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1. Introduction

Flow boiling has an extremely high heat transfer coefficient, and is applied in variety of
practices. However, once the heat flux exceeds a certain high level the heated surface can no
longer support continuous liquid contact, associated with substantial reduction in the heat
transfer efficiency. It may result in a sudden rise of surface temperature in a heat flux
controlled system, or a drastic decrease in power transferred in a temperature controlled
system. This phenomenon is called the boiling crisis, and the maximum heat flux just before
the boiling crisis is usually referred to as critical heat flux (CHF).

Depending on the flow regimes, two types of CHF are classified: (i) in subcooled or low
quality region the CHF is characterized by the transition from nucleate boiling to film
boiling, and it is termed as the departure from nucleate boiling (DNB); (ii) in higher quality
region the CHF is characterized by the dryout of liquid film of annular flow. The DNB and
dryout have substantially different mechanisms, and are generally cataloged as the first and
the second kind of critical heat flux, respectively (Tong and Tang, 1997).

The CHF is an important subject to many engineering applications. Especially, in a nuclear
reactor the occurrence of critical heat flux could lead to a failure of fuel element, and thus
the CHF is a major limit for the reactor safety. During past five decades the CHF has been
investigated extensively over the world theoretically and experimentally (IAEA-TECDOC-
1203, 2001). A great number of empirical correlations and physical models have been
proposed. In recent years, a Look-Up Table method (LUT) is widely accepted due to its
advantages of higher accuracy, wider range of application, correct asymptotic trend and
convenience for updating (Groeneveld, et al., 1996). This table is applied in the system code
RELAPS5 for reactor safety analysis. The LUT contains a tabulation of normalized CHF data
of a uniformly heated tube of 8 mm in diameter at discrete local parameters of pressure,
mass flux and quality. Several correction factors are incorporated for utilization of the LUT
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194 An Overview of Heat Transfer Phenomena

in other conditions to account for the effects of diameter, bundle, spacer, flux distribution,
flow orientation, etc.. Unfortunately, there exists a scarcity of CHF data in low pressure/low
flow/ subcooled region, as shown in Fig.1. Because of the extreme complexity of the
phenomenon and the lack of adequate knowledge of the mechanisms, all these predictive
methods are heavily relied on experimental data, and can not be extrapolated out of their
ranges with confidence.

In China Institute of Atomic Energy (CIAE), in the past four decades a great number of CHF
experimental data of subcooled boiling of flowing water were obtained in tubes and annuli
at lower pressure with different diameter or gap to support the designs of research reactors,
HEFR and CARR, which were first put into operation in 1980 and 2011, respectively. In recent
years the experiments were extended to the region of near-critical pressure with lower flow
for the R&D of Supercritical Water-Cooled Reactor (SCWR). In these experiments the CHF
(DNB) phenomena are studied with emphases on lower pressure and higher pressure with
lower flow. The characteristics and parametric trends of the CHF are clarified, and the
physical models are derived.
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Figure 1. Range of database for 1996 CHF Look-up table (Groeneveld, et al., 1996)

2. Parametric trends

A comprehensive review on the subcooled flow boiling CHF was given by Berglest (1977).
As concluded, the effect of heating length disappears when exceeding 200 mm and the
subcooled boiling CHF depends only on local parameter (“local condition hypothesis”). The
CHF increases with the local mass flux and subcooling increasing. The effect of pressure is
more complicated: the CHF increases with pressure in low pressure region, is relatively
constant over an intermediate range of pressure, and decreases in high pressure region. The
effect of geometry on CHF is observed in many experiments, and is accounted by a factor f =
(De/8)", in which De is the hydraulic diameter in mm. Different value of the exponent n is
obtained from different experiments, ranging from -0.1 to -0.5. For applying the LUT in
reactor safety analysis code RELAP5 the value of n = -0.5 is used. While for annulus or
rectangular channels the effect of gap width is not observed in many experiments.

In Savannah River lab and Columbia University the subcooled CHF experiments were
conducted with D20 and H20 coolant and aluminum and stainless-steel heaters (Knoebel et
al., 1973). It was concluded that the CHF for D20 is 16% greater than for H2O at constant
subcooling and velocity, and the CHF of aluminum heaters is a minimum of 20% greater
than for stainless steel.



