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a b s t r a c t

A simple theory was developed to elucidate the influence of sinusoidal oscillation of the inlet flow rate on
the occurrence of liquid film dryout in an annular two-phase flow regime in a boiling channel. The theory
assumes that the critical heat flux (CHF) under an oscillatory condition can be calculated from values in
steady states provided that the effect of axial mixing of the liquid film is appropriately considered. The
trends of CHFs calculated using a one-dimensional three-fluid model and those experimentally measured
under atmospheric pressure were in reasonable agreement with the proposed theory. However, the CHF
values measured under oscillatory conditions were usually higher in the experiment than in the numer-
ical simulation, which indicated that axial liquid transport induced by disturbance waves might enhance
axial mixing of the liquid film.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In the design of advanced boiling water reactors, a core with
high power density is frequently adopted to further enhance eco-
nomic efficiency [1–4]. In industrial plants that use a forced con-
vective boiling heat transfer, however, increased power density
generally leads to the reduction of the margin to the onset of unan-
ticipated flow instability. Hence, to ensure the safety of plants with
high power density, it is necessary to predict the occurrence of
boiling transition even when the coolant flow rate becomes
oscillatory.

Flow instability is one of the fundamentally important issues of
boiling two-phase flow systems including boilers and nuclear reac-
tors, particularly during transient situations such as startup and
partial-load operation. Accordingly, many experimental studies
have been carried out to clarify the effects of flow instability on
critical heat flux in a boiling channel as reviewed extensively by
Ozawa et al. [5]. It was found that destabilization of the flow rate
results in a noticeable decrease in the critical heat flux. However,
in the experiments performed under unstable conditions, it is dif-
ficult to systematically investigate the effects of the amplitude and
frequency of flow oscillation since these parameters are largely
dependent on the geometries of the experimental apparatus. Oza-
wa et al. [6] and Umekawa et al. [7] therefore imposed forced oscil-
lation on the inlet flow rate, enabling almost-arbitrary control of
the amplitude and frequency. It was shown clearly in these exper-
ll rights reserved.

: +81 6 6879 7247.
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iments that an increase in the amplitude and a decrease in the fre-
quency lead to a reduction in the critical heat flux.

The main objective of this work is to elucidate the mechanism of
CHF reduction caused by flow oscillation. It is commonly consid-
ered that critical heat flux condition in flow boiling is triggered by
liquid film dryout in an annular two-phase flow regime at low mass
fluxes, and by departure from nucleate boiling at high mass fluxes
[8]. However, it is assumed in this work that boiling transition is
caused by liquid film dryout, since this is the main mechanism un-
der the thermal-hydraulic conditions encountered in boiling water
reactors. It is considered that the critical heat fluxes in steady states
can be used as a practically good basis to estimate the CHF value un-
der an oscillatory condition. A simple theory is therefore developed
to correlate the critical heat flux under a flow oscillation condition
with those in steady states. Numerical simulations and experimen-
tal measurements of critical heat flux are conducted to test the
validity of the proposed theory. Since liquid film dryout is regarded
as the trigger mechanism for boiling transition in this work, a one-
dimensional three-fluid model is used in the numerical simulation.
The theory, numerical results and experimental results are de-
scribed in the following three sections, respectively.
2. Fundamental concept

2.1. Dimensionless critical heat flux

If the duration of local liquid film dryout is short enough, a sub-
stantial rise in wall temperature can be avoided. However, to en-
sure the safety of boiling two-phase flow systems, the occurrence
of local instantaneous liquid film dryout is regarded as the onset
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Nomenclature

a model constant
ai interfacial area concentration (m�1)
C mass concentration of droplets (kg/m3)
Cd drag coefficient
d droplet diameter (m)
D internal diameter of flow channel (m)
fi interfacial friction factor
fw wall friction factor
g gravitational acceleration (m/s2)
G mass flux (kg/m2s)
J superficial velocity (m/s)
kd deposition mass transfer coefficient (m/s)
ke proportionality factor in the correlation for me (m/s)
L heated length (m)
md deposition rate of droplets (kg/m2s)
me entrainment rate of droplets (kg/m2s)
Mi interfacial drag force (N/m3)
Mw wall friction force (N/m3)
N total number of computational cells
P pressure (Pa)
Pr Prandtl number
q critical heat flux (W/m2s)
qw wall heat flux (W/m2s)
Re Reynolds number
t time (s)
T time period (s) or fluid temperature (K)
u velocity (m/s)
uf0 characteristic film velocity (m/s)
x vapor quality

z axial coordinate (m)
z0 characteristic distance (m)

