,e"+cc). (11
| |

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.

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 results 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 Ctail 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 penodic perturbation
with penod t into all physical quantities of interest for a given axial location such that,

F = L(F exp(int)+c.c), (12)

where F is one of the physical parameters (a,p.G x) and F, are comresponding harmonics. A relationship simlar
to (12) is also used for the boiling heat flux q"=q"(a.p.G.T,).

mmnwm'onisumnodtomewglbcaﬁonmnmemomdﬁmnbﬁmw.Tmmmohod

oonduwoncqudionpropomonluoa’T/az‘areneobdedduotomhmdwodeﬂwcdimendoninmoaml

direction. Note that the analysis presented herein identifies conditions for which a retum to nucleate boiling is

not possibie and the heater will move to dry surfo?czeﬁondmons. This involves wall superheat values less than
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100 degrees Celsius in water systems. Therefore, the analysis is not consistent with the rewetting of very hot
fuel assembiies where axial conduction terms are known {0 be important.

lig. Integration of Models
The bolling heat fluxes g, and Q"= are represented in the following general form using Taylor series:

qQ" (4, Ty )= QCm.L(t)Z A, (Toy = Tog (1),
0
(13)
Q"x (. Tan ) = Qerr (‘)Z A (Tog ~ T ()"
0

where A, = 1 because q'(1,T.=Toe) is the critical heat flux and A, = 0 due to extremum of function "1, T,) at
the CHF point. A; is negative because this extremum point is @ maximum point. Note that | Aj ~(ATy)? , which
justifies the appearance of AT, in equation (8) and in the nondimensional compiex, N; .

The critical heat flux values qos, 8nd Gow r , With the periodicity expressed in equation (12), are given in the
form

Qo) ® Quwo* Z(Gow 8™ +C.C),
(14)

Qos o) = Qoro * L(Gorrre™ +C.C)

Note that the possibility of phase shifi between oscillations on the left and right of the heater (i.e., out-of-
phase oscillations in paralle! channeis [1]) could be accepted in equations (14).

Combining equations (10), (13), and (14) gives the reiationship for determination of temperature
harmonics T, Tr,, wheren=12 .

(Qemro + Z(QCHF.Lnem +c c»z ATy = Tg)" +
Qoo + Z(Qm{nmem +cc ))z, A (Tyag = To )" =
2Ed /(QugN;) + 2 (B (T, + T, )e™ +¢c)
(15)
Qoo+ 2 (Qawae™ + € DL A (Tay = Toag)" -
(G o "’Z (Qeur pet™ + €€ ))Z A (Tog =Ty )" =
K(Tog = Ty )/ (s N,d) “'Z(Bz,.('ru. - T )e™ +cc).

Equation (15) requires all the terms with the same exponent, ™, to equalize.
Ud. ___CHF and Thermal Limit Models

Equation (15) has three different solutions for Ty, Tos in the range of parameters ", <Ed<q’me. The nucieate
boliing regime, for which Ty, Tos < 0 is the solution of (15) at Ed<q’os « Where wali temperature does not

exceed the CHF point on the boiling curve. Therefore, the first solution comesponds to wall temperature
oscillations entirely in the nucleate boiling regime.




When Q"os o« < Ed <g”y, the temnperature solution moves into the transition boiling ngion and then retums to
the nucleate boiling region. This cycle repeats within each flow oscillation period.

:!“Ec”;q‘ntmaolmnohqmmne)notbmorexls!sorbumm. Therefore, Q"y_ is the thermal limit

The thermnl limit values obtained by this procedure have been nomalized to the steady state CHF value,
Q"0 . Which is based on the time-average two-phase parameters at the channel exit. For example, the exit
Quality is determined by the relation x.,=Ed(S,/8)/(Ghy), where S, 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“*+cc. to temperature
hamonics T, . This procedure produes the following from equation (15):

x dq"
— . 16
P xd d_TL T 0fT= Tog o

This indicates that when dq"/dT>0 (positive siope) <0 and the solution is stable.

For cases when the penumuon amplitude of the oscillations of the bollmg curve Is not large an analytic
solution of equation (15) is possible. A perturbation, (=q"y/qQ"aw o ,i6 Introduced where Q" is the perturbation
amplitude, and Q'cso IS Q'oe evaluated using time-average parameters. For the case of symmetrical
heating, the analytical solution of equation (15) for the thermal limit heat flux becomes

2A .
4 qmy,go‘h — i
*K(im/x)l'Z(!__el(w x) d)/(1+e2m'” ‘)'

A = Qw0 ™

where 2A = °q"c.¢ /dT 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.

IV, ___ 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

based characterization of the boiling curve was not found for these conditions. Griffith et al. [10] determined
that the CHF value is weil approximated by the pool bolling CHF value taken times the local liquid volume
fraction when the mass flux is less than 200 kg/m’s. AumilarmodolblmplommadmmoRELAPs-MODS
code [8] and is shown In fig. 1 for mass flux G -2OW(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,
T., dependence with time is shown in fig. 2 for the parameters x=0.23W/(cm-K), y=0. 08cm’/s, w=1.5s",
d=0.25cm, A=0.005, q" o =50W/em’ and q"=5Wicm’ 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, q_, nucleate boiling persists throughout the period of
oscillatich and the wall temperature follows the heat flux as indicated by curve 1 in fig. 2. When Ed is just iess
than the thermal limit heat flux, gy, 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-MOD3 for G= 20 kg/(s-m’), p = 0.10 MPa, and

saturated conditions
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Figure 2: Wall Temperature Dependence with Time for (1) Ed=35 Wicm? and
(2) Ed=47.2 Wicm

Note the phase shift between the wall temperature traces in fig. 2. The transition from nucieate boiling to
transition 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 1 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 dunng transition boiling be discharged
to the fluid. The temperature tums upward again indicating @ retumn to transition boiling. Note that the
subsequent uptum in temperature occurs somewhat before the wall temperature value corresponding to the
time average CHF. This is because the heat flux is still higher than the average vaiue at this point in the cycle
due to the continued discharpe 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 = (xlm)"’cf' =dy/d and N2 =

w(wh) “ATYq" a0 = (kp0) (e) *ATy/q" 0k can characterize the solution. The nommalized ratio, q'n/Q"ce o

 Is represented versus N1 for different N2 in fig. 3 with Q*,/q"c« 0=0.4. It is seen that that the major change in

thermal limit takes place as N, mover from 0.5 to 10. This comesponds to movement from thick heaters with

dimensions greater than the thermal wave penetration depth, d,, to thin heaters with cimensions 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 v.ermal limit occurs wheii the CHF is first encountered
for the case of large N1, such that Q"n.=q"ae a1

The thermal limit heat flux, q"n , approaches the steady state CHF for large N2 and small N1. The
dimensioniess group, N2, is proportional to the thermal 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
WWWMMWW(MM)BMWMMOMMMM
boiling without large changes in wall temperature. This allows the thermai limit heat flux, q"n. , o approach the
steady state CHF value.

