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ABSTRACT

A dryout mechanism model for rectangular narrow channels at high pressure conditions is developed by
assuming that the Kelvin—Helmholtz instability triggered the occurrence of dryout. This model combines
the advantages of theoretical analysis and empirical correlation. The unknown coefficients in the
theoretical derivation are supported by the experimental data. Meanwhile, the decisive restriction of the
experimental conditions on the applicability of the empirical correlation is avoided. The expression of
vapor phase velocity at the time of dryout is derived, and the empirical correlation of liquid film thickness
is introduced. Since the CHF value obtained from the liquid film thickness should be the same as the
value obtained from the Kelvin—Helmholtz critical stability under the same condition, the convergent
CHF value is obtained by iteratively calculating. Comparing with the experimental data under the
pressure of 6.89—13.79 MPa, the average error of the model is —15.4% with the 95% confidence interval
[-20.5%, —10.4%]. And the pressure has a decisive influence on the prediction accuracy of this model.
Compared with the existing dryout code, the calculation speed of this model is faster, and the calculation
accuracy is improved. This model, with great portability, could be applied to different objects and
working conditions by changing the expression of the vapor phase velocity when the dryout phenom-
enon is triggered and the calculation formula of the liquid film.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

used in the fields of chemical, nuclear energy, electronic device
cooling, refrigeration and others. The research on the thermal hy-

The plate type fuel element has the advantages of compact
structure, high power per unit volume, low central temperature,
high burnup, low heat storage and good safety. It is an advanced
design structure of the new integrated pressurized water reactor
core. The coolant flow channel of the plate type fuel element is a
typical rectangular narrow channel, which has compact structure,
small temperature difference of heat transfer, simple surface pro-
cessing, smoothness of heat transfer surface. Besides, it is not easy
to produce impurities and pollute the heat transfer surface to
deteriorate heat transfer with the high-speed fluid. Due to the
above characteristics, the rectangular narrow channel is widely
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draulic properties of rectangular narrow channels has become a hot
research topic [1,2].

Critical heat flux (CHF) is the most important thermal hydraulic
limit parameter to ensure reactor core safety. When the critical
boiling occurs, the flow boiling mechanism of the coolant changes,
the heat transfer coefficient decreases, and the heat transfer on the
surface of the nuclear fuel element deteriorates. In severe cases, the
fuel element can be burned and even cause the radioactive leakage.
It is generally believed that in region of the annular flow, CHF is
caused by liquid film drying, and the CHF model established
accordingly is called dryout model. Due to the wide range of quality
(about 0.1-1.0) corresponding to the annular flow pattern, dryout is
of great significance for the safety analysis and transient process of
boiling water reactors and pressurized water reactors. In recent
years, the dryout model has received much attention [3,4].

In rectangular narrow channels, bubble growth is limited, and
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flow direction

Fig. 1. Schematic diagram of rectangular channel structure.

thus the characteristic of the critical heat flux may be different from
that of round tubes or other large tubes. Therefore, studying the
characteristics of critical heat flux in rectangular narrow channels is
of great significance for engineering applications. Some researchers
have conducted experimental research on CHF in rectangular nar-
row channels and proposed corresponding empirical correlations
[5—9]. The empirical correlations are convenient to obtain a
reasonable CHF prediction value, but the disadvantage is that they
need to be combined with the corresponding experimental work-
ing conditions. Once the experimental conditions are exceeded, the
applicability of the empirical correlations will be greatly reduced.
Therefore, in order to reduce the dependence on experimental data,
it is necessary to develop a mechanism model to predict CHF.

Utsuno [10] and Celat [3] develop the theoretical calculation
model for CHF, but they are based on round or annular tubes and are
not suitable for rectangular narrow channels. Qu [11] develops an
annular flow model for predicting the saturated flow boiling heat
transfer coefficient for rectangular narrow channels, which can pre-
dict well in a large range of flow and heat flux, but it cannot predict
liquid film evaporation. Okawa [12] predicts the saturated flow
boiling CHF by analyzing the axial change of the liquid film flow ve-
locity in the annular flow region, and it is in good agreement with the
experimental datain a widerange. However, when the channel length
to channel gap ratio is larger, the predicted value has a large error.