Greek symbols
a volume fraction
d film thickness (m)
DG amplitude of flow oscillation (kg/m2s)
Dhv latent heat of vaporization (J/kg)
C phase change rate (kg/m3s)
l viscosity (Pa s)
pe dimensionless parameter to characterize me

q density (kg/m3)
r surface tension (N/m)

Superscript
� dimensionless

Subscripts
AVE average
d droplet
EX outlet
f liquid film
IN inlet
k phase index
MAX maximum
MIN minimum
OSC flow oscillation
v vapor phase
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of critical heat flux condition in this work. The situation encoun-
tered in a boiling channel under a flow oscillation condition is illus-
trated in Fig. 1. The channel wall is assumed to be uniformly
heated, and sinusoidal periodic oscillation is applied to the inlet
mass flux. Inlet mass flux GIN is therefore expressed by

GIN ¼ GAVE þ DG sin
2p

TOSC
t

� �
ð1Þ

where GAVE is the time-averaged inlet mass flux, DG is the oscilla-
tion amplitude, TOSC is the oscillation period and t is the time. For
the sake of simplicity, it is assumed that the liquid and vapor phases
are saturated, the heat capacity of the channel wall is negligibly
small, and all the liquid moves as a liquid film in an annular
two-phase flow regime. Under these assumptions, the vapor flow
rate at an arbitrary axial location in the boiling channel may not
vary significantly with time since all the heat applied to the channel
wall is spent on liquid film vaporization. However, since the
remaining liquid moves as a liquid film, the film flow rate would
oscillate periodically due to the sinusoidal oscillation imposed on
the inlet mass flux. If the wall heat flux is increased gradually, it
is considered that instantaneous dryout of liquid film is first mea-
sured when the axial location corresponding to the minimum inlet
flow rate GMIN = GAVE � DG arrives at the exit of the boiling channel.
A notable difference caused by the flow oscillation would be the
presence of a larger amount of liquid film around the axial location
where the film flow rate is lowest (see Fig. 1). The present theory
assumes that the mixing of liquid film in the axial direction is en-
hanced by the periodic axial distribution of the film flow rate pro-
duced by the flow oscillation. If no such mixing mechanism is
available, the critical heat flux under the flow oscillation condition
qOSC may be equal to qMIN, i.e., the critical heat flux in a steady state
when the inlet mass flux is set to GMIN. On the other hand, if the
liquid film is completely mixed in the axial direction, the local max-
imum and local minimum of film flow rate delineated in Fig. 1 will
disappear and the film flow rate will decrease monotonically to-
ward the channel exit. In this case, qOSC may be equal to qAVE, i.e.,
the critical heat flux in a steady state when the inlet mass flux is
equal to GAVE. An appropriate scaling of qOSC may therefore be given
by

q� ¼ qOSC � qMIN

qAVE � qMIN
ð2Þ

where q* is the dimensionless critical heat flux under an oscillatory
flow condition, and approaches zero and unity in the limiting cases
of no mixing and complete mixing, respectively.

2.2. Dimensionless heated length

For the axial mixing of liquid film to take place, the thicker film
region should interact with the minimum film thickness region
corresponding to GMIN. Since the migration velocity of liquid film
uf is dependent on the film thickness [9], inhomogeneous axial dis-
tribution of uf is regarded as the primary cause of the axial mixing
of the liquid film. A finite distance z0 is necessary for a certain re-
gion to interact with the minimum film thickness region. Denoting
the typical film velocities at the minimum film thickness region
and the thicker film region by uf1 and uf2 (uf1 < uf2, see Fig. 1), z0

is proportional to the characteristic initial distance between the
two regions uf1TOSC/2 and inversely proportional the dimensionless
velocity difference Duf/uf2, i.e., z0 = uf1uf2TOSC/2Duf; here, Du-
f = uf2 � uf1. It can be confirmed that z0 approaches its minimum
value (uf1TOSC/2) for uf2 ?1 since uf2/Duf approaches unity, and
z0 approaches infinity for Duf ? 0. Since the heated length L should
be longer than z0 for the interaction to take place, the dimension-
less heated length L* may be defined by