mmmokhwmomonﬂg.summmnmmammhbhﬂwummmunco
N1 goes as o ? while N2 goes as o' . The high frequency causes the thermal penetration depth to be small
selative 10 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 mode! predictions are compared with the experimental data of Ozawa et al. [5] in fig. 4. Sinusoidal inlet
mmﬂowvaﬂMmlmpoaodeMnelwﬂhpeﬂodsonAandOseoonds.Theoomparisonshows

qualitative agreement between the 7 .ytical model and the experimental resufts.
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The RELAPS-MOD3 [6] code is & numerical representation of a two-fluid thermal-hydraulic mcJel 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 o simulate an experiment performed by Ishii and Mishima [4). This simulation is an extension of work
performed by Ruggles and Willlams [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 1o 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
MﬂmmtommmmmwMMuthmmmm.RELAPSwurm;
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
modified to run with the heater thickness four times the original value and a thermal limit heat flux of 78 KW/
m’ was predicted. The N1 value for the experiment is 86 using an osciliation 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 thermai limit heat flux as indicated in fig. 3. A study with values of N1 in
the range from J.5 to 10 would likely produce more variation in the thermal limit,

Yo Gonciusions

Many of the experimental studies used to establish reactor thermal limits have been conducted using
constant iniet mass flow conditions. However, it is the pressure drop across the fueled regior that
remains constant in reactor systems due to the large number of paraliel cooling channels in the fuel
assembly [1]. it is often assurned that thermal limits established during single channel tests with constant
inlet mass flow can be used in reactor thermal limit studies. This assumption certainly hoids 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
condi‘ons 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 .\ heaters of large dimensions are used.

: The authors thank the National Academy of Sciences and the Nuclear Engineering
gtoplnmem of the University of Tennessee for supporting Dr. Vasil'ev during his visit to the United
ates.



Nomenclature

Au2'dq'e. /AT’ (T=To) - secOnd derivative of boiling heat flux with temperature
¢ - specific heat, J/xg K

d - heater thickness, m

E - volumetric energy generation, W/m’

Ed - heater heat flux, wim?

G - mass flux, kg/(m’s)

dG-amplitude of mass flux oscillation

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

p - pressure, N/m

q" - heat flux, W/m’

T - temperature, K

AT, - characteristic bolling curve width temperature, K

x -quality; coordinate, m Subscripts

z - longitudinal coordinate, m

a - void fraction ex - exit

f - perturbation amplitude L «left

1 - uscillation period, s R - right

x - thermal conductivity, W/mK sat - saturation

3 - thermal diffusivity, m’/s TL - thermal limit

p - density, Kg/m’® w - wall

o=2n/t-frequency 0 - average value
ref- reference value

Miterature
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ABSTRACT

The boiling crisis is one of the phenomena limiting the available power from a nuclear p- ver
plant. It has been widely studied for decades, and numerous data, models, correlations or tables are
now availble 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 experimeni<, such as
DEBORA, where we try to obtain some detailed informations on the two-phase flow attern 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 Flur (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 preci- on, one must take precisely
into account the detailed rod bundle and mixing grids geomstry (for example, the geometry of the
vanes). The precision and the reliability of our knowledge of the boiling crisis ir 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. EJF 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
hased on the drying of the liguid 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 whici. hubbles 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] ropose a mechanism based on the drying of a thin
liquid film between the wall and larger bubbles  .ng's model [13, 14, 15], based on a superheated
liquid layer near the wall, a bubbly layer and we 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 mors 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, geomnetries 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 um, using a one slice level method with a threshold at 30% of the amplitude,
recording the signai 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 me: 1 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 characeristic 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 um

to 400 um. There is no experimental evidence of coalescence of these bubbles in usual

conditions.

o Just before the boiling crizis, a change in the two-phase flow pattern has been detected in a layer
roughly 150 gm to 300 um 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.
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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 = 74 kW/m?

Up to now the "mecharistic” 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 C!HF 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 & 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 & "smooth” way on the other parameters
(pressure, mass velocity, enthalpy, etc.). It does not require a normalised data base. Experimental
data points mayv 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
betv/een & "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 calculatione. 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 modeis 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 mor= 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 a4 x 4, § x § 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 ‘n 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 preven’s intermediate and long distance cross flows. To prevent the boiling
crises on the non-representative peripherical rods, the experimentors usually impose a higher bheat
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-pean g 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 hundle CHF experiment for an actual PWR core calculation may be
symbolized by the following figure:

Figure 2
CHF .lp;m-ﬂt' PWR core
CH mean conditions
mean conditions
A O
Local CHF Local core
conditions condtions
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). R:t, 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 mix'ng effect, in order to validate the mixing coefficient, or equivaient, 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 » 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 riixing grid (L/Dh greater than 30).

On GRAZIELLA, isokinetic sampling is performed at the end of a § 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 3 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 bundie.

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

5. 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 ef‘ect
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 10 mm?) description of the velocity and
turbulence field in a § x § 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 | mm as an orde; of magnitude).

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

e 1o facilitate the understanding of the mixing phenomenon, secondary flows, and so on,

e 1o allow & reliable extension of the § x § experimental results to the actual 17 x 17 nuclear fuel
assembly,

* 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 aprropriate 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 re'iable and directly usable boiling crisis information. This is the left entry of figure
2. In our strategy, it is implemented by the OMEGA experiment: (2 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 testeC. It is also possible to ha'e
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:
« better knowledge and understanding of the fundamental phenomena involved,
« reliable and directly usable information on the boiling crisis, such as CHF predictors.

We emphasize the geometry and parametcr 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.

Acknowledgemeni

These CHF studies were carried out thanks to the collaboration of Electricité de France and
FRAMATOME.

REFERENCES

(1] Whalley, P.B., Hutchinson, P. & Hewitt, G.F. (1974), "The calculation of critical heat flux in
forced convection boiling”, Proc. Sth Int. Heat Transfer Conf., Versailles, vol. 4, pp. 290-294.

[2] Whalley, P.B., Hutchinson, P. & James, P.W. (1978), "The calculation of critical heat flux in
complex situations using an annular flow model®, Proc. 6th Int. Heat Transfer Conf., Toronto, vol.
S, pp. 65-70

(3] Weisman, J. & Pei, B.S. (1983) "Prediction of critical heat flux in flow boiling at low
qualities”, Int. J. Heat Mass Transfer, vol. 26, n® 10, pp. 1463-1476

(4] Weisman, J. & Ying, S.H. (1983) "Theoretically based CHF prediction at low qualities and
intermediate flows", Trans. Am. Nucl. Soc. , vol. 45, pp. 832-833

[5] Weisman, J. & Ying, S.H. (1985) "Theoretically based Critical Heat Fiux prediction for rod
bundles at PWR conditions”, Nucl. Engng Design , vol. 85, pp. 239-250

[6) Weisman, ). & lleslamlou, S. (1988) "Phenomenological model for prediction of critical heat
flux under highly subcooled conditions", Fusion Technology , volume 13, pp. 654-659

(7) Lim, J.C. & Weisman, J. (1990) "A phenomenologically based prediction of the Critical Heat
Flux in channels containing an unneated wall", Inr. J. Hear Mass Transfer, vol. 33, p. 203

[8) Weisman, J. (1991) "The current status of theoretically based approaches to the prediction of the
Critical Heat Flux in flow boiling", ASME/JSME Thermal Engineering Proc., vol. 2

2487



[9) Lee, C.H. & Mudawwar, 1. (1988) "A mechanistic critical heat flux model for subcooled flow
boiling based on local bulk conditions”, Iar. J. Multiphase Firw, vol. 14, n°6, pp. 711-721

[10] Lin, W S., Lee, C.H. & Pei, B.S. (1989) "An improved theoretical critical heat flux model for
low quality fiow", Nucl. Tech., vol. 88, pp. 294-306

