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A numerical model is developed to predict the steady-state and transient 
behaviour of forced-convection boiling two-phase flow in a single channel. The 
model is based on the assumption of homogeneous two-phase flow and ther- 
modynamic equilibrium of the phases. Compressibility effects in the two-phase 
region, motion of the bulk boiling interface and the thermal capacity of the heater 
wall have been included in the analysis. The model is used to study the effects 
of heat input, inlet subcooling and flow rate on the system behaviour. For com- 
parison purposes, an experimental investigation was conducted using a single- 
channel, electrically heated, forced-convection upflow system. Steady-state 
operating characteristics, and stable and unstable regions, are determined as a 
function of heat flux, inlet subcooling and mass flow rate. Different modes of 
oscillation and their characteristics have been investigated. The model's predic- 
tions are in good agreement with the experimental results. 
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In recent years, considerable interest has been 
expressed in the phenomenon of flow instability in 
two-phase flow systems. Oscillations of the flow rate 
and system pressure are undesirable as they can 
cause mechanical vibrations, high pressures, prob- 
lems of system control and, in extreme circum- 
stances, disturb the heat transfer characteristics so 
that the heat transfer surface may burn out. It is 
essential, therefore, that such instabilities be avoided 
or controlled in equipment or devices involving two- 
phase flows. Two-phase flow systems, where these 
oscillations are critical, occur in a wide range of 
industrial applications ranging from nuclear reactors 
to conventional power plants, refrigeration equip- 
ment and several chemical process devices. There- 
fore the understanding of two-phase flow instability 
is important for the design, control and performance 
prediction of any system having such phenomena. 
It is necessary to establish the influence of system 
geometry, pressure, flow rate, temperature, quality, 
inlet and exit restrictions, and mass flow rate on the 
system behaviour, as well as the effects of property 
variations, the variation of heat flux and the variation 
of the friction coefficient during the two-phase flow 
oscillations. 

There are three identifiable types of oscilla- 
tion, namely, the pressure-drop type, the density- 
wave type, and thermal oscillations which may be 
encountered in a boiling flow. Each one is associated 
with a specific mode of operation depending on 
system characteristics and operational parameters. 
Detailed discussion of the types and mechanisms of 
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these instabilities is given elsewhere 1-9. In the present 
study, the two most observed instabilities, namely, 
pressure-drop and density-wave oscillations; are dis- 
cussed. It is important to be able to predict the 
conditions under which a two-phase flow system will 
be subject to these instabilities. An analysis of these 
oscillations involves finding a solution of the govern- 
ing differential equations subject to initial and boun- 
dary conditions, Owing to the complicated nonlinear 
nature of these equations, numerical methods are 
invariably used 1°-13. 

In the analysis of two-phase flows one must 
employ modelling, the validity of which has to be 
demonstrated by the comparison of theoretical with 
experimental results. In the present study a mathe- 
matical model is used to simulate the instabilities, 
and the analysis assumes an equilibrium 
homogeneous flow. Although the homogeneous 
model has been used to solve a variety of two-phase 
flow problems, the main purposes of this work are 
the prediction of two-phase flow oscillations and a 
study of the effects of heat input, inlet subcooling 
and the flow rate on system stability. Pressure-drop 
and density-wave dynamic instabilities in a two- 
phase flow system have been simulated. The ampli- 
tudes and periods of sustained oscillations and the 
stability-instability boundaries for a single-channel 
upflow system at different heat inputs and subcool- 
ings have been predicted, and experiments carried 
out to justify the model used. 

Experimental details 

Test apparatus 
Fig 1 is a schematic diagram of the boiling upflow 
system apparatus used in the experiments. It con- 
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sisted of a test liquid container, a control valve, a 
surge tank, an inlet valve, an inlet plenum, a test 
section, an exit plenum, and an exit restriction. All 
the tubing in the system, including the heater, was 
made of nichrome. The test section tube itself was 
used as the electrical resistance for providing heat 
input. 

