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This work focuses on the theoretical investigation of thermal and pressure-drop type 
instabilities in forced convection boiling in a vertical single channel system, with Freon-1 1 
as the working fluid. Experiments with two nichrome tubes of 7.5 mm inner diameter and 
9.5 mm outer diameter, one bare and one coated with Linde High-Flux coating, have been 
carried out. One series of experiments was conducted with constant fluid inlet temperature 
and various heat inputs, and another with constant heat input and varying inlet liquid 
temperature. Under the experimental conditions of the study, pressure-drop type and 
thermal oscillations, as well as pressure-drop type oscillations with superimposed density- 
wave oscillations, have been observed. A numerical model has been developed to predict 
the steady-state characteristics of the forced convective two-phase flow and the pressure- 
drop type and thermal oscillations in a boiling single channel. The drift-flux model is used 
for numerical predictions. Good agreement between the theory and experiments is 
obtained. 
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Introduction 

The phenomenon of thermal oscillations induced by two-phase 
flow is of importance for the design and operation of many 
industrial systems and equipment, such as steam generators, 
thermosyphon reboilers, refrigeration plants, and various heat 
exchangers used in chemical process 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 behavior of two-phase flow 
boiling systems concerning pressure drop and density-wave 
oscillations and the mathematical modeling of two-phase flows 
is cited} 20 

The experimental study, as well as analytical model, of 
thermal oscillations remains limited for two reasons. Firstly, 
the understanding of two-phase flow heat transfer in steady 
state is rather limited; secondly, 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, phenomena such as the one described in this 
work will be understood completely. Thus, the study of thermal 
oscillations is important for practical, as well as scientific, 
reasons. 

In our experimental studies, thermal oscillations were 
observed, in addition to pressure-drop and density-wave oscil- 
lations. These are dynamic oscillations, accompanied by large 
fluctuations in the wall temperature. The flow oscillates between 
low quality (dryness fraction) and high quality regions at a 
given point in the heater. The wall superheat fluctuates corre- 
spondingly to accommodate the constant heat generation in 
the wall, as the heat transfer coefficient oscillates between wet 
and dry conditions. Kakaq et al. 1°'~1 presented experimental 
and theoretical investigations on thermal oscillations. The 
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theoretical modeling was carried out under the assumption of 
homogeneous flow and thermodynamic equilibrium between 
the vapor and liquid 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 nichrome 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 1,000 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. 

Experimental investigations 

Figure 1 is a schematic diagram of the two-phase flow loop, 
showing the basic dimensions and the instrumentation, The 
test-fluid, Freon-ll ,  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 provide an inlet temperature range of 
- 2 0  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 pressures. 

All the tubing, except the recovery section, is made of 0.75 cm 
(0.295 in.) ID nichrome tube, In the recovery section, tubing 
of much larger diameter (1.90 cm ID) is used to minimize 
pressure losses. Two plenums of 6.35 cm (2.5 in.) ID are 
installed to simulate the inlet and exit headers of heat exchangers. 
The surge tank, which is an important dynamic component of 
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Figure I Schematic drawing of the experimental system 

N o t a t i o n  

A h Heater inner surface area, m 2 
d Inner diameter of the heater tube, m 
f Friction factor, dimensionless 
Fm Two-phase flow friction multiplier, dimensionless 
g Gravitational acceleration, 9.806 m2/sec 
G Fluid mass velocity (=pu), kg/(m 2 sec) 
Gi Inlet mass velocity to surge tank, kg/(m 2 sec) 
Go Outlet mass velocity from surge tank, kg/(m 2 sec) 
h Specific enthalpy of the fluid, J/kg 
hiv Latent heat of evaporation, J/kg 
j Volumetric flux, m/sec 
Nu Nusselt number, dimensionless 
P Pressure, Pa 
Pe Exit pressure, Pa 
Ps Surge tank pressure, Pa 
Q~ Heat input into the fluid, W 
Qo Rate of electric heat generation in the tube, W 
t Time, sec 