[11] Katto, Y., (1990) “A physical approach to critical heat flux of subcooled flow boiling in round
tubes”, Int. J. Heat Mass Transfer, vol. 33, n° 4, pp. 611620

[12) Katto, Y., (1990) "Prediction of critical heat fiux of subcooled flow boiling in round tubes”,
Int. J. Heat Mass Transfer, vol. 33, n® 9, pp. 1921-1928

{13] Tong, L.S., Currin, H.B., Larsen, P.S. & Smith, 0.G. (1965), “Influence of axially
nonuniform heat flux on DNB", Chem. Engng Progr. Symp. Series, vol. 62, n° 64, pp. 35-40

[14) Tong, L.S., (1968) "Boundary layer analysis of the flow boiling crisis”, /ar. J. Hear Mass
Transfer, vol. 2, pp. 1208-1211

(15] Tong, L.S., (1968) "A phenomenological study of critical heat flux", ASME Paper 75-HT-68
[16] Katto, Y., (1994) "Critical heat flux", Int. J. Multiphase Flow, vol. 20, Suppl., pp. 53-90
(17) Garnier, G., Cubizolles, G., Herer, C.(1995), "Flow pattern in boiling freon R12 simulating
PWR conditions: methodology for probe design, signal processing, data acquisition and treatment”,
2nd Int. Conf. on Multiphase Flow, April 1995, Kyoto, Japan.

[18] Garnier, G., Cubizolles, (1995), "Experimental results on flow pattern in boiling freon R12
simulating PWR conditions”, European Two-Phase Flow Group Meet., Nederlands, 1995.

[19) de Crécy, F (1994), “The effect of grid assembly mixing vanes on critical heat flux values and
azimuthal location in fuel assemblies", Nuclear Engng and Design, vol. 149, pp. 233-241

[20} Groeneveld, D.C., Erbacher, F.J., Kirillov, P.L., Bobkcv, V.P. & Zeggel, W. (1993), "An
improved table look-up method for predicting critical heat flux", NURETH 6, Grenoble, France,
oct, 5-8, 1993

[21) de Crécy, F (1994), "Pseudo-cubic thin-plate type spline method for analysing experimental
data", Nuclear Engineering and Design, vol. 149, pp. 459-465

[22) Ayed, R & Bourteele, J.P. (1989), "Theoretical evaluation of currently used critical heat flux
correlations”, Transactions ANS, vol. 59, Atlanta, June 1989

[23] de Crécy, F (1994), "About critical heat flux correlations using inlet conditions”, 3/st
European Two-Phase Flow Group Meeting, Piacenza, Italy, june 6-8, 1994,

[24] Falk, F. & Memponteil, A, (1994), "AGATE : détermination d'un champ de vitesse 3D en
géométrie complexe par vélocimétrie laser 2 effet Doppler 2 dimensions”, 4éme Congrés
Francophone de Vélocimérrie Laser, Poitiers, France, 26-29 sept. 1994,

[25] Herer, C. (1991), "3D flow mezcurements in nuclear fuel rod bundles using laser Doppler
velocimetry", FED, volume 108, Fluid Measurement and Instrumentation Forum, ASME, Portland,
USA, 1991,

[26] Metais, O., Lesieur, M. (1992), "Spectral large-eddy simulation of isotropic and stably
stratifie¢ turbulence", J. Fluid Mechanics, vol. 239, pp. 157-194,

2488




An Investigation of Transition Boiling Mechanisms of Subcooled Water
under Forced Convective Conditions

Kwang-Won, Lee and Sang-Yong, Lee
Nuclear Power Engineering
Korea Atomic Energy Research institute

ABSTRACT

A mcihanistic 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 interfuce 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 f

ressure, mass flux, inlet subcooling on the transition boiling heat transfer are also investigated.
rom 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 0o 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 1s 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
tragpition boinng boundaries may be determined on the phenomenological basis as the points "a"
and "d" rather than the points "b" and "¢", 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 ~n 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 trunsition 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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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 Kaiinin 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 imitations 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 based on Berenson's postulate [3]

that transition boiling is a combination of unstable nucleate boiling and unstable film boiling,
each of which alternatively exists ai any given location on the heating surface. This can be

formulated as
qm=FAql+(l’FA)qv' (1)

where, q, and q, designate the average hcat flux during the liquid contact and the vapor contact,
respectively. F, 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, F, 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 els, they assume thut
q and q, are constant during the contact process, and equal to the MHF and the MFB heat flux of
& boiling curve, re;pectively. 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

Fp=[(T, - Tyrg) / (T = T 1°- 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 deriv
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 boilinY phases on the heating surface. In these models, the werted 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
MHEF 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, bused 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 MHF is
smaller than unity and the liquid contact heat flux is higher than the CHF value.

II. MODEL DESCRIFTION

IL.1 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, Ly, by the blanket velocity, U,, 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
mode] 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 pussage time. The transition boiling heat
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Figure 2. Illustraticn 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 separaiion 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 muluphyling 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
mo{slem is overcome in the present model by introducing a new boiling mechanism in a very thin

uid 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 mode! 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 v or blanket. Here, the macroiayer means the thin liquid film under
the elongated vapor blanket  med adjacent to the wall surface at near the CHF condition, which
is distinguished from the icrolayer 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 / Uy ). 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

shnrf 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 siage can contribute to the transition boiling heat flux

in proportion to the macrolayer dryout time fraction to the vapor blanket gassa ¢ time. Up to the
Ml?I.F. this macrolayer evaporation will be a major contributor to the total heat flux.

Just after the macrolayer dryous, the wall surface is covered by thin vapor film. At this
time, a depression in the vapor-liquid interface occurs due to the insufficiert 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 @ 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.

The basic assumptions for the mathematical formulation of the physical model are listed

below :
(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

« ondition.
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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
gualities is reached when the macrolayer dryout time is equal to the vapor blanket passage time.
ased 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‘Alsp,lU,l(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;

qyA=p,U AN, 4)

where, q, is a boiling heat flux for vaporization, which is given as

95 = Qs © Yic (5)

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

2300 4y (Quy / Gy )**(T,, = T,.)

A 230 /G0 DT,y = T,) % G [ Hy, (6)

where, the single phase forced convective heat transfer coefficient, Hy,, 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‘-IU,I)’=2no(p,+p.)/(p, P A (7)

The thickness of the macrolayer at the CHF condition is assumed by Haramura and Katto
[19] as follows;

8, = A,/4. (8)
From Equations (3), (4), (7), and (8), the macrolayer thickness can be rewritten as;

(r/2)(1+p /p)o(A, /A)

A A
(1+(p / p, ) —A—]Pp, (—Lb-)?
’ 1-A /A ¢ Pehy, ' (9)

S, =

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

AJA=00654[(11p,/16p,+1)°/(p,/p,+1)]""
= (0.0584( p,/p.)02 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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L,Quy = Py (Ug- Up)By b, (14 h )/ b J(1- A, 7 ), (11)

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

thus
Ly= 2mo (p,+p,)/p, p,(Uy- Uyl (12)

Since the macrolayer velocity is ;?ligiblc 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 ;

Us = 2L38(0 =)/ Lo + Uy (13)

where, U, 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, U,, can be obtained by the well-known

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

by,

U, =2G/p, (1-(R- y)'/ R}). (14)
Here, the distance of the vapor blanket center from the wall, yg, is

Yp = 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 drug coefficient, Gy, 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 blankei 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 an cheda (22] showed that the surface heat flux in falling
liquid film apgroaches 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:

1.89x10-“ ’g‘, (p'h'.)”.g”ucp’"l'AT"
Qe = owl(n __p.)sll—rmlll ' (16)

After the DNB, the macrolayer becomes thinner than that for the CHF condition (8,,), 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 & thin liqud film might be
exccftionally high because a bubble generated in the thin film can escape quickly with a very
sir-1] resistance. Kopchikov et al. [24] developed a co.welation for the thin film boiling heat
transfer which focussed on the heat transfer through the quasi-laminar layer adjacent 10 the
growing bubble. This correlation is expressed below;
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3 Cxh p,AAT,”
O Tulr=p) | (17)

mb

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

g?il;:{'thcg are practically no hydrodynamic restrictions on the removal of the vapor and supply
the liquid.