uf2 uf1

Uniform heat flux 

Sinusoidal oscillation is 
applied to inlet mass flux 

Axial location corresponding
to maximum inlet flow rate 

Axial location corresponding
to minimum inlet flow rate 

Fig. 1. Thermal-hydraulic condition supposed in a boiling channel under a flow oscillation condition.
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L� ¼ L
z0
¼ 2L

uf0TOSC
ð3Þ

where the characteristic film velocity uf0 is defined by

uf0 ¼
uf1uf2

Duf
ð4Þ

From the present theory, it is considered that q* moves from zero to
unity with an increase in L* since the axial mixing within the liquid
film becomes noticeable with increased values of L*. However, the-
oretical derivation of the functional relationship between q* and L*

is difficult since the equations to determine the flow field inside
the liquid film are highly nonlinear. Functions describing the rela-
tionship between q* and L* are therefore deduced using numerical
and experimental results in the following sections. It should also
be noted that several options are available in evaluating uf0 since
the film velocity varies continuously in the axial direction in the ac-
tual thermal-hydraulic situations. The evaluation method of uf0

used in this work is described later in Section 3.3.

3. Film flow analysis

3.1. Governing equations and numerical methods

The computer program ANDRE [10] is used to calculate the crit-
ical heat flux under flow oscillation conditions. This program is
based on the one-dimensional three-fluid model and uses the fol-
lowing continuity equations and momentum conservation equa-
tions as the basic equations:
@

@t
ðakqkÞ þ

@

@z
ðakqkukÞ ¼

X
p–k

ðCpk � CkpÞ ð5Þ

akqk
@uk

@t
þ akqkuk

@uk

@z
¼ �ak

@P
@z

� �
þMw;k þMi;k � akqkg

þ
X
p–k

fCpkðup � ukÞg ð6Þ

where t is the time, z is the axial coordinate, a is the volume frac-
tion, q is the density, u is the velocity, P is the pressure, Mw is the
wall friction force, Mi is the interfacial drag force and g is the grav-
itational acceleration; the subscript k is the phase index (v: vapor, f:
liquid film, d: droplets) and Cpk represents the phase change rate
from phase p to phase k.

Constitutive equations are necessary to mathematically close
basic Eqs. (5) and (6). The following relationship exists between
the volume fractions:

av þ af þ ad ¼ 1 ð7Þ

The wall friction force acting on the liquid film is calculated by

Mw;f ¼ �
2f w

D
qf juf juf ð8Þ
where D is the tube diameter. A simple correlation by Wallis [9] is
used to evaluate the wall friction factor fw:

fw ¼ max
16
Ref

; 0:005
� �

ð9Þ

where Ref is the film Reynolds number (=afqf uf D/lf) and l is the
viscosity. Assuming that the channel wall is covered by a liquid film,
the wall friction forces acting on the vapor phase and droplets are
neglected. The interfacial drag force between the liquid film and va-
por phase is expressed as

Mi;f ¼
1
2

fiai;fqvjuv � uf jðuv � uf Þ ð10Þ

where the interfacial area concentration ai,f is the function of af and
the interfacial friction factor fi are evaluated using the following
correlation by Wallis [9]:

fi ¼ 0:005 1þ 300
d
D

� �
ð11Þ

The interfacial drag force between the droplets and vapor phase is
calculated by

Mi;d ¼
1
8

Cdai;dqvjuv � udjðuv � udÞ ð12Þ

where the interfacial area concentration ai,d is the function of ad and
the drop diameter d(ai,d = 6ad/d), and a correlation for a sphere by
Clift and Gauvin [11] is used to evaluate the drag coefficient Cd:

Cd ¼
24
Red
ð1þ 0:15Re0:687

d Þ þ 0:42
1þ 42;500Re�1:16

d

ð13Þ

where Red is the droplet Reynolds number (=qv|uv–uf|d/lv) and d is
assumed equal to 0.1 mm. From the principle of action and reaction,
the interfacial drag force acting on the vapor phase can be calcu-
lated by Mi,v = �Mi,f �Mi,d.