Some typical subcooled boiling CHF correlations are listed in Tab.1. Similar trends of the
CHF with the flow rate and subcooling are represented in various correlations, but the
degrees of these effects are different significantly. The present investigation has revealed
that these effects are inter-dependent, associated with complicated parametrical trends for

Critical Heat Flux in Subcooled Flow Boiling of Water

different regions of conditions.

Author Correlation Range of parameters
Knoebel et| g =0.485(1+0.169V)(1+0.124AT,) for H20 and Stainless-steel | De=5.1-9.5mm, L/D=64,
al. (1973), |, nuli and rectangular channels p{-2-4LaaMPa,ATE =23
- 90K, V=3.9-18.3m/s
Mirshakeet| g =1.51(1+0.12V)(1+0.00914AT, )(1+1.9p) De=5.3-
al. (1959) 11.7mm,p=0.17- 0.6
MPa,ATs = 5-75K,
V=1.5-13.7m/s
Zeigarnik q. = A+ B(G/1000)AT, De=3-14mm, L/D=50-
(1994) A and B are given in curves in relation with De 62.5, p=0.5-3.0MPa, AT:
=20- 160K, G=4-
25Mg/m?s
Sudo and " «]0.611 “ “ . P=0.1-4MPa, G=-25800
Kaminaga | o1 =0003[G'|" (1+:5000aT; /|Gy for G2G; 26250 ke,
%)y =(A] Ag) @Ay, 1 1)G for Gy <G<G, als=1-213K
qa; :07(A/AH)(W/7\«)05 /(1+( %/ P)U.25)2 for G < Gz
* 057 .
9. =q./Th(Ag R p= PV 7Ia" =[olg( p- P
* 0.5 *
G =G/(\g p( p— P)~. AT :CPIAT/hfg
Gambill 9. =qpg +qrc De=3-10mm,L/De=6.5-
(1963) 05 52, p=0.1-20 MPa, G=
qpg =0.15h4p, (Gg( p— P / gzp) 0-5300kg/m?2s
(1+ (o / R)PCHAT, / (25h,,) )
7pc =0.023k/ D, Re"* Pr’(571n145p
-54p/(p+0.103)-V /1.22-T))
Tong and —Ch V /Re%S De=2-20mm,L/De=100-
Colata | %= TP 200, p=0.1-20MPa,
(1993) C=f(p) G=1.3-40Mg/m?s,
ATs =50-150K
Gunther q — 0072V05AT De=6.9mm,L/De=1 1,
(1951) ¢ s p=0.1-1.1MPa,
ATs=25-140K, V=1.5-
12.2m/s
Tong g, =3.155%{(2.022 - 6.24x102p) +(0.1722 - 1.427 x 10 2p) | P=>1-17.8mm,
(1967) P=6.9-15.9Mpa,
xexp[(18.177 — 0.5989p)x]} x[(0.1094 - 1.177 x + 0.1275x|x|) X | G=1356-6780kg/m?s
, X<0.15
G /10° +1.037]x (1.157 — 0.869x) x om 5 6m
[0.2664 +0.8357 exp(~124.1D, )]
x[0.8258 +0.3414x10°(H,—-H )] ~W=3

Table 1. Subcooled flow boiling CHF correlations
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3. Experiment
3.1. Technique

The onset of critical heat flux is characterized by a drastic increase in the wall temperature.
For subcooled flow boiling of water with lower pressure the critical heat flux is higher and it
could lead to a failure of the heated wall rapidly. This kind of CHF is also called as “fast
burnout”. In experiment the onset of CHF is usually detected by thermocouples for
protection of the test section. However, the occurrence of CHF generally initiates from a
small area (or a spot), and for a test section of larger size the CHF spot can not be expected
exactly. This presents a challenge for prevention of the test section from burnout. For this
condition the photocell has advantage for the detection of CHF.

In the present experiments the pressure and flow rate are kept at constant, and the CHF is
approached by increasing slowly the water temperature or the power to test section. When
the CHF occurs and the wall temperature exceeds about 500°C, the photocell produces an
output, which switches off the power supply to test section. This technique is used by
author for all the experiments in tubes and annuli.