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

_ 0.0288x h, AT,
No T.(m-p) (18)

G

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 car 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 afier the DNB temperature is treated as follows:

q me= q nb fOl’ AT-' < ATDNB (19)
Q= 9mel AT} +1[9 o G, [ATpg )] for ATy < AT, < ATy (20)
qQ.=0 for AT, > ATy (21)

where, q,,(ATp) and q,, (AT, ) denote the macrolayer boiling heat fluxes determined by
Equation (18) as the functions of the wall superheats AT, 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, L
during the macrolayer evaporation stage can be evaluated by replacing the boiling heat flux, q,,
in Equation (9) with the macrolayer evaporation heat flux, Qe » determined by Equations (19) to
(21). This thickness is distinguished from the CHF macrolayer thickness, 8., of Equation (9).
Finally, the macrolayer dryout time is given by,

Tnd T plc 8mc h l;l 1“‘(h!"hlc)/ hu)/q me' (22)

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

where, T_, is the vapor blanket passage time, which is defined as,
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1= L /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® T Toe * (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 au ted by a
re?eatin; insufficient and violent vapor generations under the vapor film. erefore, 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 weuin‘ﬁ zone and dry zone, based on the conservation
equations at the vapor-liquid interface. In their model, the wetting liquid on the highly heated
wa - assumed to be at saturated state at the elevated pressure, which is defined as the saturation
pres e corresponding to the wall temperature. Also, the vapor is assumed 1o be saturated at the
systern pressure of the bulk liquid. The resulting equation is

h, - h(T,) = 0.5 [p{T,)-p, ) [p,(T,) - P)/P,pAT,) +(q -qYm,  (26)

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

Q|..=Q| +mV,(V.-V) (27)
q,'=q,+m V (V-V) (28)
m =p(V,-V)=p (VY. (29)

where, q, and q, 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 evzporation
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, ¢, in
Equation (26) must be zero to keep the vapor at the satuartion temperature. If we assume that
is negligible near the MFB temperature, Equation (26) can be rewritien by

h, - h(T ) = 0.5 [ pATppy) - PJ [(PTpm) - P/ p.pf(TDpa) (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,

qp=C,q =m C,(h - h(T)-05 [p(T,) - p, 1[p(T,) - pl/pp(TI}. ~ (BD)

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

qp  (h, -h(T,)-0.5 [p(T,) - p] [p(T,)-pl/pp(T,))
qDNB [h. = h,‘(TD,\'u) o 05 [p((T[),\'u) - pj lp,(TDxu) : p] /p'p((TDxn)] (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,

d-h-qhtve/ 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 beiling heat flux

is

q=q, - (34)
Between the DNB point and the MFB point, the total boiling heat flux is

G, = Qpet G, - (35)

Equation (35) involves the DNB heat flux, the MHF and the DFB heat flux in the poilin 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,/ 1,. (36)
If the liquid contact process is ergodic, the following equality can be applied,

F,=F, . 37)

I1.3 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
detacl ment point [ >.- h, ), is very important in determining the position of bubble detachment
and ac. al 0»="" = file. To evaluate this value, the Saha and Zuber correlation [26] is chosen
as the 2 one for 10w 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 Iﬁoﬁle-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-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{oD /1,
D, =
1+0.1(p -p, gD/ 1, (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, Cp, for the vapor blanket is evaluated by the fornula of Ishii and
Mishima [28] for distorted bubble and expressed by

7.670-0,)"" |’
Co= 2/ 3D, =PRI O} o)
18.67(1-0.) ’ (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] .

IIl. 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), it is 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 1o 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. q‘he 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
‘smperature but 1apidly increase with the wall superheat after the DNB temperature. Figure 4
- ows 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 wero 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 S 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 oly the vapor blanket is too large 10 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 Datz
Experiment Type Steady-state & Transicnt Transient Steady-state
Pressure (MPa) 01-10 0.191 0.11-10
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) r Co (heater)
Mone! (flow tube) Cappe Monc%row tube)
7506 T Y e 10 Y T T T
e uk Huang et al. Daws
o § g - ) wl rwm. o-st;o:ym‘- ]
Husg e gl Data e .
g pe1.0 MPy, GuS00 Kg/m's
Inlet Subcooling=$ K i
4300 - 06 + B
‘ :
g 200U - 1 - ! 04 -
1300 - : f Q%O 1 (*R S 9
o f °%
& | AaaSes
o 50 0o 180 » 230 - 30 100 - - 250
Wall Superheat (K) Wall Superheat (K)
Figure 3. Relative Contributions 10 Transition Boiling Heai Flux Figure 4, Predicied Weited 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
drorlet 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
gtyedictions at the low pressure cases are highly overestimated. This discmpmcz can be explained

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
A Total Surface Area beneath Vapor Blanket (m?)
A,  Cross Sectional Area of Vapor Stems in Macrolayer (m?)
c Specific Heat (J/Kg*C)
(f,, Drag Coefficient of Vapor Blanket
D Tube Diameter (m)
D, Bubble Diameter at Bubble Detachment Point  (m)
P Average Statistical Wetted Area Fraction
Fy Local Liquid Contact Time Fraction

Acceleration Due to Gravity (nv/s*)
Mass Flux  (Kg/m?%)

Enthalpy J/Kg)

Heat Transfer Coefficient (W/m*K)

o= O
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Latent Enthalpy of Vaporization (J/Kg)
hl:. Vapor Blanket Length  (m) ’
p Pressure  (Pa)
q Wall Heat Flux (W/ m?)
R, Radius of Tube (m)
; Temperature (*C)
AT Wall Superheating (K)
UV Velocity  (ms)
Uy Velocit{,of Macrolayer (m/s)
U,  Liquid Velocity at the Center of Vapor Blanket  (m/s)
x Actual Flow auliry
V4 Axial Location (m)
Greek
a Void Fraction
6’,,, Macrolayer Thickness at the CHF Condition (m)
8, Macrolayer Thickness during Macrolayer Evaporation Stage
K Thermal Conductivity (W/mK)
Ay Helmholtz Instability Wave Length  (m)
" Dynamic Viscosity (Ns/m?®)
p Density (Kg/m®)
o Surface Tension (N/m)
2 Macroiayer Dryout Time (sec)
% Vapor Blanket Passage Time (sec)
. Vapor Coverage Time (sec)
%, 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
n 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 transier 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 dryour)

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) nalf 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 wid= 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] (K]
1811 100 + 8400 0.3+254 2.5+ 610 100 + 90000 25 + 255
718 1400+21483 1.1 +37.% 35 + 3490 350 + 19000 13 + 338