Ti Fluid inlet temperature, °C 
u Fluid velocity, m/sec 
x Quality of the liquid-vapor mixture, dimensionless 
z Axial distance along the flow path, m 

Greek symbols 
# Dynamic viscosity of the fluid, Pa s 
p Density, kg/m a 
a Surface tension, N/m 
(p Heat input to fluid per unit volume of fluid, W/m a 

Void fraction, dimensionless 

Subscripts 
e Exit 
f Fluid 
i Inlet 
I Liquid 
s Surge tank 
v Vapor 
w Wall 
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the loop, provides the necessary compressible volume for the 
pressure-drop oscillations to occur. 

Appropriate instrumentation is installed to provide control 
and measurements of the test parameters, namely, flow rate, 
temperature, and pressure at various locations and the electrical 
heat input. Further discussion and details of the experimental 
set-up can be found elsewhere. 12 

Experimental procedure 

For sustained instability experiments, the following experi- 
mental procedure has been developed. 

For  a given heater tube, different sets of experiments, 
corresponding to various heat inputs, have been conducted. 
For  each heater tube, an initial experiment is conducted without 
any heat 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 deter- 
mined in each case. Oscillations have been identified by the 
cyclic variations in pressures and flow rates, by observing 
the transparent section, the pressure-gauge pointers, and the 
recordings. In defining the stability boundary, short-life tran- 
sients 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 liquid container tank, the tank 
is pressurized using nitrogen gas. 

(2) The surge tank is half-filled with liquid Freon- l l  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 the 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 with 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 decreased in small steps to precisely locate the instability 
boundary. 

(6) While operating in the unstable region, firstly 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 the 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. 

Experimental results 

Figure 2 shows some typical recordings of the oscillations 
obtained during the experiments, as reported. 12 The recordings 
of oscillations of heater inlet pressure, heater exit temperature, 
and mass flow rate are shown under the same operating 
conditions. It can be seen that both oscillate in phase with each 
other. The pressure oscillations can be seen to consist of two 
different kinds of oscillations: one, the main pressure-drop type 
oscillations, which have periods of the order of 20 to 60 sec, 
and two, the high-frequency density-wave type oscillations, 
which can be seen to be superimposed on the rising portions of 
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Figure 2 Typical superimposed oscillations. Heat input, 800 W, 
inlet fluid temperature, 10°C. Operating mass flow rate, 9.06 g/sec. 
Heater: coated nichrome, ID 7.5 mm, OD 9.5 mm 

the pressure-drop oscillations. The density-wave type oscillations 
have periods of the order of 2 to 7 sec. 

The phase relations among the three oscillating quantities 
can be seen to be as follows: When the mass flow rate is at the 
lowest point, the flow inside the heater is predominantly vapor 
with consequent low heat transfer coefficient, and the wall 
temperature is at its highest. In a similar way, the wall 
temperature is the lowest when the mass flow rate is high, since 
the predominantly liquid flow can carry away the heat better. 
When the heater inlet pressure drops, i.e., when the surge tank 
discharges the fluid it has stored in the previous cycle, the mass 
flow rate through the heater increases. Similarly, the mass flow 
rate through the heater decreases when the surge tank is 
charging and the heater inlet pressure is increasing. 

Experimental uncertainties 

Standard chromel-contantan thermocouple wires were used in 
the temperature measurements and a comparison calibration 
method was adopted in this study. The uncertainty for temper- 
ature measurement is about +0.5°C. 

The inlet mass flow rate was measured by a rotameter in 
millimeters, and converted to grams per second by proper 
calibration. The calibration curve fitting polynomial was given 
elsewhere; 13 the overall uncertainty for mass flow rate is about 
+ 2 percent. 

Heat input to the test section was calculated using the 
recorded voltage drop values over the heater tube and over the 
shunt circuit. With appropriate conversions, the reading of the 
voltage drop over the shunt circuit in miilivolts was converted 
into the current value in Amperes. The heat input was then 
calculated as the product of these two. The total heat input to 
the test section was assumed to be equal to the electrical energy 
supplied to the heater tube without any loss. The overall 
uncertainty for heat input is about + 2 percent. 