3.2. Experimental results
3.2.1. Higher pressure CHF (Chen et al., 2011)

Experiment was performed in an uniformly heated inconel tube of 7.95 mm in diameter and
0.8 m in heating length, covering the ranges of pressure of p =1.96 —20.4 MPa, mass flux of

G =476 — 1653 kg/m?s, inlet subcooling of AT, ;=49 - 343 K, outlet subcooling of AT, =1 -
145 K and critical heat flux of g.=0.26 —4.95 MW/m?2.

For the present low flow condition the CHF is related to the inlet condition, characterizing
the mechanism of total power dominant. Totally, 193 data are obtained, and are formulated
as the following empiric correlation,

Jc =45
where g, is the heat flux for the exit to reach the saturation temperature, evaluated by

_(H,-H,)GD

qs = 4], (1)

and
c= Min[2350(1 —0.0307p)(G(H, - Hi))‘°'35,1.0}

where p is the pressure, H;, and H_ the inlet enthalpy and saturation enthalpy,
respectively, G the mass flux, D the diameter and L the heating length. Fig.2 shows the
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comparison of the prediction of Eq.(1) with the experimental data by plotting the ratio of
qecure/qeurm versus P oor G. The average deviation, AVG, is 0.75% and the standard
deviation, RMS, is 5.34%.
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Figure 2. Comparison of experimental data of higher pressure with the prediction by Eq.(1)

The effects of mass flux, inlet subcooling and pressure are exemplified in Fig.3 and 4. The
CHF decreases substantially with mass flux decreasing. As can be seen, at G > 1200 kg/m?s
the data are close to the prediction of 96-CHF Look-Up Table (LUT), but at low mass flux the
data are overpredicted significantly (Fig.3). For lower pressure the effects of inlet subcooling
and mass flux are stronger than higher pressure, associated with complicated trend of the
CHF with pressure. For G > 1200 kg/m?s higher CHF corresponds to lower pressure,
especially in high subcooling region (Fig.4(a)). For G= 700 — 1200 kg/m?s the results of p <16

MPa are not different appreciably for different pressures. For G< 600 kg/m?s, in high
subcooling region lower CHF corresponds to higher pressure, while in low subcooling
region lower CHEF is attained at lower pressure (Fig.4 (b))
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Figure 3. Effect of mass flux on the CHF
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Figure 4. Variations of CHF with inlet subcooling for different mass fluxes and pressures
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Experimental data were obtained in uniformly heated stainless-steel tubes of 5.17, 8.05, 10.0
and 16.0 mm in diameter, covering the ranges of pressure p = 0.13 — 1.92 MPa, velocity V =
1.47 —22.32 m/s, as listed in Tab.2.

Fig.5 and 6 exemplify the variations of critical heat flux with local velocity and subcooling
for different pressures. The CHF increases strongly with the velocity increasing (Fig.5). For
subcooling higher than about 30 K, the CHF exhibits an approximately linear increase with
increase of subcooling. In medium subcooling region the CHF is not different greatly
between different pressures. For p < 0.3 MPa the trend of CHF with subcooling is steeper
than that of higher pressure, so that in low subcooling region lower CHF is obtained at
lower pressure (Fig.6). The CHF also exhibits a general increase trend with the decrease of

diameter, and at lower velocity this effect appears stronger than higher velocity.

No. Diameter Length Pressure Velocity Subcooling | Number
D (mm) L (mm) P (MPa) V (m/s) X (K) of data
1 5.17 255 0.13-1.78 3.26-22.32 6.2-89.6 62
2 8.05 383, 396 0.14-1.92 1.85-16.05 8.3-88.2 65
3 10.0 295, 400 0.15-1.66 3.39-9.26 30.3-89.5 53
4 16.0 295, 390 0.19-1.29 1.47-13.7 36.7-108.7 56

Table 2. The Experimental conditions for CHF in tubes
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224 CHF data of subcooling higher than 35 K are formulated by the following empiric
correlation with local parameters of p, V, /X, and D:

Gepgr = 0.109x10° x (1+0.104V) x (15P + AT, *7) x (D / 8.0) 03 005/InV

)

where the pressure P isin MPa, velocity V inm/s, subcooling AT, in K and diameter D in
mm. Eq.(2) predicts the experimental data with AVG of 0.83% and RMS of 7.2%, as shown in

Fig.7.
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Figure 7. Comparison of experimental data of p<1.9 MPa in tubes with the prediction by Eq.(2)

Low subcooling (Chen et al., 2005).