Our research team has conducted extensive experimental and
theoretical studies on the CHF and heat transfer characteristics for
many years [13—19]. Su [13] proposes a three-fluid model for pre-
dicting CHF for annular flow in a double-sided heated vertical
annular channel. The model is based on the basic conservation
equations, including the mass, momentum and energy conserva-
tion equations of the inner and outer liquid film and the mo-
mentum conservation equation of the vapor core. Based on above
results, Du [20] develops a three-fluid model for predicting CHF of
rectangular narrow channels, which is in good agreement with
experimental data in a wide range of parameters. However, the
model is computationally complex and the prediction accuracy is
not enough.

It can be seen from the above introduction that for the critical
heat flux, researchers usually use mechanism models or empirical
correlations to solve. The mechanism models are derived from the
basic theory, and the conclusions are universal. However, addi-
tional errors will be introduced due to the lack of certain co-
efficients in the derivation process. The empirical correlations can
be in good agreement with the experimental data, but if it deviates
from the applicable range, the prediction effect becomes worse.

\«—— onset of CHF
0
o
v, O]9
< liquid film
@
0| r,
w,
X
@)
vapor core — 0
(0]
D o
6
0
i 0
U m
s/2

Fig. 2. Schematic diagram of the dryout mechanism model.

The work of this paper combines the advantages of the two
methods. The triggering mechanism of the critical heat flux is
analyzed theoretically. At the same time, it combines the empirical
correlation of the liquid film, so that the unknown coefficients in
the theoretical derivation are supported by the experimental data.
Meanwhile, the decisive restriction of the experimental conditions
on the applicability of the empirical correlation is avoided.
Although the work of this paper is based on rectangular narrow
channels, it should have applicability to other channels, because the
model proposed in this paper is more focused on a method of
calculating CHF, which is independent of channel structure type.

2. Dryout mechanism model
2.1. Rectangular channel structure and model assumptions

The schematic diagram of the rectangular channel structure is
shown in Fig. 1. In actual, the fluid flows vertically upwards. The
length of the channel is L, and the flow cross section is a rectangle
having a length of w and a width of s. The fluid is heated by the
power applied with a heat flux q on both sides of the flow channel.
The fluid with a certain degree of subcooling flows into the rect-
angular channel inlet, and a two-phase flow occurs in the channel
with heating. When the flow pattern changes to the annular flow as
shown in Fig. 2, the center of the flow channel is the vapor core, and
a liquid film attached the flow channel appears. When the heat flux
is gradually increased, dryout, namely the critical boiling phe-
nomenon at a high quality, might occur.

The dryout mechanism model schematic is shown in Fig. 2.
Since the symmetry of the rectangular channel, Fig. 2 is only the
diagram of a half rectangular channel. The following assumptions
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are made for the model:

(1) Thicknesses of the liquid film attached to the two heated
walls are equal to ds, and thicknesses of the liquid film
attached to the two unheated walls are equal to 6 (s and o
are not equal due to the influence of heating).

(2) The heat dissipation and the heat storage of the rectangular
channel wall are not considered in the heating process, that
is, the heat applied to the channel is completely absorbed by
the fluid.

(3) The dryout phenomenon occurs at the exit of the channel,
and the flow pattern at the exit of the channel is an annular
flow, that is, the center of the channel is the vapor core, and
the liquid film flows along the channel walls.

(4) Dryout is triggered by Kelvin—Helmbholtz instability. Sturgis
[21] carries out a flow boiling visualization experiment with
FC-72 liquid in the rectangular channel (5*2.5 mm cross-
section and 101.6 mm heated length). Video images
captured at CHF at various flow conditions reveals that vapor
coalesces into a series of patches resembling a wavy vapor
layer which propagates along the heated wall allowing liquid
to contact the wall only at discrete locations. This experi-
mental phenomenon is the physical basis of this hypothesis.
When the vapor core velocity and the liquid film velocity
couldn't maintain a stable interface wave, the interface wave
is diverged, and the wall surface lacks effective wetting of the
liquid film, resulting in deterioration of heat transfer and
occurrence of dryout.

