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a b s t r a c t

In this work, analysis of two-phase flow boiling instabilities in vertical and horizontal systems is pre-
sented. The steady-state system pressure-drop characteristics are determined by a numerical solution
of the governing equations as derived from the Drift-Flux model. The transient characteristics of the
two-phase flow are obtained for various parameters and the results are presented in graphical and tab-
ular forms. The numerical solutions are determined using an explicit finite difference scheme. The results
of numerical solutions are verified by the experimental findings. A satisfactory agreement between the
theory and experiments is obtained.

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

Two-phase instabilities have been observed to occur in many
industrial domains like refrigeration systems, turbo-machinery,
boiling water reactors, and two-phase flow heat exchangers. Pre-
dictions of flow parameters such as steady-state pressure-drop
characteristics, stability boundaries during boiling, and oscillations
are very crucial in the design and operation of two-phase flow
equipment. Thermal oscillations are undesirable as they can cause
problems of system control, and can lead to the failure of the tube
caused by a continuous cycling of the wall temperature. It is clear
from these problems that plant equipment should posses an ade-
quate margin of safety against oscillations. There have been many
analytical and experimental investigations on the two-phase flow
instability as can be found in the review papers by Bouré et al.
[1], Bergles [2], Lahey and Drew [3], Yadigaroglu [4], Kakaç and
Liu [5], Kakac and Bon [6], Stenning [7], and Stenning and Veziroglu
[8] investigated and identified three types of dynamic instabilities,
namely, density-wave type, pressure-drop type, and thermal oscil-
lations, in a single channel up flow boiling system.

Convective subcooled boiling has been receiving special atten-
tion since four decades by researchers over the world, some of
the relevant works on the subject are Maulbetsch [9], Zuber et al.
[10], Zuber and Dougherty [11], Kroeger and Zuber [12], and Saha
and Zuber [13]. In these works, several correlations were presented
corresponding to different range of operating conditions and work-
ing fluid.
ll rights reserved.

.

The objective of this work is to study theoretically and experi-
mentally the steady-state and oscillatory characteristics of flow
boiling in a single vertical and horizontal tubes. The Drift-Flux
model is used for prediction of steady-state characteristics and
the pressure-drop type instabilities with upstream compressible
volume introduced through a surge tank.

2. Experimental apparatus

2.1. Description of the system

Figs. 1 and 2 are schematic diagrams of the upflow and horizon-
tal boiling systems used in the experimental study. Two systems
components are the same except for the test section. The test fluid,
the refrigerant, is supplied from the liquid container pressurized by
nitrogen gas. A thermostatically controlled immersion heater in
the liquid container and a cooling unit before the test section pro-
vide an inlet temperature range of �20 to 90 �C, with a control
accuracy of ±1.0 �C. Following the 60.5 cm long electrically heated
test section is a recovery section consisting of a condenser and a
collector tank. The mixture of saturated liquid and vapor is led
through the condenser coil, which is cooled by refrigerated brine
at 0 �C. The condensed liquid is then stored in a recovery tank that
is maintained at a constant pressure to ensure constant levels of
container and exit pressure.

All the tubing, except the recovery section, is made of 0.75 cm
(0.295 in.) ID nichrome tube. The surge tank, which is an important
dynamic component of the system, provides the necessary com-
pressible volume for the pressure-drop type oscillations to occur.
Appropriate instrumentation is installed to provide control and
measurements of the test parameters, namely, flow rate, pressure,
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Nomenclature

Ac cross-sectional area
de effective diameter
di diameter of the exit restriction
Di inner diameter of the tube
C0 distribution parameter
Cs dimensionless surface coefficient
c1 coefficient in the exit restriction model [Eq. (1)]
c2 coefficient in the exit restriction model [Eq. (1)]
cp specific heat
Dh diameter of the heater
ff single-phase liquid friction factor
fm two-phase mixture friction factor
g acceleration due to gravity (9.806 m/s2)
G mass velocity
h local heat transfer coefficient
hlv latent heat of evaporation
i enthalpy
j volumetric flux
k velocity ratio, ug/ul

kl saturated liquid thermal coefficient
Ki inlet orifice coefficient (from main tank to surge tank)
L0 length of the channel
Li length of the tube from main to surge tank
Dl axial length along heated section
_m mass flow rate