26 1960 + 3700 818 150 - 300 6600+20000 110 + 190

13 2560 + 3610 8-15 150 - 300 6900+15000 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 brewk or the dryout of the liquid film flowing along
the wall. According to the CISE inteipretation [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

v, alp.G) L. 1
TH, = 2P T Hp.G.D) (h

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

__1-p/p
a=1G71000)" W

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 ‘o 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 ¢ ation does not give this result, because in order to avoid
rather complex analytical formulations it was not purposely made valid at the limit conditions
(Lye = 0, 0r G = 0). ‘

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

Wﬁ - (a - )-.-!'-— (4)
I'H “"L+b

'y

where W,, 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:

b=22 (%&) D+ )

The ratio between eqs (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, beczuse 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 f3 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)

go W _ ACHFL
“1H-H)  6(H-H)D ™

where Hj and H;,, are the saturated and inlet liguid 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,
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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 f 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 B, the same structure of eq.(1) was adopted, i.e.: the
first term is substituted with B, while in the second term Lg ¢, is substituted with the overall

length of the duct L, then one obtains:

, L
g =a(p.G) [+5(p.G.D) M

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/2) D*

p = (8)

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

conditions)
Then CHF is as follows (see eq. 6)

(;(}{;-_}in)
a{L1D+k(Gw,/2) D]

CHF = (9)

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

Data Bank  Number of data 3 RMS
(%)

] 1811 -1.30 20.26

2 718 323 19 82

1+2 2529 001 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
an. 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 | 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 [5], 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 1s completely lacking in the present approach

For half heated tube data (Bank 3) two different drastic hypotheses are made: i) Mixed
flow, i) Separated flow. In the first case a CHF value equal to half CHF experimental datum is
assumed to be uniformiy 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 ¢<sumed 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

(10)

n
L_L(H.?.TTR)

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 mised 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 (%) one obtains

CHF = - — s e
B 4k(v, 2)OSD°‘

(11)

This equation implicity says that the condition of X, — 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 x., 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
03(7)

5. Concluding remarks

An approach based on a formal extrapolation of CISE dryout correlation was applied
both to CHF data obtained for fusior 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 cricis 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 Subscripts
CHF  critical heat flux c:critical point of water
D diameter cr: critical
G mass flux g steam
H: enthalpy in: inlet
L: length I liquid
p. pressure out: outlet
RMS' root square error s.saturation

TTR: half pitch of twisted tape

v. specific volume

W' power

f3: critical power over that needeC 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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78401 Chatou Cedex, FRANCE 38054 Grenoble Cedex 5, FRANCE
Tel.: (1) 30 B7 76 43 Tel.: 76 88 36 46
Fax : (1) 30 87 79 459 Fax : 76 88 52 51

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
axirl heat flux distrikbutions in the test sections were uniform.
The coolant fluid was Refrigerant 12 (Freon-12) under PWR
thermal -hydraulic conditions ({egquivalent 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 gualities under 15%. The change from the tube to
the annulus configuration is correctly taken into account by the
egquivalent hydraulic diameter. Useful information is 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/m? /s
T : Inlet fluid temperature .

Q : Total heating power kW

M : Measured critical heat flux kW/m?

C Calculated critical heat flux kW/m?2

3 Critical heat flux kW/m?

X Outlet thermodynamic quality -

d Tube inside diameter mm

¢ Diameter (in general) 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 : Commigsariat & 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 bunale CHF R-12 test loop
PLAQUESs : CENG mathematical "regression" method

g = 1/2 (ID of outer tube - OD of inner tube)
y = 4 X flow area/wetted perimeter

1 _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 film
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.

dy

The extension of a correlation to another design or the
extrapolation to larger parameter ranges has to be
supported by experimental tests. One of the main reasons is
that the basic CHF mechanisms, that are still not well
understood (especially for DNB), are not taken into
account whei 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 and inner tube with

ocutside diameter (OD) of 9.5 mm) u normal and abnormal
PWR operating conditions. These ¢t. ' .s were conducted by
Electricité de France (EdF), the Commissariat & 1' Energie

Atomigue (CEA) and FRAMATOME as part of a larger program,
briefly described below, devoted to studying the boiling
crisis phencmenon.

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 watsr conditions, suggested, for example,
by Stevens* or Ahmad<“-:

11 OBJECTIVES OF THE PROGRAM
2.1 General objectives

Better knowledge and comprehensive modeling, taking into
account the basic mechanisms 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, EdF

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),

- guantitative 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 EdF to
contribute to a better understanding of the boiling crisis
phenomenon. Particular attention was given to the detailled
analysis of local beoiling 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 experimente 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) wuncertainties 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 nunerical simulations, experimental work
using advanced mathematical tools. The experimental
program, joint%y 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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EdF/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

- 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). Beoiling 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 (8Q/Q) : ¢+ 0.5% (CENG designed transducer),

Mags flow rate (6W/W) : + 1% (mass flowmeter or venturi),
Inlet temperature (8T): ¢ 0.1°C (RTD),
Outlet pressure (6P/P): + 0.1% (transducer).

I1I 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 analyzeg %arge 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 used, the verification tests
carried out, or the accuracy of the results.

Another problem with a large databank ie 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, ige.
heated length (already described in our previous paper~”)

'
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hydraulic diameter, _and cold wall. Given the absence of a
heated length effect”?, 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
sections, CHF location is close to the outlet because the
axial flux shape is always uniform. Qualities__are

calculated uring the ASHRAE R-12 thermodynamic tablesi?,

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 DEEORA 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. 1In 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 kncwn that the CHF mechanisms are very different
for dryout conditions (high gualities and low heat flux
densities) and DNB (low qualities and high heat flux
densities). As PWRs operate with low qualities 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. In 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 Crecy 1, 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 nor 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/m?/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 crisie is, in fact, a transient
phenomenon. Thus, even the most accurate (and unbiased)
device can give inaccurate values. Moreover, local heat
flux ie 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 seriee
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 value 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 pressuze, mass velgcity or
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 ve. 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 teste. 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 4is 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 mase velocities
(mostly vapor) can remove the liquid film from the wall;
CHF decreases when mass velocities increases. At low
qualities, higher mass velocities lead 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 behavicrs 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,
®da mm / ®d= 8 mm = (8/7d)¢ (1)

gives a very convenient and easy to use relationship to
relate diameters 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 nm / ®gmm = 0.87 = (8/13)0-29

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 correspondes to the range of local conditions
covered by both tests (8 & 13 mm). This value of ¢ is close
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to the value suggested Dby Groeneveld® which is 0.33 for
tube diameters between g 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 eguation 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 local 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(cd/¢8)/1n(8/d) d= 13 or 19.2

where &3 1is the measured CHF at given experimental local
conditions for the 13 or 19.2 ID tube tests and &5 is the
8mm PLAQUEs calculated CHF for the same local conditions.

We see from Figure ? that these values change dramatically
when local (outlet) qualities exceed roughly 0.1. A mcre
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 limit our analysis to the data for
local qualities below 0.15. With this restriction, it
appears that even though the 8 and 13 mm dJdata and the
8 and 19.2 mm data agree quite well, the combination of
both 13 and 19.2 with 8 mm data g?ows some deviations. This
behavior was also found by Cheng For this reason, only a
slight improvement for ¢ was obtained using the following

equation:
enc+a1P+blG/1000+c1x+32P’+b2(G/lOOO)’+c2x’ (2)

c = 1.087
a; = -0.526 by= -0.077 Cq1= -0.303
ap, = 0.099 b2- 0.010 Co= -0.910

As shown in Table 4, this equation permits reducing the
standard deviation for the 19.2 mm data frog 0.063 (€=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 gquality
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
interpo.ated value of CHF for an 8 mm ID tube and equations
(1) and 2). C ve 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 tha
CHF mechanism may be dryout. In which case, the a.ove
study would not be valid.