Assuming that all the heat flux is spent for the phase change of
liquid film to vapor, Cfv is calculated by Cfv = qw/Dhv; here, Dhv is
the latent heat of vaporization. The mass transfers between drop-
lets and liquid film are evaluated using the correlations proposed
by Okawa et al. [12]. The deposition rate of droplets md (=CdfD/
4) is commonly expressed by

md ¼ kdC ð14Þ

where C is the mass concentration of droplets in the vapor core flow
( = adqd/(av + ad)). The following two correlations are used to calcu-
late the deposition mass transfer coefficient kd:

kd

ffiffiffiffiffiffiffiffiffi
qvD
r

r
¼ 0:0632

C
qv

� ��0:5

ð15Þ

kd ¼ 0:009avuv
C
qv

� ��0:5

Re�0:2
v Pr�2=3

v ð16Þ
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where r is the surface tension, Rev is the vapor phase Reynolds
number (=avqvuvD/lv) and Pr is the Prandtl number. Eq. (15) is usu-
ally used to evaluate kd, but Eq. (16) is used if P is lower than
0.5 MPa and the vapor quality x is higher than 0.25 (the ranges of
0.5 < P < 1 MPa and 0.2 < x < 0.25 are used for smooth transition be-
tween the two correlations). The entrainment rate of droplets me

(=CfdD/4) is expressed as

me ¼ keqfpn
e ð17Þ

where pe is a dimensionless parameter denoting the ratio of the
interfacial shear force to the surface tension force acting on a liquid
film (pe = fiqv(avuv)2d/r). Depending on the range of pe, different
values are used for the proportionality factor ke and the exponent
n in Eq. (17): ke = 3.1 � 10�2 m/s and n = 2.3 for pe < 0.0675,
ke = 1.6 � 10�3 m/s and n = 1.2 for 0.0675 < pe < 0.295, and
ke = 6.8 � 10�4 m/s and n = 0.5 for pe > 0.295. It is assumed that
the deposition and entrainment of droplets take place in an annular
two-phase flow regime. Hence, the mass transfer rates associated
with the deposition and entrainment of droplets are evaluated
using the above equations when av is greater than 0.75, and are ne-
glected when it is smaller than 0.5; the range of 0.5 < av < 0.75 is
used to increase md and me smoothly.

Since detailed descriptions of the numerical methods are found
elsewhere [10], a brief outline only is given here. The governing
equations are discretized on a staggered mesh using a semi-impli-
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Fig. 2. Comparisons of CHFs calculated in steady states with those predicted by empirical
and (d) mass flux.
cit scheme. Full donor cell differencing is used for the convection
terms in continuity and momentum conservation Eqs. (5) and
(6). The resulting algebraic nonlinear equations are solved numer-
ically using the Newton–Raphson method. The tri-diagonal matrix
for the pressure correction terms is derived using the Gauss–Jordan
elimination method to find the inverse of the Jacobi matrix. The tri-
diagonal matrix algorithm is used to solve the pressure correction
equations.

3.2. Analytical conditions

In the initial condition, saturated water is injected from the bot-
tom of a round tube at a constant mass flux GAVE. The tube diame-
ter and the heated length are denoted by D and L, respectively.
Since adiabatic sections of LA in length are placed at both ends of
the heated section, the total tube length is equal to L + 2LA. At
the tube inlet, the relative velocities between the phases are ne-
glected, and the volume fractions are set to af = 0.998, ad = 0.001,
and av = 0.001. A constant pressure condition is applied to the tube
outlet; the outlet pressure is denoted by PEX. The gas and liquid
phases are assumed saturated, and the thermal-hydraulic proper-
ties are evaluated at PEX. After a steady state is established, sinusoi-
dal oscillation is applied to the inlet mass flux GIN; here, the
oscillation period TOSC is kept constant, and the oscillation ampli-
tude is increased gradually to DG. When the amplitude reaches
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DG, uniform heat flux qw applied within heated length L is in-
creased gradually. The heat flux when the local value of af drops
below 10�9 is regarded as the critical heat flux under the flow
oscillation condition qOSC.

In the reference condition, the analytical parameters are set as
D = 10 mm, L = 4 m, PEX = 7 MPa, GAVE = 500 kg/m2s, DG = 250 kg/
m2s (=0.5GAVE), and TOSC = 2.1 s. Keeping other parameters at the
reference values, each parameter is varied individually within the
ranges of D = 5–45 mm, L = 1–40 m, PEX = 0.1–9 MPa, GAVE = 100–
2000 kg/m2s, DG/GAVE = 0.1–0.9, and TOSC = 0.5–32 s. Since the cal-
culated critical heat flux was not dependent on the total number of
computational cells N significantly when N was within 50–200, the
total tube length is equally divided into 100 computational cells.
The time step is determined from the Courant number to avoid
numerical instability.

