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Abstract

A Phenomenological liquid film dryout model for annulus geometry is suggested to calculate critical heat flux
at high vapor quality. The initial conditions obtained by the bundle-based flow pattern transition criterion. The
constitutive relations of the tube-based entrainment and deposition models are modified by droplet contact area
fractions that counting the cold wall effect. The concept of the droplet contact area fraction gives simple
modeling of the deposition and entrainment rates on the liquid films of the inner and outer tubes and counts for
the observed annulus characteristic that the outer film thickness is thicker than the inner liquid film. The model
predicts well at low flow-rate but tends to over-estimate at high flow-rate and shows good results for the broad
critical heat flux experimental data(595 data) with the accuracy of the mean of 0.99 and the RMS error of 0.115.

1. Introduction

It is generally recognized that the Critical Heat Flux (CHF) governing mechanism of high quality differs
substantially from that of low quality and subcooled CHF. CHF at high quality is often called dryout as the CHF
condition occurred when the flow-rate of the liquid film on the heated surface fell to zero; hence the name dryout.
Whally[1] originally proposed phenomenological Liquid Film Dryout (LFD) model for tube geometry in 1978. It
is modified and extended the constitutive relations of entrainment and deposition process on the liquid film
surface by several authors (Saito et al.[2]; Levy et a.[3]; Katto[4]; Sugawara][5]; Hoyer[6]). These studies
describe that near the CHF condition, the heated surface is covered by liquid film. The heat flow through the
liquid film induces evaporation at the surface of the liquid layer and the thickness decreases as the heat flux
increases. When the heat flux is high enough to dryout this liquid film, it causes an abrupt rise in the heated
surface temperature leading to fuel failure.

Dryout characteristics in annulus are similar to the bundle’ s because the annulus has the cold wall or large
interfacial area. The deposition and entrainment rates of the inner heated tube are relatively lower than the outer
tube, and the outer film thickness is thicker than the inner liquid film in annulus. It gives the large discrepancies
of CHF values on pressure between tubes and annuli, especially at a low flow rate and high quality.
Both quantitative and qualitative study of dryout behavior in tubes and annuli have been done by several
investigators (Macbeth[7]; Saito[2]; Doerffer et al.[8]; Park et al.[9]). Macbeth[7] claims that the annulus test
section belongs to the family of rod bundles, i.e.* one-rod bundi€’' . Doerffer et al. studied the parametric trends
of CHF between tubes and annuli quantitatively and pointed out that the CHF decreases in both flow geometries
with increasing pressure, especially at low mass flux and high quality, where the deposition-controlled CHF can
occur. Thisis dueto the decrease of the deposition coefficient with increasing pressure. This decreasing trend of



the deposition coefficient was observed in tubes and annuli, and it was reported by Saito et al.[2]. The difference
in the rate of CHF decreases between these geometries may be associated with the difference in the droplet
deposition flow rate on the heated surface. In tubes all deposited droplets reach the heated surface, while in
internally heated annuli only a small portion of them deposit on the heated rod. This may be explained by the
visual observation of Park et al.[9], in that, the outer liquid film (cold wall side) was generally thicker than the
inner film in his CHF experiment. Therefore, if the deposition flow rate becomes lower, the CHF in tubes
decreases at a much higher rate than in annuli.

The tube-based LFD model, which usesthe heated equivalent diameter of annulusinstead of the tube diameter
as suggested by Katto(1979)[10] in his generalized correlations, predicts well at high flow rate condition.
However the model does not predict correctly at low flow rate (below 600 kg/n?-s). It is so natural that the
previous LFD model is distorted at low flow and high quality conditions by the improper application of the
boundary conditions at the onset of annular flow and of constitutive relations for the entrainment and deposition
models[18]. In this study, the LFD model presented for the CHF predictions of annuli with some modifications
in the initial conditions and the constitutive relations. The flow pattern transition model based on bundle is
adopted to define the onset of annular flow location. Liquid film thickness is redefined by considering the cold
wall. The constitutive relations for the tube-based entrainment and deposition models are modified by droplet
contact areafractions.

2. Modeling
2.1 Governing Equations
Figure 1 shows both the side and cross-sectional view of annular flow pattern in annulus channel. The

entrainment, deposition, and evaporating process on the liquid film surface is represented in Figure 2. The
governing equation in the liquid film flow set from the location z=z_, which is onset of annular flow location

( Figure 2). The mass balance equation in the control volume for inner liquid filmis
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where " isthe heat flux, h, the latent heat of vaporization, d,. the heated equivalent diameter, G; , G, are flow
rates of the inner and outer liquid films, D;, D, the droplet deposition rates onto the inner and outer liquid filrs,
E, E, the droplet entrainment rate from the inner and outer liquid film to the vapor core, respectively. Major
assumptions of the present LFD model are as follows;
1) Deposition and entrainment rates on the inner or outer liquid films are proportional to the wetted
areafraction of theinner or outer tube.
2) Theinitial film thickness of inner tube has the following relationship with theinitial film thickness
of outer tube,
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where d,;,d, are theinitial thicknesses of inner and outer liquid films, d,,d, the inner and

outer diameters, respectively.
3) Entrainment rate becomes zero if the liquid film thickness is |ess than the critical film



thickness,d,, given by Katto [4] as
o 2. e
d. =0. 00536sr g LT, 4
q@ﬂ rf g
where s isthesurfacetensionand r ¢ ,r arethedensity of liquid and vapor, respectively.