V_CHF IN ANNULI

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.

Compared to CHF studies ig tubes, references in annuli are
far less numerous. Shah 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 gange of tube diameters and gaps (g) is quite
large. Ilic! 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 diametefg is large, but gaps are
smalll (0.8 to 3 mm). Ornatski performed tests with
two-side heating, the outer tube being overheated, Inner
tube OD is 10 mm and the gap 1 to 2 mm. Tolubinskiyi 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 2 ?eometry close to the first DEBORA
annulus, but obtained high gqualities.

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 little as possib’e with the
flow.

The first databank, DEBORA 13 (see Table 2), was cobtained
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

CHFE 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 simuitaneously. 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 Brightonzo that the local velocity near the
wall ie 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 alsc 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 egually
heated tubes, ogﬁy data under dryout conditions are
available. Becker found that CHF always occurred on the
inner tubef (which is consistent with our cbservations),
while Ilic'® 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 th:
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-side 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 €, 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 ¢.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 ‘"eguivalent" 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 is 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 cuter 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 chape 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 CHFe
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%, wunder DNB ignditionn (x<0.1). This result
disagrees with Ornatskiy who found, for gaps between 1
and 2 mm, that CHF at the external surface is independent
of the heat load applied to the inner tube. But a cold wall
is normally detrimental to heat transfer, since 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.

VIX 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 valuz
proposed by Groeneveld® gives less satisfactory resultr.
Nevertheless, we impose an gpger limit (0.15) for local
qualities, although Groeneveld”’'® indicates no upper limit.
Respecting this limit 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 1low qualities, good accuracy can be
achieved, but for higher qualities, we need to improve the
phenomenclogical approach to the boiling crisis phenomenon.
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TABLE 1 : CHF TESBTS IN TUBE DESCRIPTION OF TEBTS CONFIGURATIONS

" TEST [test| Heated | ID | OD | #of | [Pressure (MPs) Mas Vel Kgman] Quality (%) | Flux (EW/m2) |
EECTION | # | length(m) (mm) (1am mu Min Max Min Max Min Max Min Max
DEBORA 120 185 780 120 5 144 502 I 1007 5102 -21 +44 53 438
" DEBORA 21| 068 | 80 120 u 144 302 986 8078 -81 +82 70 650

ENEE | B | 80 130 140, ©7 | 124 361 2080 5380 <11 +37 80 29% |
ENE | C | 8% 130 /140 197 | 100 347 1775 5432 -83 +38 53 94-
BEEB%A ™3 L85 192212 146 143 805 960 5017 ~30 +30 50 415
_ DEBORA | 2 | 10 192 212 85 | 145 802 1007 5015 -74 +18 108 683

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

TEST| Heated | Inner | Outer | # of | Pressure (MPs) Mau Vel (Kgmas| Quality (%) | Inner tube | Outer tube
» length | Tube OD | Tube lD tests | Min Mu)’ Min Max Min Max  Flux (kWm2) f Flux (kW/m2)
| Min Max  Min Max

-

(m) (mm) (mm) |

3 35 9.6 192 | 120 146 301 ©76 5038 -20 +41 O 0 44 356
< 836 | 95 | 192 | 101 146 301 991 5024 -34 +19 67 622 O 0
18(%)] 85 | 85 | 192 33 146 3.01 1012 5020 -2 +30 507 261.3 526 260.0
14(*) 36 | 96 192 | 30 (146 301 901 4806 +20 +34 306 1417 204 1445
18 86 | 95 | 130 90 146 301 2022 504 ' +2 +41| O 0 | 34 177
19 35 @ 95 | 130 27 | 146 8.01 2091 6 -7 +23 36 224 0 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 ngo All Data

 Pressure 15 15 1.0
. (MPa) 3 | 35 | 35
. Mass Vel 2000 | 2000 1000
_ (kg/m2/s) 5000 . 5400 | 5400

Quality -5 1 -60 74
(%) - +15 ‘ +15 L 444

Lumnod Rango tor e (epsilon) ccnsttm = 0.29
Extended Range ' for e (epsilon) using Squation (2)

TABLE 4 : STATISTICS OF M/C
lon = 029 | Limited Range | Extendec Range All Data

"""" *gNEE’“B‘K c | 103 1.023 1.29 " average
TUBE 0.052 0.069 0.57 std
. 8mmiD 4 131 I 204  data
' DEBORA1&2 0979 0996 1.0 average
| TUBE 0.062 0.063 0.13 std
. 192mmiD | 982 129 181  data
JﬂlOﬂ =EQ (2)] Limited Range ﬁon&d Range All Data
ENEEA&B 1.021 1.012 1.26 average
TUBE 0.048 ‘ 0.064 0.58 std
13mm D ... 131 294 ___data
' DEBORA1&2 0975 0 996 1.05 average
TUBE 0.060 0049 0.12 std
__192mmiD @2 129 181  data
M is the measured CHF

P is the calcul=*ed CHF using the 8 mm ID tube data and Equation (1) with epsilon
constant (0.29) or varying according to‘;qjumaon (@).




FIGURE 1 : CHF vs Mass velocity FIGURE 2 : CHF vs Pressure
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FIGURE Sb : C vs M DEBORA 142 (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

CHF as caloulated by PLAQUES on the “preset” local conditions
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New Model for Burnout Prediction in Channels of
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Abstract.

The model developed to predict a critical heat flux (CHF)
inn 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.
Cy, curvature of thermal boundary layer;
tube diameter, m;

D
Dhe heated equivalent diameter, m;
F flow area, m<;

G mass flow rate, kg/(mzs);
Ket parameter of effective thermoconductivity of fuel rod;
L length, m;

Ly heated length, mm;

L, relative extension of elementary thermal cell flow area;
P pressure, MPa;

Po.y pressure, critical value, MPa;

Py, heated perimeter, m;

Q heat flux (also critical), MWt/m2;

Qp heat flux in tube with diameter D, MWt/m?;

Qs heat flux in tube with diameter 8 mm, MWt/mé;

Q¢+ heat flux in tube, MWt/m?;

R radius, m;
Rp radius of heated surface, m;
X steam qguality;

Xo steam quality, modelling value;

AX value of X biasing;
Y¢ model parameter, a thickness of thermal boundary layer, m;

secondary parameters Y¢ min, Yt,av and Yyi
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 geometrv,
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 tlie model of relative CHF description one
should define the conditions of comparation of CHF 1in wvarious
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 look at first at CHF 1n 1isolated 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, D,., as proper one.

2. An overheating of fluid is 1inevitable 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 (F,
G, Dpesr 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 is 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 [€].

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 cf 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 zones 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 values 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 1is based on CHF features
presented above and on following assumptions [(7,8].