3.3. Numerical results

To test the validity of the constitutive equations, the CHFs cal-
culated in steady states are compared with those predicted using
the correlations by Katto and Ohno [13] and by Bowring [14].
The results are shown in Fig. 2a–d. It can be confirmed that agree-
ments of the CHFs calculated using ANDRE with those predicted
using the empirical correlations are reasonably good to investigate
the influence of flow oscillation on critical heat flux. However,
since simple constitutive models were selected in the present work
to highlight the influence of flow oscillation, agreements with the
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Fig. 3. Time variations of the axial mass flux distribution calculated under the refer
empirical correlations are not complete. For instance, dependence
on GIN is stronger in the simulation under the high mass flux con-
dition as shown in Fig. 2d. Improvements of constitutive models
for the droplet flow rate at the transition to annular flow and the
film flow rate at the onset of critical heat flux condition are consid-
ered of particular importance to achieve better agreement since
sufficient experimental information is not available on these
quantities.

Fig. 3a displays the time variation of the axial distribution for
the total mass flux G calculated under the reference condition;
here, qw is set to 0.24 MW/m2, and the distributions at 10 time
steps are depicted at intervals of 0.1TOSC. It can be seen that G fluc-
tuates within the range of GAVE ± DG at the inlet, but the fluctua-
tion of G is mitigated noticeably at the outlet. The axial
distributions of Gf, Gd and Gv are depicted in Fig. 3b–d, respectively.
The three dashed lines in each figure indicate the distributions
calculated in the steady states in which GIN was set to GAVE and
GAVE ± DG, respectively. Fig. 3b indicates that Gf at the exit is nearly
zero when GIN is set to GAVE � DG. Under the reference condition of
oscillatory flow, however, the margin to the onset of liquid film
dryout increases because of the reduction in the oscillation ampli-
tude at the outlet. It is therefore expected from Fig. 3b that the crit-
ical heat flux calculated under the reference condition is lower
than qAVE but higher than qMIN, which is consistent with the pro-
posed theory (q* is within 0–1). Fig. 3c and d, respectively show
that the oscillation of Gd is also mitigated at the exit, and the dis-
tribution of Gv is not significantly influenced by the oscillation im-
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ence condition: (a) all phases, (b) liquid film, (c) droplets, and (d) vapor phase.
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posed on GIN. The time variation of the total mass flux at the tube
exit GEX is depicted in Fig. 4a. The gradient is steeper downstream
from the waves, which may be similar to the features of the break-
ing wave produced when the propagation speed is dependent on
the transported variable [15]. Fig. 4b shows the time variation of
the exit mass flux of each phase. It can be seen that the droplet
flow rate Gd oscillates in nearly the same phase as the film flow
rate Gf. This indicates that the local droplet flow rate is in rough
proportion to the film flow rate. It was separately confirmed that
the fluctuation of G is mitigated at the outlet as in Fig. 3a even
when the droplet entrainment was neglected. It is therefore con-
sidered that the mitigation of the mass flux oscillation at the exit
found in Fig. 3a can primarily be attributed to the axial liquid
transport within the liquid film as supposed in the theory.

In Fig. 5a–f, the CHFs calculated under the oscillatory conditions
qOSC are compared with those in steady states; here, in the steady-
state calculations, GIN was set to GAVE and GMIN (=GAVE – DG). As
supposed in the theory, the values of qOSC are within the range of
qMIN to qAVE in all the analytical conditions. It can be confirmed
from Fig. 5b and f that qOSC moves asymptotically from qMIN to qAVE

with an increase in L and with a decrease in TOSC. This is also con-
sistent with the theory in which q* is assumed to be an increasing
function of L* = 2L/uf0TOSC. Furthermore, uf0 generally decreases
(L* increases) with an increase in PEX (reduction of vapor phase
velocity), with an increase in DG (increase in Duf), and with a
reduction of GAVE. Consequently, qOSC moves from qMIN to qAVE with
increased values of PEX and DG and with reduced value of GAVE in
Fig. 5c, e and d, respectively. On the other hand, L* is not influenced
significantly by D. Consequently, qOSC always takes intermediate
values between qMIN and qAVE in Fig. 5a.