Nu Nusselt number, hde/kl

P pressure
DP pressure-drop
Pe exit pressure
Pc critical pressure
Ps surge tank pressure
Pt surge tank pressure
Ptv vapor partial surge tank pressure
Pe Peclet number, GDhcp,f/kf

Pta0 steady-state pressure of air in the surge tank

q heat flux density
QI heat input into the fluid
Q0 rate of electric heat generations in the tube
t time
T temperature
u fluid velocity
ui liquid inlet velocity in the surge tank
uo liquid outlet velocity in the surge tank
Va0 volume of air in surge tank at steady state
Vgj drift velocity of vapor
x vapor quality

Greek symbols
a void fraction
b exit restriction diameter ratio, di/Di

Cg mass rate of vapor generation per unit volume
l dynamic viscosity of the fluid
q density
nh heated perimeter
r surface tension

Subscripts
eq equilibrium assumption
f liquid phase
g vapor phase
i inlet
h heater
l liquid
l0 liquid alone with the mass flow rate of the total two-

phase flow
s steady state
t tank
tp two-phase
w wall
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and temperature at various locations and the electrical heat input.
Further discussion and details of the experimental set-up can be
found elsewhere [5,14,15,16,17].

2.2. Experimental procedure

For a given heater tube, different sets of experiments, corre-
sponding to various heat inputs, have been conducted. For each
heater tube, an initial experiment is conducted without any heat
Fig. 1. Schematic diagram of the vertical experimental system.
input, to determine the single-phase characteristics. Each set is
composed of a sufficient number of tests to cover the available flow
range. Stability boundaries have been determined in each case.
Oscillations have been identified by the cyclic variations in pres-
sures and flow rates, by observing recordings. In defining the sta-
bility boundary, short life transients have been disregarded, and
only sustained oscillations have been considered.

The procedure for the actual tests can be outlined as follows:

(1) With enough liquid in the container tank, the tank is pres-
surized by using nitrogen gas.

(2) The surge tank is half-filled with Freon 11 and pressurized to
a predetermined value by compressed air.

(3) The flow rate and the heat input are increased gradually to
the desired starting point, and the system is allowed to
become steady, as indicated by the recordings of system
pressures, temperatures, and flow rate.

(4) Measurements of temperatures, pressures, flow rate and
heat input, and critical observations are noted.

(5) The mass flow rate is reduced by a small amount using the
inlet control valve, and the system is allowed to become
steady before the readings are noted down.

This procedure is repeated starting at step (4) until sustained
oscillations are observed. After reaching the unstable region, the
mass flow rate is first increased into the stable region and then de-
creased in small steps to precisely locate the instability boundary.



Fig. 2. Schematic diagram of the horizontal experimental set-up.

Table 1
c1 and c2 for different heat inputs.

Heat input (W) c1 c2

1000 2.4 1.5
800 2.3 1.5
600 1.5 1.5
400 1.0 1.5
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(6) While operating in the unstable region, first the heater inlet
pressure and temperature are recorded. Then, the system is
stabilized by closing the inlet-throttling valve slowly. After
taking the readings, the inlet valve is brought into fully open
position, and the mass flow rate is further reduced by a small
amount.

Following each adjustment, the system is allowed to stabilize,
and the procedure is continued. The experiment is stopped after
the dry-out point is reached. Further details of the experimental
procedure can be found in [16,18].

3. Mathematical modeling of the exit restriction

The throttling sharp-edged orifice is located at the exit of the
test heater. It is an essential component to generate the two-phase
flow dynamic instabilities in a boiling flow system. The generating
mechanism of the pressure-drop type oscillations in a boiling two-
phase flow system is the pressure-drop mass flow rate steady-state
characteristics of the system. So, the exit restriction needs to be
modeled with acceptable accuracy and reliability in the first place,
in order to come to a successful description of the whole system.
Both the steady-state performance and the dynamic response of
such systems depend on, for the most part, the pressure-drop of
fluid flowing through this exit restriction at specific mass flow rate
and mass quality of the gas–liquid mixture. The earlier experimen-
tal study, Liu [18] has shown that about 90% of the system pres-
sure-drop is concentrated in the exit restriction orifice.