The experiment was performed in a stainless-steel tube of D=15.9 mm with emphasis on the
CHF characteristic in low subcooling region. The conditions cover the ranges of pressure of
0.2 - 1.7 MPa and velocity of 2.2 - 13.2 m/s. Fig.8 exemplifies the variations of CHF with
subcooling. For p > 1.0 MPa, the CHF decreases with % decreasing monotonously. For p <
0.3 MPa, however, this trend breaks at a certain low value of subcooling, and it turns to
increase at further low subcooling. The subcooling at the minimum CHF varies from 13 to
30 K with lower value corresponding to lower velocity.
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Figure 8. The variation of CHF with subcooling for different pressures

This behavior was also observed in the author’s experiment in annuli and other similar
experiments (Zeigarnik, 1994, Knoeble et al., 1973). It can be attributed to the onset of net
vapor generation (NVG) or the onset of significant voiding (OSV). For p < 0.3 MPa, the
vapor density is very small, so that in NVG regime the volumetric flow rate increases
essentially, associated with a considerable increase in the liquid velocity. Therefore, the



Critical Heat Flux in Subcooled Flow Boiling of Water

bubbles generated on the heated surface are more likely to enter into the liquid core,
resulting in higher CHF. At high pressure the vapor density is much higher, and hence the
CHF behavior could not vary distinctly in low subcooling region.

The NVG or OSV was generally identified by a sharper increase in the pressure drop. The
following type of empiric correlation was derived

q =nAT,V"

with the values of n ranging from 0.5 to 1.0. (Siman-Tov, et al. 1995). For the present
experimental condition most correlations predict the OSV at subcooling of below 40 K.

Fig.9 shows the variations of pressure drop with the increase of exit temperature. As seen,
before the OSV the pressure drop increases slowly with the temperature increasing. After
the OSV this trend varies distinctly. Especially at low pressure it is much steeper than that at
higher pressure.

In a reactor core the fuel elements are located in parallel channels. Therefore, at low pressure
with low subcooling the OSV could result in flow instability or flow excursion (FE),
characterized by a continuous decrease of flow rate in a channel. This could eventually lead
to a failure of fuel element. Therefore, for reactor safety the limit of OSV is taken as a
crlterion in combination with the limit of minimum ratio of DNB

3.2.2.2. CHF in annuli
Single-side heating (Chen et al., 2004)

Experiments were performed in 8 annuli made of stainless-steel tubes with single-side
heating. The diameter of outer wall is 16, 32 or 70mm and gap width is 2 to 4mm. Great
majority of CHF data were obtained at outer wall and less at inner wall, covering the range
of pressure of 0.17 - 1.8MPa, mass flux of 1300 to 18200 kg/m?s, outlet subcooling of 27-105 K
and critical heat flux of 2.0 - 18.1 MW/m?. The experimental conditions are listed in Tab.3.
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Figure 9. The variations of pressure drop with exit temperature for different pressures
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No Diameters Length L.  Pressure Mass flux subcooling Number of