(5) Both the liquid phase and the vapor phase are non-viscous
fluids.

2.2. Mass and energy conservation

According to assumptions 2 and 3, the steam mass flow in the
channel when dryout occurs could be expressed as

~ 2qwL — GswCy(Tsar — Tin)
hyg

And then the quality and the liquid film mass flow when dryout
occurred are

(1)

v

M,
~Gsw 2)
M;=(1-Xx)Gsw (3)

The vapor velocity and the liquid film velocity could be
respectively obtained by combining the channel geometry shown
in Fig. 1

M,
U= p, (W — 26)(s — 205) )
M
U= 5
1= W — w— 26)(5 — 26)] )
According to Assumption 1
w—-20 w
S—20; s (6)

Substituting equations (1)—(3), (6) into (4) and (5) respectively,
then

Uy 2qwL — GswCp)(Tsat — Tip)
hgp, (4—‘,562 —4s6 + ws)

(7)

 hgGsw — 2qWL + GswCp(Tsar — Tin)

hygpy (455 - %52)

U (8)

2.3. Liquid film thickness calculation

Feind [22] demonstrates that the film thickness of the annular
laminar flow could be calculated by the same method as the Nusselt
film thickness. Tu [23] uses the liquid film calculation form of Feind
in the study of CHF in a round tube, with only changing the
empirical constant. When the liquid film thickness of the annular
flow is calculated, the same calculation form is used, namely

1/3
3 2
0=a, <g§> Rell/2 9)
b
The liquid film Reynolds number above is
p1U;0

Re; =——— 10
=" (10)

Substituting equation (10) into (9)

3,2\ %3

6=a, o} Pl (11)
2
g Ky

where a, is the empirical constant for a rectangular channel.

2.4. Kelvin-Helmholtz instability theory

In the region of the annular flow, the interface wave is formed
between the vapor and liquid phases, as shown in Fig. 2. The
intersection of the liquid film and the entrance of the rectangular
channel is taken as the coordinate origin, and the vertical flow di-
rection of the fluid is the positive direction of the x-axis, while the
direction from the liquid film to the center of the channel is the
positive direction of the z-axis (the y-axis is the direction perpen-
dicular to the paper, and ignore the y-axis direction during the
derivation process). In the coordinate system of Fig. 2, the velocity
is represented by (u, w). When the annular flow is stable and no
interface wave is formed, the vapor phase region is 0 <z <n,, the
liquid phase region is — n; <z <0, and the relationship between 1,
and n; satisfies

S
nu+nl:§ (12)

Based on the coordinate system of Fig. 2, the continuous equa-
tions of the vapor and liquid phases can be expressed as

62(p 62<p
6X2V+ ay2“:0, 0<z<m) (13)
P %9
W+ay—2=0,(fm<z<0) (14)

Among them, ¢, represents the velocity potential of steam, ¢,
represents the velocity potential of the liquid film.
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If the distance from any position on the interface to the x-axis is
1, the boundary conditions on the interface corresponding to
equations (13) and (14) are

0
U= w, (z=) (15)
0
MU —w, (z=m) (16)

The vapor phase velocity at the center satisfies the symmetry
condition

w,=0,z=1, (17)

The film velocity at the wall satisfies the boundary conditions

w=0,z=—1 (18)

In equations (15) and (16), it is assumed that m meets the
following expression

n=Apexp(rwt +ikx) + G, (19)

According to equations (13)—(18), the velocity potential ex-
pressions of the vapor phase and the liquid film can be obtained
separately

o, =A,cosh[k(z — n,)]exp(rwt + ikx) + C, (20)

o1 =Ajcosh[k(z + n;))exp(rwt +ikx) + G (21)

The meanings of the above formula are shown in the
nomenclature.