In the previous studies [14–16,18,19] of the system dynamic
instabilities with our experimental set-up, purely empirical corre-
lations were given in the form of pressure-drop as an approximate
polynomial of quality x through the exit restriction, based on the
experimental values.

Theoretical models for two-phase mixture flowing through the
orifice have all been based on either homogeneous or separated
flow model that simulates ideal cases of two-phase mixture flow.
The homogeneous model considers the two phases to flow as a sin-
gle phase with mean fluid properties, while separated model con-
siders the phases to be artificially segregated into two streams: one
of liquid and one of vapor. However, in reality, experiments
showed that the flow at the throat of an orifice was neither exactly
homogeneous nor wholly separated, so the models were all modi-
fied to correlate the experimental data in applications. The exit
restriction is a sharp-edge orifice located at the outlet of the heater,
with diameter of 2.64 mm.

The following correlation was developed, Eq. (1) by modifying
the separated flow model of two-phase fluid flowing through the
orifice Cao [20] and Cao et al. [21]:

DPtp

DPlo
¼ 1þ vg

v l
� 1

� �
c1xc2 ð1Þ

The constants c1 and c2 are obtained by correlating the experimen-
tal results. It is found that c1 increases with the heat input, while c2

is kept constant (see Table 1). This correlation is the modified ver-
sion of the Chisholm’s correlation, Chisholm [22]. Fig. 3 shows the
exit restriction model and experimental measurements at various
heat inputs.

4. Steady-state characteristics

Mathematical representation of the experimental systems are
shown in Figs. 4 and 5, for vertical and horizontal systems, respec-
tively, where five distinct regions are identified along the system,
each having different characteristics.

The components upstream of the inlet of the heated channel are
lumped together and considered as the first region. The whole
length of the heater is divided into the subcooled liquid region
and the boiling two-phase fluid region, which are numbered as



Fig. 3. Steady-state characteristics of exit restriction. Comparison of the present
model with experimental data [21].

Fig. 4. Mathematical model representation of the vertical system.
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the second and third region. Region 4 extends from the exit of the
heater to the exit restriction. The restriction exit is treated sepa-
rately as region 5 (Figs. 4 and 5).

4.1. Single-phase liquid region

The liquid is considered to be incompressible and one-dimen-
sional with constant thermodynamic and transport properties.
Therefore, the conservation equations are [15,21,23]:

(1) Continuity
@uf

@z
¼ 0 ð2Þ

(2) Momentum
qf uf
@uf

@z
¼ � @P

@z
� ff

2Dh
qf u

2
f þ gqf ð3Þ
Fig. 5. Mathematical model represen
(3) Energy
uf
@if

@z
¼ qwnh

qf Ac
ð4Þ
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4.2. Two-phase mixture region

Drift-Flux model is used to formulate the problem in the two-
phase mixture region. The time-smoothed, one-dimensional con-
servation equations as derived by Ishii [24] are:

(1) Conservation of mass of the mixture
@ðqmumÞ
@z

¼ 0 ð5Þ

(2) Conservation of mass of the vapor phase
@ðaqgugÞ
@z

¼ Cg ð6Þ

(3) Conservation of momentum of the mixture (neglecting the
effect of surface tension)
qmum
@um

@z
¼�@Pm

@z
� fm

2Dh
qmu2

mþgqm�
@

@z
qf �qm

qm�qg

qf qg

qm
V2

gj

 !

ð7Þ

(4) Conservation of energy of the mixture (neglecting the effect
of the kinetic and potential energy)
qmum
@im

@z
¼ qwnh

Ac
� @

@z
qf � qm

qm

qf qg

qf � qg
Vgjðig � if Þ

 !
ð8Þ

The mixture density, qm; the mixture pressure, Pm; the mixture
velocity, um; and the mixture enthalpy, im; are defined as:

qm ¼ aqg þ ð1� aÞqf ð9Þ
Pm ¼ aPg þ ð1� aÞPf ð10Þ

um ¼
aqgug

qm
þ
ð1� aÞqf uf

qm
ð11Þ

im ¼
aqgig

qm
þ
ð1� aÞqf if

qm
ð12Þ

Instead of solving the problem in a general form, the following sim-
plification assumption is introduced:

(1) There is no pressure difference between the phases.
Pm ¼ aPg þ ð1� aÞPf ¼ P ¼ Pf ¼ Pg ð13Þ
tation of the horizontal system.
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(2) The enthalpy of the vapor phase is a constant and is equal to
the corresponding saturation value.