The heater was insulated from the rest of the 
system through ptfe unions at both ends. A direct 
voltage was applied over two brass flanges, each 
brazed to one end of the heater, making the electrical 
resistance of the terminals negligible compared with 
that of the heater tube. To reduce the heat losses to 
a minimum, a vacuum chamber was used to house 
the test section, and a guard heater (incorporating a 
radiation guard) was built around the heater. This 
construction kept the heat losses to a level of less 
than 3 per cent. Three sight glass tubes were included 
in the system for visual inspection of the flow. 

The surge tank was connected to a pressurized 
air system to maintain a predetermined liquid level 
in the surge tank. The liquid inlet temperatures could 
be controlled by a subcooling unit, equipped with 
automatic temperature controls. During the experi- 
ments the liquid in the container was pressurized by 
high-pressure nitrogen, using a constant pressure 
regulating valve to maintain the required flow rate 
into the test section. There was also a recovery system 
located on the downstream side. 

The piping was constructed from 3.75 mm 
inner diameter nichrome tube, except in the recovery 
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Fig i Upward boiling flow apparatus 

system. In the recovery section tubing of 25.4 mm 
inner diameter was used to minimize pressure losses, 
thus maintaining a near constant level of exit press- 
ure from the test section. Three sight glasses incor- 
porated into the loop helped the visual observation 
of liquid levels and flow conditions in some critical 
sections. In particular, the exit sight glass fitted right 

N o t a t i o n  
A Cross-sectional area (m 2) 
a Speed of sound, m/s  
b Boiling length (m) 
C Perimeter (m) 
c Specific heat capacity (kJ/kgK) 
cp Specific heat capacity at constant pressure 

(kJ/kgK) 
d Diameter (m) 
e Internal energy (J/kg) 
f Friction factor (dimensionless) 
G Mass flux (kg/m2s) 
g Gravitational acceleration (m/s 2) 
h Enthalpy (kJ/kg) 
Ahv Latent heat of vaporization (kJ/kg) 
l Length (m) 
m Mass flow rate (kg/s) 
p Pressure (kN/m ~) 
Q Rate of heat transfer (kJ/s) 
q Rate of heat transfer per unit length (W/m) 

Rate of heat generation per unit volume 
(W/m a) 

t7 Frictional resistance coefficient (dimension- 
less) 

S Suppression factor (dimensionless) 
T Temperature (K) 
t Time (s) 
u Velocity (m3(s) 
V Volume (m)  
I2 Volume flow rate (ma/s) 
x Flow mixture quality (dimensionless) 

z Axial distan6e (m) 
a Heat transfer coefficient (W/m2K) 
/z Dynamic viscosity (kg/ms) 
A Thermal conductivity (W/mk) 

. . . .  2 v Kmematxc viscosity (m /s) 
p Density (kg/m 3) 
01 Density of liquid (kg/m32 
pv Density of vapour (kg/m ~) 
~r Surface tension (N/m) 
r Shear stress (N/m 2) 
~O Void fraction (dimensionless) 
Nu Nusselt number, ad/A (dimensionless) 
Pr Prandtl number, cp/z/A (dimensionless) 
Re Reynolds number, ud/v (dimensionless) 

Subscr ip ts  
a Air 
b Boiling 
e Convective 
e Exit 
h Heater 
1 Saturated liquid 
v Saturated vapour, gas 
i Inlet 
i Spatial index 

' ]  Temporal index 
p Phase 
T Tank 
w Wall 
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after the heater provided a very clear view of the 
two-phase flow oscillations. 

Flow rate and heat input, and pressure and 
temperature at appropriate localities, were measured 
during each run. Temperature measurements were 
made with standard copper--constantan thermocou- 
pies. Five of these, fixed to the outer surface of the 
heater at 127 mm intervals, were Used for heater wall 
temperature measurements. To avoid floating voltage 
effects, the thermocouple ends were electrically insu- 
lated from the wall surface by 0.4 mm thick mica 
flakes. Two flow-through thermocouples at the exit 
side and a third one at the inlet side of the heater 
were used for fluid temperature measurements at 
these points. 