T h e o r e t i c a l  s t u d y  

In the most general formulation of the two-phase flow problem, 
the conservation equations are written separately for each of 
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the phases. Various forms of the conservation equations have 
been proposed in the literature. 1-4 In order to reduce the 
complexity involved in the formulation of the problem in the 
most general case, several models have been suggested, which 
attempt at correlating different parameters of the two phases, 
such as drift velocity, void fraction, and slip ratio. In most 
of the practical problems, one-dimensional time-dependent 
equations are used. In this paper, the drift-flux formulation has 
been used, which has gained much acclaim in the last decade, 
taking into account the relative velocity between the phases, 
while assuming thermodynamic equilibrium between phases. 
This work, to the authors' knowledge, is the first application 
of the drift-flux model to the prediction of dynamic instabilities. 

Mathematical  formulat ion of  dr i f t - f lux model  

The equations that are used to describe the two-phase flow 
inside the constant area duct are one-dimensional transient 
equations for conservation of mass, momentum, and energy. 

Conservation equations. The governing equations of two-phase 
flow are given by2: 

(a) Continuity 

~t[P,(1 -O)+PvO2 a +~z [PlUl(1- ~J)+ pvuo~kl =0 (1) 

(b) Energy 

at [-Pth~(1 - O) + p~hj/] + [pzuzht(1 - O) + PvuvhJ/] = cp (2) 

(c) Momentum 

0p 
Oz=~t [ptu/(1--l]l)-}"pvuvl/l]"~'[~]fr, c 

+L~'GZF (1_--x)2 x z 

where the subscripts l and v refer to liquid and vapor phases, 
respectively. The kinetic and potential energy terms have been 
neglected. 

Auxiliary terms. The various auxiliary terms in the governing 
equations are defined below. 

(d) Mass velocity, G, 

G = pzul(1 -- ~k) + p~u~k (4) 

(e) Quality (dryness fraction), x, 

pvuoAv 
x = (5) 

pluzAt + pou~A~ 

(f) Void fraction, ~k, 

=/Iv (6) 
A 

(g) Total enthaipy, h, at a given station, 

h = p~ht(1 - ~O) + pvh~k (7) 

Equations of state. These are supplied in the following form: 
for subcooled liquid, properties are calculated using the local 
temperature, while for saturated liquid and vapor, they are 
calculated using the local pressure. 

Two-phase fraction coefficient. To get the (OP/dg)fr i  ¢ term in 
Equation 2, the frictional pressure-drop is expressed in terms 
of the local liquid-phase velocity, u,  and the friction factor, f, 
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calculated from an experimentally obtained correlation of 
Blasius-type. 

The kinematic correlation. For the conservation equations to 
constitute a working model, i.e., to close the set of equations, 
the phase velocities, u~ and uv, have to be related to the bulk 
flow rate and other flow parameters. The model to be used in 
the present study was originally proposed by Zuber and 
Findlay. 5 

A volumetric flux, which is the velocity of the center-of- 
volume of the fluid, is defined for the two-phase mixture as 
follows: 

j=ul(1 - ~b) +uv~k (8) 

which can be written in terms of the mass velocity, G, as, 

, G F l - x + x  1 
"= L ~  ~ /  (9) 

According to the Zuber-Findlay model, 5 the vapor velocity, 
uv, may be related to the volumetric flux as, 

uv=Coj+Uvj (10) 

where C O is a distribution parameter and uvj is the drift velocity 
of the vapor phase with respect to the center of mass of the 
mixture. In the literature, there are various correlations for Co 
and uvj, depending primarily on the flow pattern. The following 
expressions used in the present study are reported to give good 
results for high-pressure steam-water flows irrespective of the 
flow pattern a: 