(3) Liquid phase is incompressible.
Fig. 6. Vertical system steady-state characteristics with different heat input
(Ti = 23 �C) [21].
4.3. The kinematic correlation for void fraction

The model used in the present study was proposed by Zuber
and Findlay [25]. According to their analysis, the vapor velocity,
ug, is related to the volumetric flux as:

ug ¼ C0jþ Vgj ð14Þ

where Co is the distribution parameter, Vgj is the drift velocity of the
vapor phase with respect to the center of mass of the mixture and j
is the volumetric flux defined as

j ¼ ulð1� aÞ þ uga ð15Þ

The following expressions are reported to give good results for
steam-water flows irrespective of the flow pattern [25].

C0 ¼ 1:41 ð16Þ

Vgj ¼ 1:41
rgðql � qgÞ

q2
l

� �1=4

ð17Þ
Fig. 7. Vertical system steady-state characteristics with different inlet subcooling
(Q = 800 W) [21].
4.4. Solution of the steady-state characteristics

The conservation equations, together with the equations of
state and the constitutive relations, are to be solved for the follow-
ing boundary conditions:

� constant inlet temperature, Ti constant,
� constant heat input, QI constant and uniform,
� constant exit pressure, Pe constant.

The governing equations, outlined earlier, are discretized in
the space coordinate to solve for the steady-state characteristics
of the system. Calculations start with given values of mass veloc-
ity G, fluid inlet temperature Ti, heat input QI, and exit pressure
Pe. Assuming an inlet (surge tank) pressure Ps, the flow parame-
ters and properties are calculated from the exit of the surge tank
to the inlet of the heater. The enthalpy, pressure, and density are
calculated at each successive node in the heater. Without consid-
ering the subcooled boiling effect, the starting point of boiling is
assumed to be the point where the bulk liquid temperature
reaches the saturation temperature corresponding to the local
pressure. The whole length of heater is divided by the boiling
point into the single-phase section and two-phase boiling section.
These sections are computed using their respective finite differ-
ence forms of the governing equations using appropriate state
and constitutive equations according to the state of the fluid.
The calculation is carried out from the surge tank to the system
exit by matching process in the space coordinate. The trial and er-
ror method is used by assuming different value of Ps to arrive at
the given value of Pe within given errors. But in a real system,
however, will not be in thermodynamic equilibrium, because
the vapor bubble generation starts while the liquid bulk temper-
ature is very much below the saturation temperature with high
local subcooling. After the point of net vapor generations, the li-
quid bulk temperature beyond this point is lower than that pre-
dicted by thermal equilibrium, because part of the heat added
to the system is used to generate vapor, and the quality; in the
present analysis, this region is called thermodynamically, non-
equilibrium model and is considered in the analysis of dynamic
oscillations.

The steady-state characteristic curves of the system are shown
in Figs. 6 and 7, as comparisons of the model calculations with the
experiments. In Fig. 6, different curves corresponding to the differ-
ent heat inputs are shown, while Fig. 7 presents different inlet sub-
coolings of the fluid. As the steady-state characteristics also
determine the stability boundaries and dynamic characteristics of
the quasi-steady pressure-drop type oscillations, the neglecting
of the subcooled boiling will also cause errorness in the theoretical
prediction of the stability boundaries and the oscillation character-
istics, as will be shown in following sections.

4.5. Model of the pressure-drop type oscillations

Pressure-drop type oscillations that occur in two-phase flow
systems are triggered by a small instability in the negative slope
region of the steady-state characteristic curve. The surge tank is
an important dynamic component of the system that serves as
an ‘‘external compressible volume”. The oscillations have relatively
low frequencies, and their periods are usually much longer than
the residence time of a single fluid particle in the system. Conse-
quently, quasi-static condition is assumed in modeling the pres-
sure-drop type instability in the boiling system, which means the
transient operating points can be obtained as a series of steady-
state points. In addition, the following assumption about the phys-
ical system is made to form the present dynamic model:

(1) The temperature inside the surge tank is constant during
oscillations.