D2/D1 (mm) (mm) P (MPa) G (Mg/m?s) 2% (K) data

1 16/12 260-400  0.17-1.31 2.8-18.2 34-89 67*

2 32/28 300 0.24-1.21 2.8-124 35-98 46**+27*

3 32/27.6 300 0.3-1.1 3.5-12.1 29-84 230*

4 32/26.8 275-400  0.28-1.1 2.9-13.0 37-102 67*

5 32/26 300 0.36-0.85 3.6-12.7 37-70 47*

6 32/24 300 0.18-1.8 1.3-8.0 27-105 61*

7 70/66 255 0.25-0.4 2.9-7.0 26-54 15*

8 70/65 255 0.25-0.37 3.2-5.7 34-49 18*

* outer-wall
** inner-wall

Table 3. Experimental conditions for CHF in annuli with single-side heating

The velocity and subcooling have predominant effects on the CHF. Under most conditions
of interest the effect of pressure is not appreciable. The variation of gap width from 2.0 to
4.0mm does not make an appreciable effect on the CHF. This can probably be explained as
follows: larger gap size associates with lower heat transfer coefficient to the liquid core, as
suggested by the turbulent convection heat transfer correlation, on the other hand larger gap
size corresponds to higher Reynolds number, which is benefit for the departure of bubbles
from heated surface. For the present conditions these two opposite factors would be
comparative, making the CHF not sensitive to the gap size. These results are consistent with
many similar experiments (see Tab.1).

In the present experiment the effect of curvature of heated surface is not observed. This is
understandable, because the curvature of heated surface is small, compared to the bubble,
and it could not have a noticeable effect on the bubble behavior.

For the sake of simplicity in engineering applications, the effects of pressure, diameter and
gap width are ignored, and the experimental data are formulated as the following empiric
correlation

g. =1.21x10° x V% (1+0.03AT;) 3)

The comparison of calculation of Eq.(3) with the experimental data is shown in Fig.10. The
AVG and RMS are -0.01 and 0.083, respectively.
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Figure 10. Comparison of the experimental data in annuli of single-side heating with the predictions of
Eq.(3)

Bilateral-side heating (Chen, et al., 1996)

Experiment was performed in a stainless-steel annulus of D1=28 mm and D2>=35.7 mm and
heating length of 160 mm with bilateral-side heating. The critical heat flux data were
obtained at the outer wall. The conditions cover the range of pressure of 0.31 — 0.39 MPa,
velocity of 2.55 — 8.12 mm, subcooling of 49.1 — 76.6 K and the ratio of inner to outer-wall
heat fluxes of qi/qz of 0 — 0.94.

For convenience in comparison, the result of outer-side heating is formulated by

0.0 =0.96x10° x V% x (1+0.057AT, )

as shown in Fig.11.

The experimental results of bilateral-side heating are displayed in Fig.12 by plotting the
ratio of q¢/qco against qi/q2 (1 and 2 denote the inner-wall and outer-wall, respectively). As
seen, the critical heat flux exhibits an increase trend with qi/qz increasing. When qi/q2 closes
to 1.0 the CHF is increased by 15 — 20%. It can be attributed to the variation of temperature
profile in liquid core, which results in an increase in condensation efficiency of the bubbly
layer by subcooled liquid core, that is similar with that in single-phase convection heat
transfer. This effect can be clarified further by the model analysis latter in paragraph 4.3.
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Figure 11. The CHF results of outer-wall heating
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Figure 12. The ratio of q¢/qeco versus qi/qz

3.2.3. Transient CHF (Chen et al., 2005)

Critical heat flux is more likely to occur under off-normal or accident conditions, in which a
transient would experiences of flow rate, pressure and/or power. Many studies have
focused on the transient CHF (Leung, 1978, Chang, et al., 1989, Iwamura, et al., 1987, 1994,
Celata, et al., 1991, Weisman, 1993, Moon, et al, 2002). In higher quality region the
experimental results revealed the inadequacy of the steady-state CHF correlation for
transient conditions. While in subcooled and low quality region, the effect of transient on
the CHF was found not appreciable. In general, the transient CHF has not been studied
adequately for wider range of condition, and in evaluation of nuclear reactor safety the CHF
for transient conditions is predicted with the correlations derived at steady-state conditions

(IAEA-TECDOC-1203, 2001).
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In the present study an experiment of flow-reduction transient CHF was performed in a
stainless-steel tube of 15.9 mm in diameter, covering the range of pressure of 0.2 - 1.4 MPa,
initial velocity of 4.5 - 13.5 m/s, and the initial inlet subcooling of 80 — 160 K. The flow rate
was reduced linearly as

m =m(1-kt)

where m and m, are the instantaneous and initial flow rate, respectively, t is the time, and

k is the flow reduction rate, ranging from 0.0075 to 0.24 1/s.