Pressures were measured at five different 
points with Bourdon type Heise pressure gauges. In 
addition, a strain-gauge type pressure transducer was 
used to record pressure variations at the heater inlet. 
A calibrated rotameter was used for flow rate 
measurements. However,  the slow response rate of 
the rotameter made it unsuitable for the measure- 
ment of rapid flow variations. Owing to the cushion- 
ing effect of the surge tank, oscillations were either 
much slower or not transmitted at all to the rotameter 
side. Therefore, the rotameter reading was taken to 
indicate the average flow rate into the test section. 
To detect and measure the rapid flow rate oscilla- 
tions, a differential pressure transducer was used. 
Taking its signal from a 100 mm straight portion of 
the inlet pipe, this gauge sensed the frictional press- 
ure drop between the pick-up points, thereby 
indicating the flow rate. 

The outputs of the pressure transducers were 
fed directly to a four-channel amplifier-recorder 
unit. The signals, after being amplified in individual 
amplifiers, drove galvanometer-type styluses. A vari- 
able-speed drive for the recorder paper movement,  
and a time marker, combined with separate gain 
controls for each channel, permitted detailed record- 
ings of signal histories. Thermocouple outputs were 
fed selectively, either to a digital voltmeter or to the 
remaining two channels of the recorder. To eliminate 
mutual effects, three separate cold junctions were 
used in the thermocouple circuit. 

The heat input was determined by measuring 
the current and the voltage drop across the heated 
section. 

Exper imenta l  procedure 

A series of experiments was conducted using Freon- 
11 as the test fluid. The tests covered a range of inlet 
subcooling from -9°C  to 60°C, heat inputs from 
300W to 700W and flow rates up to 0.015kg/s.  
During the tests the pressure in the heated section 
ranged from 210 kN/m 2 to 520 kN/m ~, depending 
on the particular flow conditions. The main tank 
pressure was kept constant at a suitable pressure 
between 580 kN/m 2 and 690 kN/m 2, depending on 
the particular run, and the exit pressure was essen- 
tially constant around 110 kN/m . System geometry 
was not altered and good repeatability was obtained 
for most of the test range. 

Forced-convection boiling flow instabilities 

For each test, the heat input and inlet tem- 
perature were chosen as test parameters and the flow 
rate was varied in small steps to cover the available 
range. Steady-state characteristics and stability 
boundaries were determined during each test. 
Oscillations were identified by the cyclic variation 
of test-section pressure and flow rate, as indicated 
by  the pressure gauge pointers and also by the recor- 
der. Brief transients were disregarded and only sus- 
tained oscillations were considered in defining the 
stability boundary. 

The test procedure can be best summarized 
by the following steps: (1) With enough liquid in 
the main tank and the inlet temperature set, the tank 
was pressurized by nitrogen gas. (2) The flow rate 
and heat input were increased gradually to the 
desired starting point, and the system was allowed 
to become steady as indicated by system pressure, 
temperature and flow rate. In the meantime, an 
average liquid level was established in the surge tank 
by temporarily closing down the inlet valve and by 
adjusting the surge tank pressure. (3) Measurements 
of temperature, pressure, flow rate and heat input 
were taken and critical observations noted. (4) The 
mass flow rate was reduced by a small amount using 
the flow control valve. Following each adjustment 
the system was allowed to become steady, after 
which step (3) was repeated until sustained oscilla- 
tions were observed. This procedure was then 
repeated for different heat inputs and inlet tem- 
peratures to cover the allowable range. 

The stability boundaries were approached 
several times during a test with smaller adjustments 
in flow rate. This eliminated the possibility of cross- 
ing directly into the unstable region, which other-- 
wise would cause misleading information regarding 
the stability boundary.  Also worth mentioning is the 
point that, without exception, the pressure-drop 
oscillations were encountered first and then the 
density-wave oscillations. Therefore, after locating 
the stability boundary for pressure-drop oscillations, 
tests were continued towards lower mass flow rates, 
and boundaries for density-wave oscillations were 
determined in the same way as explained above. 