Table 2
Comparison of experimental and theoretical results of pressure-drop oscillations.
(Bare tube; tube I.D. = 7.5 mm; exit restriction = 1.6 mm; _m ¼ 11:89 g=sÞ.

Temperature
(�C)

Heat input
(W)

Theoretical (non-
equilibrium)
period (s)

Theoretical
(equilibrium)
period (s)

Experimental
(Liu [18])
period (s)

23 400 14.2 15.1 13.5
600 17.2 21.0 17.0
800 31.5 36.8 28.5

1000 38.0 51.5 32.5
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(2) The heat input to the fluid is constant during the oscillations,
i.e., the dynamics of the heater wall is neglected.

For surge tank, the continuity equation can be written as
[19,21]:

dPt

dt
¼ ðPt � PtvÞ2Ac

Pta0Va0
ðui � uoÞ ð18Þ

The momentum equation between the main tank and the surge
tank is written as:

dui

dt
¼ 1

qlLi
½ðPi � PtÞ � Kiqlu

2
i � ð19Þ

where Ki is the inlet restriction coefficient of the valve between the
main and surge tanks.

With the quasi-static assumption of during the pressure-drop
type oscillation, the momentum equation between the surge tank
and the system exit can be written as:

duo

dt
¼ 1

qlLo
½ðPt � PeÞ � ðPt � PeÞs� ð20Þ

where (Pt � Pe)s is the steady-state pressure-drop given in the ear-
lier section.

Eqs. (18)–(20) form the dynamic model of the system under the
pressure-drop type oscillation. The 4th order Runge–Kutta method
is used with the MATLAB software to numerically solve the pres-
sure-drop oscillation.

4.6. Solutions to the model

4.6.1. Stability boundaries of the system
The stability boundaries of the system are obtained by varying

the mass flow rate under given heat input and inlet subcooling in
the nonlinear dynamic simulations.

Small pressure perturbation to the surge tank pressure is im-
posed to the system under steady state of the different operating
conditions, and the time process of the parameter variation of
the perturbed system is traced in the simulation to determine
the point where the oscillations start. Stable system returns back
to the steady state under perturbation, while the unstable system
presents limit cycle of the pressure and mass flow rate variation
with time.

The system stability boundary is determined in the steady-state
pressure-drop versus mass flow rate plane, as shown in Fig. 8. The
experimental data on the onset of flow oscillation corresponding to
various heat inputs are compared with the results of model calcu-
lation in Fig. 8. As can be seen clearly in the figure, the theoretical
and experimental results fit fairly well Cao [20] and Cao et al. [21].
Fig. 8. Stability boundaries.
4.7. Nonlinear simulations of the pressure-drop oscillations

Initial values of the steady state of the system plus the pertur-
bation to the system also need to be included before obtaining
the simulation results of the system oscillations.

The time variations of the surge tank pressure and mass flux of
the system predicted by the theoretical models are presented in
Tables 2 and 3 [20]. These two tables correspond to different heat
inputs, and inlet subcoolings Q and mass flow rate ð _m ¼ 11:89 g=sÞ.
For comparison between the theoretical predictions with the
experiments, the experimental recordings of the inlet pressure
oscillations are included in these tables.

It is seen from these tables, first, that the periods of the oscilla-
tions are reasonably well predicted by the dynamic model pre-
sented. The higher the heat flux, the larger the periods of the
oscillation, which is expected as the slope of the negative parts
of steady-state curve (Fig. 6) becomes steeper as the heat input
into the system increases. The steeper the negative slope, the more
unstable the system becomes (Fig. 8).

Under different heat inputs and inlet fluid temperatures, the
comparison of the non-equilibrium to the equilibrium models in
predicting the oscillation periods are listed in the Tables 2 and 3
for the vertical system. The results are grouped in Tables 2 and 3
for inlet temperatures Ti = 23, 10, 0, and �10 �C. Neglecting the
subcooled boiling contributes to the errorness of the prediction
of the oscillation characteristics (period and amplitude).