The experimental results are shown in Fig.13, in which the P, V and 2 are the
instantaneous values. For P > 1.0 MPa the effect of flow transient on CHF appears not
prominent. For P < 0.3 MPa, in high subcooling region the effect of transient is not
appreciable, while for subcooling lower than about 50 K the result departs from the trend of
steady-state distinctly, and higher CHF is attained at higher flow reduction rate.
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Figure 13. The experimental results under flow transient condition

Different effect on the CHF observed at different conditions can probably be explained by
different mechanisms of the CHF. For low subcooling the CHF is induced by a limit of
enthalpy of bubbly layer, while for high subcooling the CHF is induced by a limit of bubbly-
layer condensation by the subcooled liquid core (Thorogerson et al., 1974). Compared to the
steady-state, at a flow-reduction transient with constant heat flux and constant subcooling
the enthalpy in the bubbly layer is higher and the temperature in the liquid core is lower. At
high subcooling the thickness of bubbly layer is small, thus for a constant CHF the
subcooling would not be different greatly from the steady-state. While at low subcooling the
thickness of bubbly layer is larger, and a constant CHF would occur at a higher subcooling
than that of steady-state. It would lead to the premature of the OSV, associated with
prominent effect on the CHF, as observed at low pressure.
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Fig 14 shows the variation of pressure drop before the onset of CHF in flow-reduction
transients of p =0.23 MPa and k = 0.24 with heat flux of q =890, 775 and 750 W/cm? for run
iii, iv and v respectively. In run iii, the pressure drop exhibits a monotonous decrease with
flow rate decrease, until the onset of CHF. While in run iv and v, before the onset of CHF
the decrease of pressure drop is followed by a sharp increase. In these three runs the CHF
are higher than those of steady-state by about 5%, 18% and 36%. The critical subcoolings
are 54.7, 46.5 and 37 K respectively, all of which are higher than the values of steady-state,
evidencing the premature of OSV.
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Figure 14. Variation of pressure drop before the onset of CHF

4. Physical model
4.1. Mechanism

In subcooled flow boiling the enthalpy of bubbly layer is determined by the heat transfer
from the interface of bubbly layer to the liquid core, and the excessive bubble crowding
serves as a thermal shield, leading to the onset of CHF. For the DNB with low subcooling
or saturated condition, the critical enthalpy models were proposed by Weisman and Pei
(1983) and Tong (1968), in which the heat transfer coefficient from the interface of bubbly
layer to liquid core was estimated by correlations derived from their experiments. For the
DNB with high subcooling, the liquid sublayer dryout models were proposed by Katto
(1992), Lee and Mudawar (1983) and Celata et al. (1994), in which the bubble diameter, the
thickness of liquid sublayer and the length of vapor blanket were determinant for the
sublayer dryout.

For higher subcooling the major part of heat from wall is transferred to the liquid core and a
minor part for increase of the enthalpy of bubbly layer. Therefore, the characteristic of
bubbly layer is primarily controlled by the heat transfer from the bubbly layer to liquid core.
This heat transfer is closely relative to the turbulence near the edge of bubbly layer, and is
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sensitive to the distance from the wall. The increase in thickness of bubbly layer has positive
effect on the CHF due to increase in the heat transfer efficiency to liquid core, but negative
effect due to increase in the thermal resistance of the bubbly layer. The balance of these two
factors gives a critical value of the thickness. Therefore, in the liquid sublayer dryout model
the thickness of bubbly layer is a determinant factor.

4.2. Model for tube (Chen et al., 2011)

The model is based on the mechanism of liquid sublayer dryout by modifying the Celata’s
model for the thickness of bubbly layer to cover both high and low subcooling region.

Bubbly layer

At high flow and high subcooling the minimum thickness of bubbly layer is determined by
the size of a bubble, while at low subcooling it could be larger due to bubble crowding. For
the present experimental condition the following expression on the thickness of bubbly layer
is attempted,

5=k, Dy(1+k,e ) 4)

where the factor k; , k, and k; are the constants, Pr is the Prandtl number, Q is a parameter
group (see Eq.(8)). Dgis the bubble or vapor blanket equivalent diameter, evaluated by
Staub correlation (1968), as

_32f(P)p

D
B sz

where o is the surface tension, p,the liquid density, G the mass flux, f(f) is a function
with parameter of contact angle and recommended as f(/£)=0.02-0.03. In the present model
it is taken as

f(B)=0.03 for p<10MPa

and
f(£)=0.03(1-0.055(p —10)) for p>10MPa

where p is the pressure in MPa.