1. The main dependencies of CHF on main parameters (P, G, X, Dyl
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 valid 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, Dpe) are known and the
heat flux is uniform along length.
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Qx'Ph,i/Fi - Z(Qj'Ph,j’ / Z(Fj)l (2)

where index i stands for given ETC, the sums are over all ETCs
included intc 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 1is 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 nonunifora ETC has Yy which varies
along perimeter with definite minirum value, Ye, mine It is
important that Y, varies monotonically along heated perimeter. We
use also the average value of Y¢, Y¢ av!

Yt'.v-(I/Ph)'IYt*dPh (3)
Py
and such parameter of ETC's nonuniformity as Yo=Y¢, min/ Yt,av:

The curvature of TBL (C,) is the ratio Cg=Y¢, ay/Ry, where Ry
is a radius of heated surface. We have: for tube - Ry=D/2, Cg=-1;
for annulus with external heating - -1<C,<0; for annu’us with
internal heating =- C,>0; for flat channel - C,=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=Pp/Y¢,av-

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

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

The thermohydraulic nonuniformity of ETC 1is caused by
different heating of heat agent 1n 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
thermocondurtivity of fuel rod or its simulator, Kee. 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 phenomenclogically.

So we have such a system of model parameters: thickness of
thermal boundary layer, Y,, with minimum value, Y¢ min/ Parameter
of nonuniformity of TBL, Y.,; curvature of TBL, CgJ relative
extension of TBL, L,; parameter of effective thermoconductivity
of fuel rod or its simulator, Ke¢.

5, Results for isolated channels.

The data used were chosen from HEMATIL's (Heat and Mass
Transfer Information Center, IPPE, Obninsk) data bank on CEF 1in
various isolated 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/DpesX) /Q¢ (P, G, D=Dpq, X,) =1-K* (1=Y,) 1
where
K=K1*K2*K3*K4*KS (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%-5,

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

Ce=-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, is being retained constant. When D,/D,
varies from 0 to 1 the value of C, is increased from -1 to 0 and

that of AX - from 0 to scme definite value (our estimate is
approximately 0.05). A changing over C,=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 etfect? Here we can
only give the hypothesis. Analysing the data on CHF in concentric
annuli we see that 1) CHF biasing along X-axis is greater at

internal heating (C,>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.y 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,)FP
equals to 0, when Y, =0 (maximum ncnuniformity, 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) K1 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,19:3), (10)

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

K3=K (Lp, 1Co | ) =Lyp** [ (0.29*%|Cq ) 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 (Ke¢ ) =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:

Lme,1=4F1/Ph,1' (14)
CO'I:Yt'i/Ri' (15)
where i=1 - internal and i=2 - external surface.

To define the value of D,, 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: Fy/Fz=Q;*P, 1/(Q;*Pyp,2). It leads
to relation

Do?= (Q;*D;*Dz24Q2*D2*Dy2) / (Q1*D1+Q2* D) (1€)

Then we have for internal surface:

Dpe, 1= (['g2=D32) /Dy, (17)
Ye, 1= (Do=Dy) /2, (18)
Co,l—(Do—Dl)/Dl' (19)

and for external one:

Dpe, 2= (Dz2-Dg?) /Dy, (20)
Yy, 2= (D=Dg) /2, (21)
Co, 2= (Dg=D3) /Dy (22)

Note that C, in (22) is negative.

The calculated values of CHF, Q. 6; and Qg 62, for both
surfaces are equal to the values, Q. ; and Q. ,, for equivalent
tube with given parameter values: internal - P, G, D=Dyp, 1, X =X+

AX;, external - P, G, D=Dy, 5, X =X+AX;. These values should be
compared with real values of heat flux on each surface. If
Q:1<Qcr,1 and Q2<Qcy,2 then the crisis had not arose. Otherwise we
easily 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 wuse the
phenomenoclogical value K5=0.4. with Ro=Do/2, ﬁl-Dl/Z, Ro=D,/2 we
have (Y, 1=Y,,; by definition)

Yo, 1= (Rg=Ry=E) / (Rg=Ry), (23)
Yo 2= (Ry=Ry=E) / (Rp=Ry), (24)
Lo, 1=3.14*Ry/ (Rg=R;) , (25)
Lo, 2=3.14*Ry/ (Rp=Ro) , (26)

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

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 gut 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, but the
discrepancies between the data sets of different authcrs and/or
for different test-sections are greater. The maximum value 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-equivalence 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
valueg of system parameters differ little from the mean ones
across channel we use the criterion

K¢ng=dH (c) /dH (b) (27)
Here dH 1s 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:

Kthdg(Dhe,b/Dhe,c)'(Dhy,b/Dhy'c)o-fo, (28)
where subscript "he" means "heated equivalent" and "hy" means

"hydraulic equivalent”.

We use the data with the vaues of K.,4 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 detaliled

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]

Kgp=1+1.5%*K,0:5+G0+2%exp (~0.1*L,,/Dpy o) (29)
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D.C.Groeneveld [l1] 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 present: here
are based on the model which allows to derive such systcm of
corrections which are workable for channels of various cross-
section. The data for annuli and triangular and rectangular
channels have been used to determine 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 phenomenclogical 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 isclated 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 3 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 1586 -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 -0.5:0.7 128 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 16.8
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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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Fig.2 The example of X-biasing (AX), cdata in annulus.
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240 == 000 - data for P=0 8 |APa, G=830 kg/m2°s,
CHF Dhe=58 mm.
Wim2 J line - calculations
200 -
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Quality, X

Fig.6 The data versus calculation, CHF in rod bundles.
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CHF Dhe=10 mm.
line - calculations
pMAMn2 - 3
2.00 =~

160 ==

1.20 ==

080 ;

010 000 0.10 020 030
Quality, X

Fig.7. The data versus calculation, CHF in rod bundles. One

can see two different data sets.
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Fig.8 The data versus calculation, CHF in rod bundles.

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

CHF, :
line - calculations

MWim2 -

3.00 =~

1 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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Fig.10 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

249029 Obninsk, Kaluge Region, Russia
Fax: 7(095)230 2326, 883 3112

Abstract.

The complication of critical heat flux (CHF) problem for
boiling in channels is 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 phenomenclogical 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 bhased on the statistical averaging of CHF
values for each range of pressure, mass flux and quality.
The CHF values for regions, where no experimental data is
available, are obtained by extrapoclation.

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 gquality 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 relatively small experimental data base and
a number of subjective approaches in the form of guality
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 "Recomendations 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.

+ VT1 - 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 anrd 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); L=1, 3, 6 m. The results of
their control experiments have shown that the data of four
organisations presented in g, versus x, coordinates practi-
cally agreed. The data of ITTF"™ and KPI" were lower.The data
of VTl 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 boil .u initiation ( "soft" condi~-
tions), then the oscilillations 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 problens,
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 overccme more than 50% the average mean have
been excluded. For G -=> 0 the results of prediction of CHF

under p 1 boiling were used. And for X_-> 1 the CHF value

1s taken equal to zero. However, these extrapolations were

++ ITTF - Institute of Technical Thermophysics (Kiev)

KP1 - Kliev Polytechnical Institute




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.Tie 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]:

Qer = Sum( a; ’ 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=K ' (xi-xcr)/xi

where K, and X, are the functions of P and G ;
- The model which takes into account the initiation of
intensive guality 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 look-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 limited 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 guality 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-

agqueocus fluid.