The equilibrium model always results in larger period compar-
ing with that resulted from non-equilibrium model, due to the de-
lay of boiling threshold and consequently, the negative slope
region on the steady-state characteristic curves of the boiling
system.

In Tables 2 and 3 it can be seen that, when the inlet fluid tem-
perature decreases, the heat input has different effect on the oscil-
lating period. The oscillating period first increase with the increase
of heat input from QI = 400–1000 W in Table 2 when Ti = 23 �C;
then the heat input has little effect on the period when
Ti = 10 �C; finally when Ti = 0 and �10 �C, the period decreases as
heat input increases.
Table 3
Comparison of theoretical results of pressure-drop oscillations for a vertical tube.
(Bare tube; tube I.D. = 7.5 mm; exit restriction = 1.6 mm; _m ¼ 11:89 g=sÞ.

Temperature
(�C)

Heat input
(W)

Theoretical
(non-equilibrium)
period (s)

Theoretical
(equilibrium)
period (s)

10 600 38.2 44.7
800 37.3 45.2

1000 35.8 44.6

0 600 50.4 56.0
800 48.4 54.8

1000 43.1 52.4

�10 600 67.5 71.0
800 58.4 66.9

1000 51.8 60.7



Fig. 9. Thermal oscillations in horizontal two-phase flow (Q = 2000 W, G = 0.0392,
Ti = 16 �C).
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It can also be seen from Tables 2 and 3 that the differences of
oscillating periods between the non-equilibrium and equilibrium
models vary with the heat input and inlet temperature values.

4.8. Model of thermal oscillations

The phenomenon of thermal oscillations induced by two-phase
flow is of importance for the design and operation of many indus-
trial systems and equipments such as steam generators, thermosi-
phon reboilers, refrigeration plants, and various heat exchangers
used in chemical processes units and refineries. The understanding
of pressure-drop and density-wave type two-phase flow instability
mechanisms is now essentially complete; some relevant work on
the dynamic of two-phase flow boiling systems concerning pres-
sure-drop and density-wave oscillation and the mathematical
modeling of are cited in Bergles [2] and Bouré et al. [1].

The experimental study, as well as analytical model, of thermal
oscillations remains limited for two reasons. First, the understand-
ing of two-phase flow heat transfer in steady state is rather lim-
ited; second, the theoretical aspects of unsteady and oscillatory
phenomena in convective heat transfer are not fully clarified yet.
As the state-of-the-art on these fronts keeps developing, phenom-
ena such as the one described in this work will be understood com-
pletely. Thus, the study of thermal oscillations is important for
practical, as well as scientific, reasons.

In our experimental studies, thermal oscillations were ob-
served, in addition to pressure-drop and density-wave oscillations.
These are dynamic oscillations, accompanied by large fluctuations
in temperature. The flow oscillates between low quality (dryness
fraction) and high quality regions at a given point in the heater.
The wall superheated fluctuates correspondingly to accommodate
the constant heat generation in the wall, as the heat conditions.
Kakaç et al. [14] and Padki et al. [15] presented experimental and
theoretical investigations on thermal oscillations. The theoretical
modeling was carried out under the assumption of homogenous
flow and thermodynamic equilibrium between the vapor and li-
quid phases. In this paper, some further work on the modeling of
pressure-drop type and thermal oscillations is presented.

Experiments have been carried out with two vertical nicrome
tubes (7.5 mm inner diameter and 9.5 mm outer diameter) – one
bare and the other coated with Linde High Flux coating – at various
heat inputs (0, 400, 600, 800, and 1000 W), keeping the inlet fluid
temperature constant at room temperature. In another series of
experiments, the heat inputs have been kept constant at 800 W,
and the inlet liquid temperature varied between �10 and 23 �C.
Results obtained from the experimental work have been used to
validate the modeling approach (Table 4).