2.2 Constitutive Relations

If we assumed all film velocities are equal, the total liquid film flow rate can be represented by the inner and
outer liquid films as

G; =Gy + Gy, ®)
The deposition rateto theinner liquid filmis
D. =kCL, , (6)
and to the outer liquid film
D, =kCL, (7)

where Kk is the specified mass transfer coefficient, C the liquid concentration away from the liquid film and
L;. L, arethedroplet contact areafractions of the inner and outer tubes as defined below;
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Theliquid concentration is written as
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Katto[4] suggested asimplified form for mass transfer coefficient of Whalley [1] as
k =0.405s *°*° for s <0.0383,
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k =9.48" 10"s for s > 0.0383. b
The entrainment rate fromthe inner liquid film is given by
E =kC,L, , (20
and fromthe outer liquid film
E, =kC,L,. (12)

where C, an equilibrium concentration, would be in equilibrium with the film flow rate under adiabatic
conditions.
The equilibrium concentration can be expressed in terms of hydrodynamic equilibrium quality such that
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The hydrodynamic equilibrium quality x, in the above equation could be obtained by the Levy model[3] as
below;.
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where the entrainment parameter y isthe root of
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for Y/ <30, !

and y ¢isgiven by

y ¢=1+42(y - ).
The dimensionless film thickness, Y; , has a triangular relationship with the average film flow rate G, and wall

shear stresst,,as
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where R isthe heated equivalent radius of annuli and Y; the distance perpendicular to the wall. If we assume the
second order terms of liquid film thickness are negligible, we will have the reduced form for distance, Y; , as
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where d ,d, arethe thicknesses of inner and outer liquid films, respectively.
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The foregoing shear stress is calculated as
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and Cy, is the vapor single-phase friction factor in asmooth tube, which is given by

C,= 0079Re*.
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2.3 Onset of Annular Flow and Initial Conditions

On the basis of the Macbeth’ 7] study that dryout characteristics in annulus are similar to the bundle
characteristics, Venkateswararo’ s [13] churn-to-annular flow transition model is adopted to define the onset of
annular flow location as
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This equation based on the entrainment model is interpreted that churn-to-annular flow transition occurs at the
minimum vapor velocity necessary to transport the largest entrained drop in the upward direction. The vapor
superficial velocity in the above equation depends only on the fluid property, and the constant 3.1 isless than the
Kutateladze number 3.2 which is the flow reversal criterion in a vertical tube suggested by Pushkina-Sorokin
[13].

Quality, location and void fraction at the onset of annular flow are
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where h;,h, in equation (19) are enthalpies at saturation and inlet, respectively. The dift velocity and

coefficient, Vg, C,, in equation (20) are chosen asaflow pattern independent model proposed by Dix [14] as
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where bisthe kinematic void fraction.
The initial film thicknesses of inner and outer tubes at the onset of annular flow are assumed as relationship of

equation (3). If we neglet second order term (dozi »0), then theinitial outer film thickness could be obtained as
2 2
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and from the eguation (3), the initial inner film thicknessis
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Theinitial flow rate at theinner liquid film is
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and at the outer liquid film
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2.4 Calculation Procedure

Calculation of initial condition: after obtaining vapor superficial velocity at the onset of annular flow by flow

pattern transition criterion, quality, annular flow starting location, void fraction, and initial film thickness of
inner and outer tubes are cal culated subsequently .

Numerical integration: from the onset of annular flow location, the governing equations of (1) and (2) are
numerically integrated along the axially nodalized channels until dryout of either the inner or outer liquid filmis
met or the end of the channel is reached.

Constitutive relations: first, calculating the liquid film flow rate using tube-based constitutive relations through
theinner iteration of triangular relations, then mass transfer coefficient, liquid concentrations and deposition and
entrainment rates of inner and outer tubes are cal culated subsequently .

3. Results and Discussion

Dryout characteristics in annulus are similar to the bundle characteristics because the annulus has the cold
wall or large interfacial area. The deposition and entrainment rates of the inner heated tube are relatively lower
than the outer tube, and the outer film thickness is thicker than the inner liquid film in annulus. It gives the large
discrepancies of CHF values on pressure between tubes and annuli, especially at alow flow rate and high quality.
There are various assumption for void fraction at the onset of annular flow location. Levy assumed the void
fraction of 0.80 at the onset of annular flow, but Katto reduced as 0.65 for his LFD model. Present model get
ride of this the only empirical constant of LFD model by using Venkateswararo’ s [13] churn-to-annular flow
transition model(eg. 17) that annular flow occurs at the minimum vapor velocity necessary to transport the
largest entrained drop in the upward direction.
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The vapor superficial velocity in the above equation is a function of system pressure. So, we can simply
calculate the void fraction using the void-quality relationship (eg.20) with the help of the drift-flux model.
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The calculated void fraction at the onset of annular flow range was fell into the range of 0.32~0.85 for this
model.