The recorder kept a continuous history of flow 
variables during each test, thus providing detailed 
information about the instabilities for later analysis. 

Exper imenta l  resul ts 

Fig 2 shows the pressure drop against mass flow rate, 
the pressure drop being the pressure difference 
between the surge tank and the system exit. For low 
inlet temperatures and at sufficiently high flow rates, 
where all liquid flow persisted throughout the system, 
the relation was roughly parabolic, corresponding to 
turbulent liquid flow. As the flow rate was decreased 
and net vapour generation started, the trend was 
reversed and a decrease in flow rate was accompanied 
by an increase in pressure drop. The negative slope 
region widened and became less steep at increasingly 
higher inlet temperatures. 

The unsteady state behaviour of the flow sys- 
tem was analysed first by  considering the effect of 
initial flow rate at some particular inlet temperature 
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a n d  h e a t  i n p u t .  U n d e r  c o n d i t i o n s  o f  n e t  v a p o u r  g e n -  
e r a t i o n  i n  t h e  n e g a t i v e  s l o p e  r e g i o n ,  p r e s s u r e - d r o p  
o s c i l l a t i o n s  w e r e  o b s e r v e d .  F i g  3 ( a )  s h o w s  r e c o r d -  
i n g s  o f  t h e  t y p i c a l  p r e s s u r e - d r o p  o s c i l l a t i o n s .  T h e s e  
o s c i l l a t i o n s  w e r e  i d e n t i f i e d  b y  a c y c l i c  c h a n g e  o f  
f l o w  c o n d i t i o n  a n d  h a v e  p e r i o d s  o f  t h e  o r d e r  o f  o n e  
m i n u t e ,  A s  t h e  p e a k  o f  t h e  AP/rh c u r v e  a p p r o a c h e d ,  
t h e  p r e s s u r e - d r o p  o s c i l l a t i o n s  g r a d u a l l y  w e a k e n e d  

a n d  f i n a l l y  d i s a p p e a r e d ,  T h e  p r e s s u r e - d r o p  o s c i l l a -  
t i o n s  w e r e  a l w a y s  f o l l o w e d  b y  a s t a b l e  r e g i o n  w h e r e  
n o  o s c i l l a t i o n s  w e r e  o b s e r v e d .  T h e  l e n g t h  o f  t h i s  
s t a b l e  r e g i o n  i n c r e a s e d  w i t h  d e c r e a s i n g  i n l e t  s u b -  
c o o l i n g ,  d e f i n e d  as  t h e  d i f f e r e n c e  b e t w e e n  t h e  i n l e t  
t e m p e r a t u r e  a n d  t h e  s a t u r a t i o n  t e m p e r a t u r e .  

F o r  c o n d i t i o n s  c l o s e  t o  t h e  s a t u r a t e d  v a p o u r  
s t a t e  a t  t h e  h e a t e r  e x i t  ( p o s i t i v e  s l o p e  r e g i o n  o n  t h e  
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Fig 3 (a) Pressure-drop oscillations (400 W, 9°C inlet, 7.6 x 10 -3 kg/s). (b) Density-wave oscillations (400 W, 
24°C inlet, 2 .42x10-Skg/s) .  (c) Pressure-drop oscillations with superimposed density-wave oscillations 
(500 W, -1°C, 6.8x 10 -3 kg/s) 
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AP/rh curve), density-wave oscillations are ob- 
served. These oscillations were more violent than 
the pressure-drop oscillations and had periods of the 
order of one second, as shown in Fig 3(b). 

The pressure-drop oscillations were not 
always in pure form. Under certain flow conditions 
they appeared in combination with density-wave 
oscillations, as shown in Fig 3(c). Such oscillations 
were observed generally with high heat inputs. The 
density-wave oscillations appeared only in the low 
flow rate part of the cycle. A detailed presentation 
of the experimental programme and results is given 
in Refs 14 and 15. 