The dependence of q* on L* is investigated quantitatively using
the present numerical results. However, since the film velocity is
not constant, several options are available in evaluating the charac-
teristic film velocity uf0 defined by Eq. (4). For the sake of simplic-
ity, the method shown below is used in this work. The balance of
the interfacial shear force and the wall friction force acting on a li-
quid film is expressed by

1
2

fiqvu2
v ¼

1
2

fwqf u
2
f ð18Þ

Neglecting the dependence of fi and fw on thermal-hydraulic condi-
tions, uf is written by

uf /
ffiffiffiffiffiffi
qv

qf

r
Jv ð19Þ
Here, the volume fractions of liquid film and droplets are assumed
to be sufficiently small (uv � Jv). Supposing a limiting case in which
almost all the liquid is evaporated, uf is rewritten as

uf /
GAVEffiffiffiffiffiffiffiffiffiffiqfqv
p ð20Þ

If the influence of DG is neglected, uf1 and uf2 in Eq. (4) may be
roughly proportional to uf calculated using the above equation.
Fig. 6a shows the relationship between L* and q* when the film
velocity calculated by Eq. (20) is used for uf0 as the first approxima-
tion. In spite of the simplifications made in evaluating uf0, q* is rea-
sonably expressed as a monotonically increasing function of L*.
However, the effect of DG is not collapsed sufficiently, as expected.
Since the velocity difference Duf increases with rising values of DG,
it is expected that uf0 decreases with an increase in DG. To include
the effect of DG, the following modification is therefore applied to
uf0:

uf0 ¼
GAVEffiffiffiffiffiffiffiffiffiffiqfqv
p

DG
GAVE

� �n

ð21Þ

Fig. 6b indicates that the effect of DG is collapsed fairly well if the
value of the exponent n is set to �0.2 and that q* is successfully cor-
related as a function of L* in the form:

q� ¼ tan hðaL�Þ ð22Þ

where a is a model constant.
The validity of Eq. (22) is tested under extended analytical con-

ditions in Fig. 7. Here, numerical simulations were performed for
810 cases, setting the analytical parameters as D = 5, 10, 20 mm,
L = 2, 4, 8 m, PEX = 1, 4, 7 MPa, GAVE = 200, 500, 1000 kg/m2s, DG/
GAVE = 0.1, 0.3, 0.5, 0.7, 0.9, and TOSC = 2, 4 s. To save computation
time, the total number of spatial meshes N was reduced to 50 in
these calculations. Although q* is slightly overestimated when
the oscillation amplitude is large (DG/GAVE = 0.9) and L* is small,
it can be confirmed that the critical heat flux under flow oscillation
condition is satisfactorily correlated by Eq. (22) even under the ex-
tended conditions tested here.

4. Experiment

4.1. Experimental apparatus

A schematic diagram of the experimental apparatus is depicted
in Fig. 8. Filtrated and deionized tap water was used as a working
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Fig. 5. Comparisons of CHFs calculated under oscillatory conditions with those in steady states; dependences on (a) tube diameter, (b) heated length, (c) exit pressure, (d)
mean mass flux, (e) oscillation amplitude, and (f) oscillation period.
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fluid, and was circulated using a multi-stage pump. Two needle
valves and a turbine flow meter were used to control the inlet mass
flux GIN; the flow meter was accurate to within ±0.5%. The inlet
flow rate was oscillated by changing the electric power applied
to the circulation pump periodically. A 15-kW plug heater was
used to raise and then maintain the water temperature at the inlet
of the heated section TIN. After exiting the pre-heating section, the
water entered a vertical round tube of 12 mm in internal diameter
and 0.8 mm in thickness made of SUS 316 stainless steel. A 60-kW
DC power supply was used to heat the tube ohmically and generate
steam-water annular flow inside it. The heated length, defined as
the distance between the upper end of the lower electrode and
the lower end of the upper electrode, was 1360 mm. The copper
electrodes were covered with rubber sheets for thermal insulation.
The top of the vertical test section was connected with the upper
tank (which was open to atmosphere) in order to separate the
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Fig. 8. Schematic diagram of experimental apparatus.
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vapor phase from the liquid phase. The liquid phase was then re-
turned to the circulation pump, while the vapor phase was con-
densed in the separator or released into the atmosphere.