The experimental data of Chun et al.[15], Janssen & Kervinen[16], and Becker et al.[17] in annuli are
collected, which cover the following ranges.

L/d, 60 ~ 180 (or L/d,,166~445)
Exit quality > 01

Flow rate 180 ~ 3300 kg/n?-s
Pressure 055 ~ 15 MPa

To compare the present model with the Katto model conveniently, 53 data (19 of Chun et al.; 12 of Becker et al .,
22 of Janssen & kervinen) are randomly selected in the above ranges (total 595 data exist in this range).



Figure 3 shows the predicted-to-measured CHF ratio on flow rates calculated by the tube-based Katto model
(replacing the tube diameter with the heated equivalent diameter of annulus) and the present annulus LFD model.
The Katto model predicts well at a high flow rate, but the prediction error becomes larger as the flow rate is
lower (below 600 kg/nf-s). The result of Figure 3-(a) shows that the Katto model could not account for the
decreasing trend of CHF due to the cold wall effect in annuli at the low flow and high quality conditions as many
investigators (Macbeth [7]; Doerffer et al.[8]; Park et al.[9]) observed. The present model predicts comparatively
well in broad flow range as shown in Figure 3-(b). This is caused by correct modeling and assumption of the
annulus characteristics, churn-to-annular flow transition, the deposition and entrainment rates of inner and outer
tubes and the inner and outer film thickness. Figure 4 shows the Predition trend of present model for flow,
pressure, L/ Dhe, and exit quality. All the 595 data are successfully calculated in CHF prediction by the annulus
LFD model with the mean of 0.99 and RMS error of 0.115 shown in Figure 5.

4. Conclusion

A liquid film dryout model for annulus geometry is suggested to calculate CHF at high vapor quality.
Following conclusions can be drawn.

(a) The bundle-based flow pattern transition criterion is well fit for annular geometry, especially at a
low flow rate and high quality. The calculated void fraction at the onset of annular flow range
was fell into the range of 0.32~0.85.

(b) The concept of the droplet contact area fraction gives simple modeling of the deposition and
entrainment rates on the liquid films of the inner and outer tubes and counts for the observed
annulus characteristics of dryout phenomenon.

(c) The present model predicts well at low flow rates but tends to over-estimate at high flow rate and
low quality. It may be due to the bubble generationsin liquid film.

(d) Generally, the present model predicts reasonably well in the broad CHF experimental data of
Chunet al., Janssen & Kervinen, and Becker et al.
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NOMENCLATURE G total liquid film flowrate [kg nm? s
G, filmflow of inner heated tube [kg n? s
C concentration of liquid dropletsin vapor G, filmflow of outer tube [kg m? s?]
core flow [kg n3] G liquid flow in vapor core[kg m? s
Co  concentration of hydrodynamic equilibrium G dimensionless mass flux
state [kg 3] hy enthal py at saturation[kJkg™]
C; interfacial friction factor hyg latent heat of vaporization [kJ kg
Cy  vapor single-phase friction factor h;, enthalpy at inlet [kJ kg™
C, drift coefficient g superficial velocity [ms™]
d tube diameter [m] k mass transfer coefficient [ms™]
d,. heated equivalent diameter [m] L heated length [m]
D deposition rate of droplets[kg n? s p pressure [M Pa]
E entrainment rate of droplets [kg n?> s q®  heat flux [KW mi?]
g gravitational acceleration[m s q*  dimensionless heat flux
G mass velocity [kg n?2 s

heated equivalent radius of annuli [m]



L; L, droplet contact areafraction of inner tube

Q
o

critical liquid film thickness [m]
L, droplet contact areafraction of outer tube m  viscosity [kg m*s”]

r density [kg ]

s surface tension [N m?]
t shear stress[N m?]
Y.y ¢ entrainment parameters

Re  Reynolds number
u velocity [ms™]

V. drift velocity [ms?]

X vapor quality Subscripts
- vapor quality in hydrodynamic equilibrium
state an onset of annular flow
X,  exitquality in CHF condition f liquid
Y; distance perpendicular to wall [m] g vapor
z axial distance [m] i inner heated tube
0 outer tube
Greek |etters w wall
a  voidfraction Superscripts
b kinematic void fraction
d  liquid film thickness [m] +  non-dimensional mark
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Figure 1. Control volume of liquid film dryout model
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Figure 5. Predicted vs. measured critical heat flux
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