The friction factor, f , is calculated by Colebrook-White equation combined with Levy’s
rough surface model (1967), as

1 e 935
——=1.14-2.0log(— + =1
G b Re s

where D is the tube diameter, Re the Reynolds number, ¢ is the surface roughness,
accounted by ¢=0.75Dy .
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Liquid core

The velocity distribution in the liquid core is represented by Karman’s universal law, as in
Celata’s model,

Ur=y" for 0y <5
U"=50lny" -3.05 for 55y <30
U*=25Iny" +55 for y* 230
with

:yuz’pl

u
T
T H

and

where U is the liquid velocity, y the distance from the wall, x; the liquid viscosity and p,

the liquid density, U_ the friction velocity, and z,, is the wall shear stress, evaluated by

2
7, :—fG
8,

The temperature distribution in the liquid core is as follows (Martinelli, 1947) ,

T,-T=QPry" for 0<y" <5 ®)
T —T=5Q {Pr+ 1{1 + Pr(y? A 1)}} for 5<y* <30 6)
T -T= SQ{PH In(1+5Pr) + 0.51n(%)} for y* >30 @)
with
q
Q=——"— (8)
plchur

Equations (5) to (7) are assumed valid in the region of 6 <y <r, and the T is a referent

value, which is determined by T =T, at y=9.
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Calculation of critical heat flux

The local enthalpy, H , is calculated by

HmzHC(m—mB,g—mB,1)+Hg mg,g+H, mp, )

where m is the total flow rate, mp,, and mp,; are the vapor and liquid flow rate in the
bubbly layer, respectively, H,and H, are the vapor and liquid enthalpy, and H. is the
enthalpy of liquid core.

Them, mp,g and mp, are evaluated by

. 7Z'D2
== G
m== (10)
mp,g = (D —8)dayp, Uy (11)
and
mg,. = 7(D-8)5(1-ag)p Uy (12)

where «a; is the void fraction in the bubbly layer, and it is taken as aj; = 0.9, U_B is the
average velocity of bubbly layer, estimated by

Uy =05U,_,

His calculated at the average temperature from the edge of bubbly layer to the center of
tube, T~ , which is calculated by

LT My
[Lucr-yydy
where r is the radius of tube, and ¢ 'is the distance from wall at which the temperature is
equal to the saturation value.

The exit enthalpy, H , is evaluated from the heat balance equation, as

H=H, +20E (13)
GD

where H, is the inlet enthalpy, and L the heating length.
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Calculation is started with a test heat flux q (g<gq,), and theo,mp,g, mp; and T. are
calculated by Eq. (4), (10), (11) and (12). Then, the H is calculated by Eq.(9) and compared to

that calculated by Eq.(13). The result of CHF is obtained through an iterative process.

To get the calculations better fit to the experimental data, the constants in Eq. (4) are as: k, =

0.75, k, =1000, and k,=1.0. At low subcooling g is close to g, , and not sensitive to the 5,

thus the maximum value of ¢ is simply set as 0.1D.

The experimental data in tubes are calculated by the present model. The comparison is

shown in Fig.15 and 16 for p > 2 MPa and < 2 MPa, respectively.
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Figure 15. Comparison of the calculations of present model with the experimental results in tube for p >
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4.3. Model for annulus (Chen et al., 1996)

Fig.17 shows schematically the profiles of velocity and temperature in the liquid core of an
annulus. Some assumptions are made as follows:

e Each wall is heated uniformly, and the flow and heat transfer conditions are fully
developed;

e At the edge of liquid bubbly layer the heat flux is equal to that of outer-wall

e Inliquid core the properties are evaluated at the bulk temperature.
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Figure 17. The profiles of velocity and temperature in the flow

In liquid core the energy balance equation is written as

ot 10| k 1 ot
U—=——|r t—c |=
ox ror| | pC, Pr " or

(14)

L 1

with

ot _ ot _ g +9,1)

— (15)
ox Ox plelu(rzz—rlz)
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For fully developed flow with uniform heating, the 0t/ 0x is a constant. Integrating Eq.(14)

gives
o 11) 2(%21 i qzzrz_) Lr urdr =11 (16)
or r(1+—rg—m) ky(ry —rp)u 1 ki
Pr, v,

The average bulk temperature is approximated by

t= % " turdr
u(ry —r7 )
Integrating Eq.(16) by parts gives
t, —E:%ri " turdrdt (17)
u(ry —r; ) hon
where ¢, is the temperature at the outer edge of bubbly layer. For low pressure with higher

subcooling the enthalpy of bubbly layer is negligible small.