Because the relationship between the velocity potential and
velocity satisfies

a(Pui 3o, o
ax —Ur 5, =W (22)
01y 091 _
ax = U’7 9z = Wl (23)

Substituting equations (20)—(23) into (15) (16) respectively:

Aot +ikU,) = — KA,sinh(kn,) ey

Ao(rw +ikU)) = kA;sinh(kn;) (25)
For general considerations, when the viscous force is consid-

ered, the force balance at the position of the phase interface is

2

a n ow; ow,
Tt (2” Foz My 0z

P po= - ) (- po)gn (26)

The vapor phase pressure term can be obtained based on the
equation of motion

ou, ou 0
(o + ) —me o+ w9 (Vo) 27)

ot

According to the continuous equation

V2, =0 (28)
ou ow
w- oz (29)

Substituting equations (28) and (29) into (27)

92w, 0%w,\ 9%p,

Py (ataz oz ) ~ e (30)
Similarly, the liquid film pressure term satisfies
62WI 62Wl azpl

P (ataz Uiz | = o (3D

Substituting equations (30) and (31) into (26)
02w, 02w, 2w, %w,
P (ataz Uiz | ~ P\ ooz + Yroxaz

04 3w 0w, %y
=—g—+(2 -2 - 2
06x4+< My My +(r=p)8 5 (32)

0x20z ox20z

And substituting equations (19)—(25) into (32) gives a quadratic
equation for ry:

Ryr2 +2Ryry +R3 =0 (33)
where

Ry =pjcosh(kn;) + p,cosh(kn,) (34)
Ry =Ryr + iRy (35)
Rog = k?wcosh(kn;) + k?u,cosh(kn,) (36)
Ry =kpUjcosh(kn;) + kp,U,cosh(kn,) (37)
R3 =R3g + iR3; (38)

Rsg = — pk?Uf cosh(kn) — p,k*UZcosh(kn,) + ak> + (p; — p,)gk
(39)

R3; = 2 k3Ujcosh(kn;) + 2u,k3U,cosh(kn,) (40)

The solution of r, obtained by equation (33) is

_ —Ryx\/RE —RiRs 1)

1

Combined with the research object of this paper and based on
assumption 5, formula (41) is written in the complex form with
considering the viscosity of the vapor phase and the liquid film both
zero

Tw=TwR + ilwI (42)

( — R - R1R3R>

TwR == (43)

Twi= — 5% (44)

When the complex form of the growth rate r, has areal part, the
instability of the interface wave would increase [24], namely
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Fig. 3. Flow chart of the model.

—_R?2 _
Ro R1R3R>0 (45)
Rt

When the interface wave is critically stable, the inequality (45) is
changed to the equation and (34) ~ (40) are substituted

kpp,cosh(kn,)cosh(kn)) 2 5 B
p,cosh(kn,) + p,cosh(km)‘U” —UT- [ak +h 7pV)g] =0

(46)
Under high pressure conditions, the surface tension is negli-

gible, and the relationship between the vapor phase velocity and
the liquid film velocity at critical stability satisfies

— tanh(k tanh(k
(Uu _ Ul)2 _ (pl kpv)g p( 771;) + p(l 771) (47)

Referring to the assumption of Wallis [25], it could be

14
L | 161 Data Point -
12+ P
o +30%."
E10} .
= |
= .
w 8r
- 6 i " -30%
o]
° i L] :
o
o 4 T
o | ' LB
2t
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Measured CHF (MW/n)

Fig. 4. Comparison of predicted and experimental values.

considered that the wave number is small when the interface wave
is critically stable, that is kn,<1, kn;<1. According to the nature of
the hyperbolic tangent function, formula (47) could be expressed as

<w—UM:(%+%)m—mm (48)

When the interface wave is critically stable, the vapor phase
velocity expression is

ww+¢cﬁ+ﬂym—mm (49)
Py Pi

2.5. CHF calculation

According to equation (7), an expression for determining the
heat flux based on the vapor phase velocity could be obtained

Uyhfgpv (%(52 — 450 + WS) + GSWCpl(Tsat —Tin)
2wl

An expression for obtaining a heat flux based on the liquid film
velocity could be obtained from formula (8)

qv= (50)

GsWCpy(Tsat — Tin) + hygGsw — Ujhgpy (455 - %52)

q= Sl (51)

q; is the heat flux obtained from the liquid film velocity under the
condition of liquid film thickness convergence. g, is the heat flux
obtained from the vapor phase velocity under the critical stability
condition of the Kelvin—Helmholtz interface wave. For the same
case, q; and g, should be equal, and the heat flux is calculated
iteratively until convergence. At this time, since the critical stability
condition of the Kelvin—Helmholtz interface wave is satisfied, ac-
cording to assumption 4, it is considered that the dryout occurs.