The fluid temperature was measured at the inlet and outlet of
the preheating section with type-K thermocouples accurate to
within ±1.5 K. Pressure transducers accurate to within ±7.5 kPa
were used to measure the pressures at the inlet and outlet of the
heated section. The heat flux applied to the fluid was calculated
from the electric current passing through the heated section and
the electrical resistance of the tube material. Ten type-K thermo-
couples were spot-welded to the outer surface of the heated sec-
tion to measure wall temperatures. Initiation of the boiling
transition was expected to occur at the exit of heated section since
the channel wall was heated uniformly. Four thermocouples were
therefore placed as the BT (boiling transition) detectors near the
exit of the heated section to detect the transition to critical heat
flux condition without fault. The heated section was not thermally
insulated, but heat loss to the ambient air was estimated as less
than 1 kW/m2 from calculation using the heat transfer equation
proposed by Churchill and Chu [16]. Experimental data were
recorded every 1 ms using a data acquisition system.
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4.2. Experimental conditions

The critical heat fluxes were measured under 8 steady states
and 34 flow oscillation conditions. The time-averaged liquid tem-
perature at the inlet TIN was set to 374 ± 2 K in all the experiments.
In the steady-state experiments, GIN was set to 12–189 kg/m2s. The
upper limit of GIN was determined from the maximum power out-
put of the DC power supply. In the flow oscillation conditions, the
ranges of GAVE and DG/GAVE were within 41–237 kg/m2s and 0.25–
0.84, respectively, and the oscillation period TOSC was set to 2, 5, 10
and 20 s.

Fig. 9a and b show the typical time transients of the wall tem-
peratures TW and the inlet mass flux GIN measured when critical
heat flux condition was reached; here, TW,BT denotes the wall tem-
peratures measured by the BT detectors, and Fig. 9a and b indicate
the results obtained under steady and oscillatory conditions,
respectively. In the flow oscillation conditions, the characteristic
temperature rise was measured by the BT detectors periodically
as shown in Fig. 9b since instantaneous liquid film dryout and sub-
sequent rewetting of the heated surface were repeated near the
exit of the heated section. In the present work, the wall heat flux
at which the amplitude of the characteristic temperature rise ex-
ceeded 5 K was regarded as the critical heat flux. The critical heat
flux in the steady state was determined using the same method for
consistency (see Fig. 9a). Because of the finite heat capacity of the
channel wall, the inner surface of the heated wall should be kept
dry for a certain time period Dt for the transition to critical heat
flux condition to be detected using the present method. From the
results of numerical calculations using the heat conduction equa-
tion, Dt was estimated to within 10% of TOSC. Since Dt was reason-
ably shorter than TOSC, it was assumed that the measured critical
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heat flux was not significantly influenced by the heat capacity of
the channel wall.

4.3. Experimental results

The critical heat fluxes measured in the steady states are com-
pared with those predicted using the generalized correlation by
Katto and Ohno [13] and the empirical correlation by Bowring
[14] in Fig. 10. It can be seen that the present data are in good
agreement with the correlation by Bowring that was developed so-
lely for the forced convective flow of water. To investigate the rela-
tionship between critical heat fluxes under steady states and those
under oscillatory conditions, the critical heat fluxes obtained in the
steady states were approximated using two second-order polyno-
mials. The resulting fitting curve is indicated by the solid line in
Fig. 10.

Typical experimental data of qOSC measured under flow oscilla-
tion conditions are plotted against GAVE, DG/GAVE and TOSC in
Fig. 11a–c, respectively. It can be seen that qOSC is generally smaller
than the value measured in the steady state qAVE, and that the devi-
ation from qAVE becomes significant with increased values of GAVE,
DG/GAVE and TOSC. As demonstrated in Figs. 6 and 7, in the numer-
ical simulations, qOSC was expressed fairly well by

qOSC ¼ qAVE � ½1� tanhðaL�Þ�ðqAVE � qMINÞ ð23Þ

Since increases in GAVE and TOSC lead to the reduction of L* (see Eqs.
(3) and (21)) and increases in DG/GAVE result in the reduction of
qMIN, the influences of these parameters on the experimental values
of qOSC relative to qAVE shown in Fig. 11 are in qualitative agreement
with the numerical results.
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Fig. 12 displays all the experimental data for dimensionless crit-
ical heat flux measured in oscillatory conditions. It can be con-
firmed that q* decreases with an increase in TOSC if both GAVE and
DG are in the same range, which agrees with the numerical results.
However, the dependence of q* on DG/GAVE is not consistent with
the numerical results. In the numerical simulations, q* increased
with rising values of DG/GAVE. Consequently, q* correlated reason-
ably well as a function of L* if the influence of DG/GAVE was in-
cluded using Eq. (21). However, in the experimental results
shown in Fig. 12, no definite correlation can be seen between
DG/GAVE and q*.