During the pressure-drop type oscillations, the mass flow rate,
heat transfer coefficient, and heat input into the fluid keep chang-
ing. However, the heat generated in the heater wall by the electric
current is constant. Therefore, when the limit cycle enters the li-
quid region, the wall temperature decreases as the liquid heat
Table 4
Comparison of experimental and theoretical results for the vertical system (heater tube; n

Heater tube
surface

Inlet
temperature
(�C)

Mass flow
rate (g/s)

Heat
input
(W)

Mass flow rate (g/s)

Coated 23 7.31 800 Heater inlet pressure
Heater inlet temperatur

Coated 23 11.89 800 Heater inlet pressure
Heater inlet temperatur

Bare 23 7.31 600 Heater inlet pressure
Heater inlet temperatur

Coated 0 7.31 800 Heater inlet pressure
Heater inlet temperatur
transfer coefficient is usually high; whereas when the limit cycle
enters the vapor region, the wall temperature increases. Thus,
the wall temperature keeps fluctuating during the limit cycle.
These are termed as the thermal oscillations.

4.8.1. Governing equations

(a) Rate of heat transfer into the fluid
QI ¼
Z

Ah

hðTw � Tf ÞdA ð21Þ

The heat transfer coefficient h in Eq. (21) is to be calculated under
oscillating conditions, and is obtained from the following correla-
tion [19]:

Nu ¼ 190CS
P
PC

� �0:25 qde

hlvll

� �0:7

e�0:125x ð22Þ

where Nu = hde/kl, h is the local heat transfer coefficient, de is the
effective diameter of the heater tube, kl is the saturated liquid ther-
mal conductivity (= 1 for bare tube), Cs is the dimensionless surface
condition coefficient, when the tube is coated (Union Linde High
Flux coating), and q is the heat flux density.

The heater wall temperature can be calculated from the energy
balance for the heater, yielding

dðTwÞ
dt
¼ QO � QI

mhch
ð23Þ
ichrome with I.D. = 7.5 mm and O.D. = 9.5 mm).

Experimental Theoretical

Period (s) Amplitude (bar/�C) Period (s) Amplitude (bar/�C)

50 0.96 57 0.94
e 50 99.8 57 96.0

28 0.89 27 1.14
e 28 65.6 27 75.0

25 0.50 30 0.69
e 25 49.2 30 40.0

60 1.06 59 0.98
e 60 132.1 59 122.0



Fig. 10. Pressure-drop type oscillations in horizontal two-phase flow (Q = 800 W,
G = 0.0717 kg/s, Ti = 16 �C).
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In the pressure-drop oscillation model, fluid parameters and prop-
erties are calculated along the system during the oscillations. The
fluid temperature inside the heater at any node is known. The heat
Fig. 11. Thermal oscillations at bottom wall (G = 9
transfer coefficient is calculated using Eq. (22). To start with, the
heat input into the fluid is assumed. Then the heater wall temper-
ature can be calculated. During the oscillations, the heat transfer
coefficient and the heat input change, and the heater wall temper-
ature changes accordingly.

The solutions of these equations, which are coupled with the
hydraulics of the system, as described earlier, yield the thermal
oscillations at any node of the heater. Table 4 summarizes the com-
parison between the experimental and theoretical results, Padki
et al. [15].

4.8.2. Time dependent results for horizontal system
Figs. 9–12 show typical recordings of pressure-drop and ther-

mal oscillations occurring in the horizontal flow system [16,17].
In Figs. 9 and 10, a comparison between theoretical model and
experimental results are presented. Fig. 9 shows results the pres-
sure-drop oscillations in horizontal two-phase flow, obtained for
the exit restriction diameter equals to 2.616 mm, and the tube
diameter 10.90 mm. The heat input to the fluid in this case is
2000 W, with Refrigerant as the working fluid. The mass flow rate
for the results shown in Fig. 9 is 0.0392 kg/s; and fluid inlet tem-
perature is 16 �C. In Fig. 10, the diameters of the exit restriction
and the tube are 2.64 and 10.90 mm, respectively. The heat input
to the fluid is 2000 W and the mass flow rate is 0.0717 kg/s, with
R-134A as working fluid.

It is seen that the pressure-drop type and thermal oscillations
are slightly out of phase with each other. The rising portion of
the pressure-drop oscillations corresponds to an increasing
vapor flow that carries away more heat, thus lowering the wall
0 kg/m2 s, Ti = 24 �C, b = 0.24, q = 68.3 kW/m2).