Co=1.13 (l la) 

uo~ = 1.41Prg(PJ 5 - P~)l TM (l ib) 
L Pl J 

It was confirmed that this set of correlations are not sufficient 
to predict the void fraction over the entire range of quality, 
and it was decided to adopt a two-regime model. Equations 
l l a  and b were used till the quality was less than 0.2, and 
beyond that the correlations proposed by Ishii for annular flow 
were used.* These are 

Co = 1.0 (12a) 

~.F~,J,-1 '/2 ap uvj= z3 /~-6 /  - -  (12b) 
L Pv J Pz 

Steady-state characteristics 

The study of two-phase flow dynamic instabilities, in general, 
requires the knowledge of the steady-state pressure-drop versus 
mass flow rate characteristics, over the range of interest. The 
instability boundaries for pressure-drop type and density-wave 
type oscillations are usually shown on the plot of these 
relationships. These relationships, which are the steady-state 
solutions to the conservation equations, are also used to 
determine the initial conditions for both pressure-drop and 
density-wave type oscillations. 

The single channel upward boiling flow apparatus has been 
simulated in this model as shown in Figure 3. Freon-11 enters 
the system from the liquid container at the point designated as I. 
The outlet of the surge tank is O. For ease of analysis and 
description, the flow path is divided into a number of regions, 
each with distinct flow characteristics. The part of the system 
from the surge tank to the inlet of the heater is called region 1. 
The subeooled part of the heater is called region 2, and the 
rest of the heater, where boiling takes place, is called region 3. 
Region 4 extends from exit of the heater to exit restriction. The 
exit restriction is treated separately as region 5, as described 
next. 
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Exit restriction. The flow restriction at the system exit is a 
sharp-edged orifice with an orifice diameter of 1.59 mm. An 
empirical correlation, based on previous data, is used to 
calculate the pressure-drop across the restriction. The liquid- 
phase pressure-drop across the exit restriction is correlated as 

A p  e = 580(G2/p,) (13) 

where G is the mass velocity. 
To correlate the two-phase pressure-drop data, a two-phase 

friction multiplier model is used. The two-phase friction multi- 
plier F,, has been correlated as a function of the exit quality x e as 

F ,. = 1 + 40Xe + l OOx 2 - 50Xe 4 (14) 

Thus the two-phase pressure-drop across the exit restriction 
becomes . 

Ape= Fm(580G2/p~) (15) 

Boundary conditions. The conservation equations, together with 
the equations of state and the constitutive relations, are to be 
solved for the following boundary conditions: 

constant inlet temperature, T i =constant  

constant heat input, Q1=constant 

and, constant exit pressure, Pe =constant  

Schema of  solution. Calculations start with given values of mass 
velocity G, inlet fluid temperature T~, heat input Q~, and exit 
pressure Pc. Assuming an inlet (surge tank) pressure P,, the 
flow parameters 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. 
At each step, the enthalpy is checked against the saturated 
enthalpy at that pressure. Boiling is assumed to start when the 
fluid enthalpy exceeds the saturation enthalpy. Appropriate 
state and constitutive equations are chosen according to the 
state of the fluid. The calculation is continued along the rest 
of the system. The calculated exit pressure is checked against 

the given value Pe" If the difference is found to be within an 
acceptable margin, the assumed value of Ps is substituted for 
the surge tank pressure; otherwise the whole procedure is 
repeated with a different value of Ps, till convergence is obtained. 

Time-dependent solutions 

Taking the method and results developed in the previous 
sections, the time-dependent problem is tackled to predict 
pressure-drop type and thermal oscillations. 

Model for pressure-drop oscillations. Pressure-drop oscillations 
occur in systems that have a compressible volume upstream of 
or within the heated section. They are usually confined to the 
middle portion of the negative slope region of the pressure-drop 
versus mass flow rate curve. The periods of typical pressure- 
drop oscillations are much larger than the residence time of 
any fluid particle in the flow; hence the pressure-drop oscillations 
are assumed to take place as a succession of quasisteady-state 
operating points of the system. The conditions provided by the 
steady-state solution are used as the initial conditions for the 
time-dependent solution. 