The experimental data of q* are plotted against L* in Fig. 13;
here, since no clear dependence of q* on DG/GAVE was found in
Fig. 12, the exponent n in Eq. (21) is set to 0 and �0.2 in
Fig. 13a and b, respectively. As an overall trend, q* increases with
rising values of L*, indicating that L* and q* are a promising set of
scaling parameters to characterize the critical heat flux under
flow oscillation conditions. However, regardless of the value of
n, the experimental values of q* are much greater than the cor-
relating line of the numerical results. The deviation from the cor-
relating line becomes more significant with increases in GAVE. It
is suspected that this discrepancy was partly caused by experi-
mental constraints. For instance, as shown in Fig. 9b, the inlet
mass flux did not follow the sine curve exactly and the inlet
temperature fluctuated slightly in the experiments. It is, how-
ever, known that the surface of liquid film in annular flow is
commonly covered with complex interfacial waves such as ripple
and disturbance waves. In particular, disturbance waves that oc-
cur at high liquid flow rates have a height several times the
mean film thickness, move at a velocity greater than the mean
film velocity, and retain their identity throughout the flow chan-
nel [17–19]. It is therefore considered highly possible that distur-
bance waves contributed to the axial liquid transport in the
present experiments. Since the effect of the disturbance waves
was not included in the numerical simulations, the discrepancy
between the numerical and experimental results seen in Fig. 13
may be attributed to the axial mixing of liquid film caused by
the disturbance waves.



10 10 100 1010

0.5

1

1.5

L*

q*

q* = tanh(0.35L * )

Low GAVE
2s)

Intermediate G AVE
2s)

High GAVE
2s)

10 10 100 1010

0.5

1

1.5

L*

q*

q* = tanh(0.40L * )

Low GAVE
2s)

Intermediate G AVE
2s)

High G AVE

 (41  48kg/m
 (86  97kg/m

 (166  237kg/m

 (41  48kg/m
 (86  97kg/m

 (166  237kg/m2s)

ba

-2 -1 -2 -1

Fig. 13. Relationships between L* and q* obtained in the experiments; the exponent n in Eq. (21) is set to (a) 0, and (b) �0.2.

T. Okawa et al. / International Journal of Heat and Mass Transfer 52 (2009) 3665–3675 3675
5. Summary and conclusions

The effect of sinusoidal oscillation of the inlet mass flux on the
critical heat flux in forced convective flow was investigated. It was
assumed that boiling transition is induced by liquid film dryout in
an annular two-phase flow regime since it is the main trigger
mechanism for boiling transition encountered in boiling water
reactors. It is considered that the critical heat flux in a steady state
can be used as a practical basis to estimate the critical heat flux un-
der an oscillatory condition. A simple theory was therefore devel-
oped to link the critical heat flux under a flow oscillation condition
to those in the steady states. The proposed theory assumes that the
upper and lower limits of CHF under a flow oscillation condition
are given by the CHFs in steady states in which the inlet mass flux
is equal to the time-averaged and minimum values, respectively.
The critical heat flux under an oscillatory condition was normal-
ized based on this concept. It was further assumed that the reduc-
tion of CHF caused by flow oscillation is mitigated by the axial
liquid transport within the liquid film. This assumption led to the
introduction of the dimensionless heated length as a promising
parameter to characterize the dimensionless critical heat flux un-
der a flow oscillation condition. A simple method to evaluate the
dimensionless heated length was also developed.

To test the validity of the present theory and find the functional
relationship between the two dimensionless parameters, numeri-
cal simulations using a one-dimensional three-fluid model and
experimental measurements of critical heat flux under atmo-
spheric pressure were carried out. It was shown that the dimen-
sionless heated length collapses the dimensionless critical heat
flux reasonably well in both approaches, which demonstrated the
validity of the proposed theory. However, the dimensionless criti-
cal heat flux was generally higher in the experiment than in the
numerical simulation, indicating that the present numerical model
evaluates the effect of flow oscillation conservatively. Although the
main reason for the discrepancy between the numerical and exper-
imental results was not identified, it is suggested that disturbance
waves forming on the surface of the liquid film might have contrib-
uted to enhancing the axial mixing of the liquid film in the
experiments.
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