By assuming t equal to the saturation temperature, Eq.(17) is approximated as the

subcooling £¥s. Introducing R=r/r> and U = u / u, combining of Eq.(16) with Eq.(17) gives

| 2

AT =2 [ L { (Wl+q§r2)(j§URdR)2—MJ'£URdR dR
I-R 1(1+E€7M)R k(1-R7) ! kp o

Pr, v,

The velocity distribution is assumed in power law, as

15
u r=r j=1for r,<r<r,
j=2 for r, <r<r,

j m

where 11 and r2 are the radius of inner and outer wall, respectively, and rm is the radius of
maximum velocity u,, , calculated from

T (1-R2)R,

2 2
Tl Rm - Rl

where 7; and 7, are the shear stress at the inner and outer wall, respectively.

The friction factor is estimated by (Xu et al., 1979)

0.7 L 0.4 0.2
f —93 q _ fgpg [& f()
h ot CpupiaT P
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with

0.3164
fo= R

The momentum eddy diffusivity is evaluated by (Levy, 1967)

i—'l” = %‘(rz —rm)‘%(l —772 )(1 + 2772)

with

n=, =1/, 1)

( j
!

The turbulent Prandtl number, Pr,, is taken as Pr,=1/1.2.

and

Both the experimental data of 8 annuli with single-side heating and the annulus with
bilateral-side heating are predicted by this model. The comparison is shown in Fig.18 to

20.
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Figure 18. Comparison of the prediction of present model with the experimental data of 8 annuli
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Figure 19. Comparison of the model prediction with experimental data of bilateral heating
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Figure 20. Effect of bilateral-side heating on the CHF by model prediction

5. Summary

Critical heat flux is an important subject to many applications. Especially for nuclear
reactors, it is a major limit for the safety. The CHF has been investigated extensively over the
world, and various prediction methods have been available. Unfortunately, there exists a
scarcity of experimental data in certain regions. Because of extreme complexity of the
phenomenon and the lack of adequate knowledge of the mechanisms, all these predictive
methods are heavily relied on the experimental data, and can not be extrapolated out of the
range with confidence.

In the present lab a great number of critical heat flux data of subcooled water have been
obtained in tubes and annuli with different diameter and gap size over wide range of
parameters with emphasis on lower pressure and higher pressure with low flow. The results
fill the gap of database and the knowledge of the phenomenon.
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The velocity and subcooling are the predominant parameters for the CHF. At lower pressure
these effects are stronger. At the pressure below 0.3 MPa, when the subcooling decreases
below a certain low value the CHF behavior varies substantially as a result of significant
voiding. The effect of geometry is related to the pressure, subcooling and velocity. All these
effects are inter-dependent, and are hardly to be represented in a single correlation for wide
range of conditions. In the present study two models have been developed for the subcooled
flow boiling CHF in circular tube and annulus, based on the mechanisms of CHF and the
present experimental data. They will be validated and improved for extended range of
conditions.

Nomenclature
A flow area

Ap heated area

@
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specific heat
diameter
subcooling

?U

friction factor
mass flux
heat transfer coefficient

latent heat
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enthalpy
thermal conductivity
heating length

pressure
heat flux

radius
temperature

u velocity in axial direction
average liquid velocity at CHF
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Nusselt number
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surface tension

€ surface roughness
&, momentum eddy diffusivity
H dynamic viscosity
v kinematic viscosity
Tw wall shear stress

p void fraction

A critical wavelength
Subscript

B bubble

C critical, calculatiom
! water

g steam

m maximum velocity
M measurement

S saturation

1 inner-wall

2 outer-wall
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