3. Mathematical formulation 
The one-dimensional transient conservation 
equations which are used to describe the two-phase 
flow inside the constant area channel used in the 
experiments are based on a homogeneous equili- 
brium model. This model assumes the l iquid-vapour 
mixture to be homogeneous and the phases in the 
mixture to be in thermodynamic equilibrium. The 
resulting conservation equations are similar to those 
for single-phase flow, but  the constitutive relations 
are quite different. These relations, i.e. two-phase 
friction and heat transfer correlations, and the 
density changes account for the two-phase 
phenomena. 

Conservation equations 
The conservation laws for mass, momentum and 
energy as applied to one-dimensional, unsteady 

n 1 . . .  1 4  1 6  homogeneous viscous nows can oe written as ' : 

Continuity: 

°° +°C=o (1) 
Ot Oz 

Momentum: 

- - + - -  =-~z  -Og-  2 (2) Ot Oz p 

Energy: 

L (pe) + a  (Ch) = 
4 

at oz -~ a (Tw - Tl) (3) 

with 

[ ov] p=p~/ x + ( t - x ) ~  (4) 

h = (1 -x)h]+xhv  (5) 

The subscripts 1 and v refer to the liquid and vapour 
phases, respectively. The equations are written for 
a uniform flow area of diameter d, and the kinetic 
and potential energy terms have been neglected. Fur- 
thermore, in the energy equation the rate of change 
of internal energy e is assumed to be equal to the 
rate of change of enthalpy h. 

The above set of equations is closed by adding 
the constitutive equations which are given in the 
following sections. 

Forced-convection boiling flow instabilities 

Two-phase friction coefficient 
In line with the assumption of homogeneous flow, 
a section of two-phase region can be imagined to be 
composed of alternative slices of liquid and vapour. 
The total wall friction force per unit length can then 
be expressed as the sum of the frictional forces due 
to liquid and vapour phases. Thus: 

rwC = rw]Cl + rwvCv (6) 

where Cl and Cv are the liquid and vapour wetted 
perimeters given by: 

C, = ( 1 -  ~O)C Cv = ~OC (7) 

where 0 is the void fraction. On substituting Eq  (6) 
into Eq  (5) one obtains: 

rw = (1 - ~0)rwl + ~0rwv (8) 

When we assume that rwl and rwv, the wall shear 
stresses for the liquid and vapour, are given by Fan- 
ning's relation for the corresponding phases, then 
Eq (8) can be put into a form similar to the single 
phase relationship: 

1 
~'w =~fou 2 (9) 

where 

f = ( 1 - ~ ) ~ f ~ + ~ P V f v  (10) 
p p 

The friction factors fl andfv in Eq  (10) are calculated 
from the well-known eorrelations of Moody: 

I D _ U |  d "  - - 0 . 2 5  

fp = 0 . 0 7 9 [ ~ )  , p =  1, v (11, 

In our experimental set-up, the heater was not 
very long (about 80 cm); it is found that the contribu- 
tion of this working section to the total system press- 
ure drop (between the surge tank and the exit restric- 
tion) is very small. The main pressure drop occurs 
at the exit restriction, which is an important com- 
ponent of the set-up in the instability analysis. 
Therefore, the effect of the friction coefficient in the 
heater is virtually negligible in our case. 

Heat transfer coefficient 

The heat input into the fluid is given by 

Q = otAh(Tw - TI) (12) 

where Ah is the heater surface area, Tl is the fluid 
temperature and Tw is the heater wall temperature. 
The expression for the heat transfer coefficient a, 
however, is much more involved. The complication 
arises mainly from the existence of boiling which 
may assume different modes depending on the heater 
surface, the magnitude of the heat flux, the type of 
fluid and the flow conditions. As a result, the effective 
heat transfer coefficients can be quite different from 
the corresponding single-phase heat transfer 
coefficient. To account for this variation several 
mechanisms and equations have been suggested. 
The usual procedure is to define two-phase multi- 
pliers and/or  correction factors. Yet, the resulting 
equations have been used with limited success only. 
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The overall heat transfer coefficient is assumed to be 
composed of a microconvective term ab, and a 
macroconvective term ac, based on Chen's correla- 
tion 17A8. Thus: 

a = ab+a~, (13) 