The CHF calculation process in the rectangular narrow channel
when dryout occurs is as follows.

1. Enter the geometric parameters and thermal parameters of the
rectangular narrow channel.
2. Set initial liquid film thickness and initial heat flux.
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Table 1
Range of experimental data in literatures.
Author Jacket [26] Tippets [27] Mishima [28]
Pressure (MPa) 13.79 6.9 0.1
Mass flux (kg/m?s) 231.9-4462 244—-1940 10—-7500
Inlet subcooling (K) 4.4—-186.1 7-93 40—-80
L (mm) 306.4—685.8 940 98
w (mm) 254 53 40
s (mm) 1.27-2.46 6.4—12.7 1.0-2.0

3. Calculate vapor phase mass flow, vapor phase velocity, quality
and liquid film mass flow.

4, Calculate liquid film velocity, liquid film Reynolds number and
liquid film thickness.

5. Determine whether the thickness of the liquid film converges. If
there is no convergence, the thickness of the liquid film is taken
as a new calculated value and return to the fourth step.

6. Recalculate the liquid film velocity and the corresponding heat
flux g; according to the converging liquid film thickness.

7. Calculate the vapor phase velocity and the corresponding heat
flux g, according to the Kelvin—Helmbholtz critical stability
condition.

8. Determine whether g; and g, are equal. If they are not equal, take
the mean value as the new heat flux value and return to the
third step.

9. When q; and q, are equal, g, is the CHF value under the corre-
sponding operating condition.

The calculation flow chart is shown in Fig. 3.

3. Experiment validation of the models

In order to verify the correctness of the dryout model, the
experimental data are used. Since the existing research on the
rectangular narrow channel is not as rich as the round tube, there is
small number of CHF experimental data of the rectangular narrow
channel. In this paper, 161 sets of rectangular narrow channel CHF
experimental data from Jacket [26], Tippets [27] and Mishima [28]
are selected to verify the dryout model Table 1.

The model calculation results and experimental results are
shown in Fig. 4.

For the selected 161 sets of experimental data, the predicted
value of the model proposed in this paper is about +30%. CHFR
represents the ratio of the calculated value of the CHF model to the
experimental value. The expression of CHFR and its mean are
calculated as follows

CHFR = Jecal (52)
qc.exp
‘l N

MerrR =3 > CHFR; (53)
i=1

The model calculation error and the average value of CHFR
satisfy

Table 2
Error analysis under different pressure ranges.

eITmodel = 1 — WcHER (54)

For different pressure ranges, the error analysis of the model is
shown in Table 2.

As can be seen from Table 2, the model proposed in this paper
has better applicability under high pressure conditions.

Combining Fig. 4 and Table 2, it can be seen that the model
proposed in this paper has certain accuracy for CHF prediction
under high pressure conditions, which proves that this new
calculation method is feasible.

For model validation, this article is relatively simple for two
reasons.

1. Limited experimental data are available. The CHF experiments
under high pressure conditions of rectangular narrow channels
are difficult, and the experimental data obtained from the
published literature are limited.

2. Even publicly available experimental data does not provide
comprehensive parameters for model validation. In order to
verify the correctness of the model in this paper, in addition to
the CHF value, liquid film thickness, vapor phase velocity, liquid
phase velocity, and void fraction are all important parameters.
However, in the relevant literature of CHF experiments, only the
operating parameters (pressure, mass flow rate, inlet subcool-
ing, channel size, etc.) and CHF value under the corresponding
operating conditions are provided, which brings further diffi-
culties to the model validation in this paper.

Based on the above two reasons, the evaluation of the accuracy
of the model in this paper will be the next step for the authors. The
authors consider conducting visualization CHF experiments under
high pressure in the future. With the help of visualization and
image processing technology, the key parameters such as liquid
film thickness and void fraction are obtained to verify various pa-
rameters in the model in this paper, not just the final CHF value.