Fig. 12. Pressure-drop type oscillations (G = 680 kg/m2 s, Ti = 24 �C, b = 0.30, q = 54.6 kW/m2).

Table 6
Comparison of experimental and theoretical results, pressure-drop oscillations in a
horizontal single channel flow, mass flow rate = 0.0717 kg/s, heater tube = 8.34 mm
I.D. = 8.34 mm, and O.D. = 10.9 mm, working fluid: R-11.

Exit restriction
(mm)

Heat input
(W)

Period
(s)

Amplitude
(bar)

Period
(s)

Amplitude
(bar)

2.64 2000 18 1.5 24 1.9
2.64 2500 16 2.2 18 2.0
3.175 2000 13 1.1 12 1.25
3.175 2500 14 1.2 12 1.4
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temperature. The decreasing portion corresponds to a decreasing
liquid mass flow rate that transfers progressively lower heat away
from the wall. This causes the temperature to increase. The exper-
imental and theoretical results exhibit this characteristic clearly
and are themselves in good agreement. Details of the numerical
solutions are outlined in [17].

The experimental cases are selected so that at least two differ-
ent cases of relevant parameters are represented, i.e., operating
mass flow rate, heat input, inlet subcooling, and the heater surface
condition. It can be seen that there is good agreement between the
two. The periods, amplitudes, as well as the waveforms, of the
oscillations are reasonably well predicted by the theory. Tables 5
and 6 summarize the comparison between the experimental and
theoretical results [17].
Table 5
Comparison of results from the Drift-Flux model and experimental studies. Steady-
state characteristics, horizontal single channel, working fluid: R-11, I.D. = 8.34 mm,
and O.D. = 10.6 mm, exit restriction = 2.64 mm.

Mass flow
rate (kg/s)

Heat input
(W)

Experimental
pressure-drop
(bar)

Theoretical
pressure-drop
(bar)

0.03 0 0.2 0.3
0.03 2000 4.0 4.1
0.03 2500 6.2 7.2
0.06 0 0.82 0.85
0.06 2000 3.7 3.7
0.06 2500 5.0 5.0
0.09 0 2.0 2.0
0.09 2000 3.0 2.7
0.09 2500 3.1 3.1
The pressure-drop oscillations result through the interaction
between the flow and the compressible volume in the surge tank.
Under the present experimental conditions, high frequency den-
sity-wave oscillations also occur, which are superimposed on the
pressure-drop oscillations. The present model can predict the pres-
sure-drop oscillations quite well. However, density-wave oscilla-
tions cannot be predicted by this model, because it does not take
into account explicitly the propagation of continuity waves that
generate these oscillations.

5. Conclusions

The Drift-Flux model is adopted in the theoretical study of the
pressure-drop type oscillations in the upflow and horizontal boil-
ing flow systems.

� A model of two-phase mixture flowing through the exit restric-
tion is developed based on the separated flow model in conjunc-
tion with the homogeneous flow model. By comparing the
model with the experimental data, it is shown that it predicts
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well the experimental results of the restriction characteristics,
thus can be incorporated in the modeling of the dynamic insta-
bilities of our boiling flow system.

� Finite difference method is used in solving the governing equa-
tions to obtain the steady-state characteristics of the boiling sys-
tem. The results of the theoretical models are compared with the
experimental steady-state curves of the system, and it is found
that the theoretical calculation fit the experiment with
satisfaction.

� Both the pressure-drop type and thermal oscillations occur at all
heat inputs. At a given inlet subcooling, the amplitudes and peri-
ods of the oscillations increase with increasing heat input rate.

� Both the pressure-drop type and thermal oscillations occur at all
inlet subcoolings. At a given heat input rate, the amplitudes and
periods of the oscillations increase with increasing inlet
subcooling.

� Thermal oscillations accompany the pressure-drop type oscilla-
tions. Oscillations of pressure and temperature are in phase; but
the maximum of pressure oscillations always lags as compared
with the maximum of temperature oscillations.

� The period and amplitude of the oscillations increase with
decreasing mass flow rate at the initial operating point on the
negative slope.

� The steady-state characteristics and the oscillations predicted
with the use of the Drift-Flux model are reasonably in agree-
ment with the experimental results.
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