The system under consideration is again as in Figure 3. The 
equations that describe the surge tank dynamics must be 
included in the analysis, since the air-vapor mixture inside the 
surge tank plays an important role in generating and maintaining 
the oscillations. 

Governing equations 

(a) Continuity equation for the surge tankT: 

d(Ps)_ p2 ( G , -  Go)Ap (16) 

dt (PsoVop~) 

where P~ is the surge tank pressure, P,o the steady pressure of 
the air in the surge tank, V o the steady-state gas volume in the 
surge tank, Gi and G o the inlet and outlet mass velocities to 
and from the surge tank, and Pt liquid density. 

(b) Momentum equation for the mass velocity from main tank 
to surge tank 

where R is the restriction coefficient from the main tank to the 
surge tank, obtained from experimental data. 

(c) The steady-state solution, which is assumed to be valid at 
every point of the pressure-drop oscillation, is obtained from 
the steady-state form of the governing equations. These relations, 
from the surge tank to system exit, can be written as 

Go=F(Ps, Q,) (18) 

During the oscillations, the heat input Qz and surge tank 
pressure Ps change, thus Go becomes the dependent variable of 
Qt and Ps" 

Method of solution 

An explicit forward difference technique is used to solve the 
nonlinear partial differential equations which describe the 
system dynamics. The governing equations (16, 17 and 18) are 
approximated by the method of forward finite differences. 

The calculations start with given inlet fluid temperature and 
pressure. The initial flow parameters and properties, corre- 
sponding to the given inlet mass velocity and heat input, are 
calculated using the steady-state program. These results are 
saved as the initial conditions at the stable operating point. 

The system is perturbed by increasing the pressure in the 
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Figure 4 Flow-chart for the time-dependent solution algorithm 

surge tank, and the changed inlet mass velocity for the surge 
tank is calculated. Calling the steady-state program again, the 
mass velocity and other flow parameters and properties along 
the system are computed, corresponding to the increased surge 
tank pressure. Since the pressure in the surge tank is increased, 
the flow rate through the heater decreases. The heat transfer 
coefficient and the heat input into the fluid also change. Next, 
the resultant surge tank pressure is calculated. This procedure 
is repeated in the successive time steps. The flowchart for this 
algorithm is presented in Figure 4. 

In the successive time steps, the pressure difference between 
the surge tank and the system exit increases along the negative 
slope, until the top of one of the steady-state mass flow rate 
versus pressure-drop curves is reached, depending on the 
instantaneous heat input into the fluid. Then the calculation 
point leads from the top of the curve to the liquid region 
automatically. The flow rate through the heater increases. The 
surge tank pressure decreases with increasing flow rate through 
the heater, since the exit flow rate is larger than the inlet flow 
rate. The pressure in the surge tank decreases till the bottom 
of one of the steady-state mass flow rate versus pressure-drop 
curves. Then another flow excursion takes place from the liquid 
region to two-phase or vapor region. These limit cycles are 
then repeated. 

Model for thermal oscillations. During the pressure-drop type 
oscillations, the mass flow rate, heat transfer coefficient, and 
heat input into the fluid keep changing. However, the heat 

generated in the heater wall by the electric current is constant. 
Therefore, when the limit cycle enters the liquid region, the 
wall temperature decreases as the liquid heat transfer coefficient 
is usually high; whereas when the limit cycle enters the vapor 
region, the wall temperature increases. Thus, the wall temper- 
ature keeps fluctuating during the limit cycle. These are termed 
as the thermal oscillations. 

Governing equations 
(a) Rate of heat transfer into the fluid 

jAft(Tw-- Tf)dA (19) Q, 

The heat transfer coefficient :t in Equation 19 is to be 
calculated under oscillating conditions, and is obtained from 
the following correlation 21 : 

//P x~0"25 / qde "~o.7 

where Nu = =de/k~, = is the local heat transfer coefficient, d e is 
the effective diameter of the heater tube, k~ is the saturated 
liquid thermal conductivity, C, is the dimensionless surface 
condition coefficient (=  1 for bare tube), and q is the heat flux 
density. 