However, from the perspective of engineering application, the
ultimate goal of CHF research is to propose a method to obtain the
predicted CHF value, so as to avoid the occurrence of CHF phe-
nomenon in the actual thermal hydraulic operation process. Fig. 4
has proved that the model proposed in this paper is valuable for
engineering application.

4. Conclusions

In this paper, a dryout mechanism model is established. The
Kelvin—Helmholtz instability is used as the criterion for the
occurrence of dryout. The expression of vapor phase velocity at the
time of dryout is derived, and the empirical correlation of liquid
film thickness is introduced. In the actual situation, when the
dryout phenomenon occurs, the CHF value obtained from the liquid
film thickness should be the same as the CHF value obtained ac-
cording to the Kelvin—Helmholtz critical stability. Therefore, the
convergent CHF value could be obtained by iteratively calculating.

Comparing with the experimental data, the average error of the
model is —15.4% with the 95% confidence interval [-20.5%, —10.4%],
illustrating that this mechanism model is suitable for the pressure

Pressure (MPa) CHFR

Model error

Average value

95% confidence interval

Average value 95% confidence interval

0.1-13.79 0.789
6.89—-13.79 0.846

[0.739, 0.839]
[0.795, 0.896]

—-21.1%
—15.4%

[-26.1%, —16.1%]
[-20.5%, —10.4%]
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range of 6.89—13.79 MPa. Pressure has a decisive influence on the
prediction accuracy of this model. This is because the model is
based on the assumption of high-pressure conditions, such as
ignoring the influence of surface tension under high pressure
conditions, making the model more suitable for high pressure
conditions.

The proposed and validated dryout mechanism model greatly
reduces the dependence on experimental data and avoids using
empirical correlations to predict CHF. It is of great significance for
the study of CHF in rectangular narrow channels.
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Nomenclature and units

Ag,Ay,A;  complex amplitudes

a;,ay Empirical coefficient

Coi Liquid phase constant pressure specific heat, J/ (kg -K)

Gy, Gy, C;  complex conjugate of the preceding expression

De Channel hydraulic diameter, m

G Mass flow rate, kg/(m? +s)

g Gravity acceleration, m/s?

hgy Latent heat of vaporization, J/kg

i Imaginary unit, v—1

k Wave number

L Channel length, m

M, Liquid phase mass flow, kg/s

M, Vapor phase mass flow, kg/s

p System pressure, MPa

DI Liquid phase pressure, MPa

Du Vapor phase pressure, MPa

q Heat flux, W/m?

deur Critical heat flux, W/m?

e Estimated value of g, W/m?

q Heat flux calculated from liquid film thickness, W/ m?2

Qv Heat flux calculated from vapor phase velocity, W/ m?

R1,Ry,R3 Coefficients on the quadratic equation of ry,

Ror, Ry Real and imaginary parts of R,

R3g,R3;  Real and imaginary parts of Rz

Re, Liquid film Reynolds number

Tw complex growth rate

TwR, Twi Real and imaginary parts of ry,

s Rectangular section width, m

Tin Inlet fluid temperature, K

Tsat Saturating temperature, K

U Liquid phase velocity along the flow direction, m/ s

Uy Vapor phase velocity along the flow direction, m/ s

w Rectangular section length, m

wy Liquid phase velocity along the direction perpendicular
to the flow direction, m/s

wy Vapor phase velocity along the direction perpendicular
to the flow, m/s

X Quality

) Liquid film thickness attached to the short side of the

rectangular section, m

d¢ Calculated value of 8, m

Oe Estimated value of 8, m

Os Liquid film thickness attached to the long side of the
rectangular section, m

n The distance from any position of the interfacial wave to
the x-axis, m

m Average film thickness, m

M, The distance from the average thickness of the liquid
film to the center of the channel, m

W Liquid phase dynamic viscosity, Pa-s

Hy Vapor phase dynamic viscosity, Pa-s

oI Liquid phase density, kg/m3

Dy Vapor phase density, kg/m3

a Surface tension, N/m

o Liquid phase velocity potential

oy Vapor phase velocity potential

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.net.2020.03.018.
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