. 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




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 (4) / q,(8) = (d/8)" (1)

Doroschuk et al. [16] suggested a value of -1/2 for the
exponent. Groeneveld et al. [9] pointed out that different
resecarchers recommendea an exponent within the range
(=1/10) + (-1/2). An exponent value of -i/2 for d = (2 + 16)mm
has been used .n the first version of the look-up table. A
correction factor egual to 0.79 was acceppted for d > 1émm.
Similar values were also recommended by Smith [42] suggested
the exponent: -1/3 for d < 32mm and 0.¢€3 for d >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 "entrair“ment 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] pecinted out that the exponent in the
equation (1) depends on the guality. 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 seemer. to be similar.

To clearly establish the ciality effect on q.(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<O.

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 eguation (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
use2 *, develop the look-up tables werc 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
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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 g, on
"d", one can draw the following qualitative conclusions:

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

2. For X<0, the diameter effect on g, is more complex.
The dependence of g, 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>I1m ). 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 gqualitative character of the depen-
dence of q, on "d" as confirmed - 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
q.,(d). The refinement of the equation (1) should be carried

out by conducting systematic researches.

3.2. Gas content effect.

The use of gas pressurizers in NPP experiments results in
the saturation of the water ty 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
q,, 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-
gues 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/(nﬁs) and gas concentrations
up to 4100 nem® /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 ncm{/kg, a
reduction in the CHF has been observed up to 20% at
c = 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 X>0, 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
abnermal 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 g and G the transition procedure from a tube
to a rod bundle could be guite 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 g, (X, ) for
a such small number of rods is incorrect.

For a small numb-* 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 forms of similar average parameters.

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

X = X - a(pP,G)

cr,b cr,t

Qe q.. - b(P,G)
Where X,/ q., , - for tubes,

Xee i 9erp - for bundles.
Figure 14 illustrates as the data on diagrams Figs. 13a, 13b
agree bet:er 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’.




$. 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: gq, * 4" = const, where n=0,5.

For X<0, low pressures and low mass fluxes, the dependence
of q, on "d" is 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
channel

Geometry

Parameters

D, mm

L,mm

P,MPa

G,Mg/m's

Neo.of Data

Tubes,
uniform
heated

Tubes,
nonuniform
heated

Annuli,
uniform
heated

Rectangle,
uniform
heated

Triangle,
uniform
heated

Rod bundle,
uniform and
nonuniform
heated

0.1-44.7

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

.28-20.6

.45-20.6

»28=19.6

0.01-90

0.25-9.97

0.05-8.4

0.02-7.48

27825

8330

13000

47

40
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Table 2.

Correction FPactors for Diameter Effect on CHF [19].

ToRmeI

3.930 6.010 7.85 10 13.06 17.49 19.93 24.95 36.0

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.

|
J ¢: o,
kg/(m‘s) ncm®/ kg MW/m

21
s 17
.81
.84
.78
73
+ 53
- ¥
27
‘29
«e33
s 37
.81
.93
.18
.10
.44
.38

1000 0 53
1350
590
1350

53
1350

53
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Table 4.

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

No Error %
Table Ref. of Data

Avg. Rms.
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 5.97
Table 1993 12131 0.81 7.14
Kirillov et.al. 1% 13300 0.67 8.76
Table 1993 13259 1.14 7.59
Kirillov et.al. 16 16900 1.53 9.49
Table 1993 16881 317 7.68
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x Cheng et al. 28 F-12 2,3 4 -9,4

B | Groeneveld et al. 29 F-12 1,34 2 0,3

o Doroschuk et al. 25 Water 8,0 2,86 0,3

. Celata et al. 30 Water 0,8 1 -0,075

¢ | Levitan et al. 26 Water 8,8 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
Outawa, Ontario, KIN 6NS, Canada

ABSTRACT

This paper examines the critical heat flux (CHF) behaviour for annular flow in bilaterally heated annuli and compares
it w 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 [1,2]. 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 date 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 ofien based on empirical CHF
cormrelations derived from tube data, which ignore the influence of bundle-specific parameiers 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 CHF 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 intemally heated annulus.
This successful extrapolation of & 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, Ontano, Canada K0OJ 1J0
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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 10 concentric annuli. and of these only the experimenial data of
Becker and Letzter [3] and Becker et al. [S) 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 > | 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 geometnic 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 priinariiy on the with Bilateral Heating

heat flux ratio, R, between the outer and inner
surfaces. At low R values the CHF occurs
preferentialiy at the inner surface; at R value
somewhat between 1.2 and 2.2 CHF could occur
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
quality reaches its maximum valoe (during the g
experiments, the inlet quality remains constant). To G [Mg/m’s)]
assess the effect of bilateral heating on CHF these
three cases were considered individually and % ) 003 - 0%
compared against a reference tube CHF prediction %, [ 0.15 - 0.89
method (the standard 8-mm tube CHF look-up table i -
for annuli with unilateral heating (Doerffer et al. [4])
at the same dryout conditions (ie., P, G and x, ). & [mm) 465
2.1 Bilateral Heating with CHF D, (mm) 12.0
Occurring Only at Inner Surface
D, [mm] 213

The data of Becker and Letzter (3], representing the D, (mm) 93
CHF occurring at the inner annulus surface, CHF . :
were compared with the predicted CHF vaiues: (i) for D, [mm] H 93
arsbe of ID = 8 mm, CHF,,. and (ii) for intemally = :
heated annuu (using correlation (1) of Doerffer et al., LD, 1226
(4] ). CHF,,

No. of CHF 240
For the same dryout conditions it was observed that e =

CHEF  1s larger than CHF . This difference, in general,

increases with an increase in ¢°, and R, and pressure (see Figures 1 and 2). The corresponding CHF, 15 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 1o the outer surface, q",, (e.g.. Figure 3). At a cenain 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 comresponding 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 ¢t 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 4 for Tube and
CHF, for Iniemally Heated Annulus, at G = 1.5 Mg/m’s, R = 1.3 and x_ = 0.4.
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Figure 2: CHF, /CHF, Ratio at Various Pressures, G = 1.5 Mg/m’s and x_ = -0.04. Shaded Areas Cover
Experimental Data Range >t Eecker and Letzier (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
CHF 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 simultaneous 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 CHF, increase monotonically, (iii) the ratio R = CHF /CHF,
decreases with pressure regardiess of the mass flux (Figure 4), but CHF, decreases at 8 much higher rate with
pressure than CHF (compare Figures 4 and 5; when pressure increases from 7 1o 10 MPa, CHF, drops by 43% while
CHF, does not drop at all at G = 1.5 Mg/m’s).

When comparing for the same exit qualities CHF, vs. CHF _ and CHF vs. CHF , the values obtained daring 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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Figure 4: Effects of Mass Flux and Pressure on CHF at Inner and Outer Surfaces of Annulus During
Simultaneous CHF Occurrence (Data of Becker & Letzter [3]).
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Figure §: Relation Between CHF, and Ratio q"/q", = CHF /JCHF, as Function of Pressure and Mass Flux

During Simultaneous CHF Occurrence in  Annulus (Data of Becker & Letzter (3]).

2587



CHF,, = cmr,..:.‘ .

(K, Hy p, B*(Cy- C)f (PG) (1)

where { = 0,0102°G"™ - 0.0035 for P = § 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.

23

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 1o 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 10 q", at the inner surface (i.e., CHF, slightly decreases with
heat input to the inner surface, ", 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
occwrence at the inner surface.

At the same P, G and x_, the corresponding CHF,, values are also highc: than CHF , but very close to each other
at pressure 7 w 10 MPa.

Figure 6:
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