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

d(T~) (Qo-QI) 

dt rnhc h 
(21) 

Method of solution 

In the pressure-drop oscillation model, fluid parameters and 
properties are calculated along the system during the oscillations. 
The fluid temperature inside the heater at any node is known. 
The heat transfer coefficient is calculated using Equation 20. 
To start with, the heat input into the fluid is assumed. Then 
the heater wall temperature can be calculated. During the 
oscillations, the heat transfer coefficient and the heat input 
change, and the heater wall temperature 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. 

Comparison of theoretical predictions with 
experimental results 

Figures 5 through 7 show the theoretical predictions of the 
pressure-drop type and the thermal oscillations, along with the 
experimental results. The experimental cases are selected so 
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Figure 6 Comparison of theoretical predictions of pressure-drop 
type and thermal oscillations with experimental results. Heat input, 
800 W, inlet fluid temperature, O°C. Operating mass f low rate, 
7.31 g/sec. Heater: coated nichrome, ID 7.5 mm, OD 9.5 mm 

that at least two different 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. Table 1 summarizes 
the comparison between the experimental and theoretical 
results. 

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 
density-wave oscillations also occur, which are superimposed 
on the pressure-drop oscillations. The present model can predict 
the pressure-drop and thermal oscillations quite well. However, 
density-wave oscillations cannot be predicted by this model, 
because it does not take into account explicitly the propagation 
of continuity waves that generate those oscillations. Efforts are 
under way to extend the modeling methodology in order to 
predict the complete superimposed oscillations. 

C o n c l u s i o n s  

Experiments wi th various heat inputs have been conducted 
using nichrome tubes in a single channel upflow boiling system 
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Table I Comparison of experimental and theoretical results 
(Heater tube: nichrome, with ID 7.5 mm and OD 9.5 mm.) 

Two-phase flow pressure-drop type: M. M. Padki et al. 

Heater 
tu be 
surface 

Mass Oscillation 
Inlet f low Heat type and 

temperature rate input location 
[°C] [g/sec] [VV] 

Experimental Theoretical 

Period Ampli. Period Ampli. 
[sec] [sec] 

Coated 23 7.31 800 

Coated 23 11.89 800 

Bare 23 7.31 600 

Coated 0 7.31 800 

Heater inlet pressure 50 0.96 57 0.94 
[bar] [bar] 

Heater exit temperature 50 99.8 57 96.0 
[oc] [oc] 

Heater inlet pressure 28 0.89 27 1.14 
[bar] [bar] 

Heater exit temperature 28 65.6 27 75.0 
[°C] [°C] 

Heater inlet pressure 25 0.50 30 0.69 
[bar] [bar] 

Heater exit temperature 25 49.2 30 40.0 
[°C] [°C] 

Heater inlet pressure 60 1.06 59 0.98 
[bar] [bar] 

Heater exit temperature 60 132.1 59 122.0 
[°C] [°C] 
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Figure 7 Comparison of theoretical predictions of pressure-drop 
type and thermal oscillations with experimental results. Heat input, 
800W, inlet fluid temperature, 23°C. Operating mass f low rate, 
7.31 g/sec. Heater: coated nichrome, ID 7.5 mm, OD 9.5 mm 

to study the pressure-drop type and thermal oscillations. Two 
tubes were used in the study: one coated with Linde High-flux 
coating and the other bare. Experiments have been performed 
at a constant inlet temperature for different heat inputs. In 
another series of experiments, the heat flux was kept constant 
and the inlet temperature varied. The drift flux formulation of 
two-phase flows has been developed to obtain the steady-state 
characteristics of the vertical channel system. 

The following conclusions can be reached based on the 
experimental and theoretical studies: 

• Both the pressure-drop type and thermal oscillations occur 
at all heat inputs. At a given inlet subcooling, the amplitudes 
and periods 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 
oscillations. 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 periods and amplitudes 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 in reasonably good 
agreement with experimental results. 
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