By extending the analysis of Forster and Zuber ls'19 
for pool boiling, Chen derived an expression for ab 
a s :  

rA0.79cO.45 0.49 0.25"1 
f pl P l  g ab = 0 . 0 0 1 2 2 / ~ /  

L o" /z 1 ~n~ PvJ 
x (A T)°'24(Ap )0758 (14) 

In this expression S is called the suppression factor 
and accounts for superheat variation within the 
boundary layer; it has a value between zero and 
unity. 

In this study, Eq (14) is assumed to apply for 
both the saturated and the subcooled boiling regions. 
The factor S is taken as unity for qualities up to 0.30. 
Beyond this, for numerical solutions it is approxi- 
mated by a parabolic curve, becoming 0.4 at x = 1.0, 
which is in accordance with Fig 7.6 of Ref 18. The 
macroconvective heat transfer coefficient, on the 
other hand, is assumed to be contributed proportion- 
ately from the liquid and vapour regions. Using a 
similar logic to that for the wall friction coefficient 
above: 

ac = (1 - ~)O~ 1 + ,d/o~ v ( 1 5 )  

where al and av are calculated from the Dittus-  
Boelter equation: 

/ udXOS/c \o.4A 
ap=O.O23(Ppua) (CptZp~ ..p, p = l , v  (16) 

\ /~p / \ Ap / d 

Since the coefficient Otb is not directly dependent on 
the flow rate, it can be seen from Eq (13) that the 
heat transfer coefficient has flow dependent  and flow 
independent components. 

The heater wall temperature Tw in Eq  (12) is 
obtained from an energy balance of the heater itself: 

dT,~ . 
(pcA)w ~ = q A w - a C ( T w -  TI) (17) 

where 4 is the heat generation rate per unit volume 
of the tube material, Aw is the wall cross-sectional 
area, C is the inner perimeter of the tube, and p and 
c are the density and specific heat, respectively, of 
the tube material. 

The bulk boiling boundary 
When the above set of equations is applied, a distinc- 
tion must be made between the two-phase and liquid 
regions. This is done by defining a bulk boiling 
boundary, ie the point where the bulk liquid tem- 
perature reaches the local saturation temperature. 
For a linear variation of both h and hi in the vicinity 
of the boiling boundary b, the enthalpy profiles can 
be approximated as (see Fig 4): 

h = (ho + ah)  + oh az  (18) 
Oz 

Q .  

"5 
t -  

Ix.I 

v 

b b + A b  z 

Fig 4 Variation o f  enthalpy along the channel dur- 
ing the transients 

hi = (hlo + Ah0 + v''' Az (19) 
Oz 

Since at the bulk boiling boundary h = hi, and ho = 
hi0, the change in subcooled length Ab is: 

Ahl - Ah b 
Ab = oh/Oz - ohl/az (20) 

where Ab is the displacement of the bulk boiling 
boundary. If the local variation of pressure is small 
compared with the absolute value of the pressure, 
the term Ahl can be neglected. Hence: 

ah  I (21) Ab= ah/az-~hl /oz  b 

with 

• = ( 2 2 )  

ohl] Ohl dp I 
- -  - o z l  -;--'b t (23)  OZ I b.t Op , 

where to is the solution of 
t 

b =i u( t )d t  
- - t o  

(24) 

for the boiling boundary can be defined as: A velocity 

Ab 
Ub = - -  (25) 

At 

where Ab is given by Eq (21). It must be noted that 
ub cannot be greater than the particle velocity since 
this would require very high condensation rates. 
Therefore Ub ~< up, where Up is the particle velocity 
at the boiling boundary. 

S u r g e  t a n k  d y n a m i c s  

The flow system of Fig 1 contains two additional 
elements that must be considered. The first element 
is the surge tank that provides a compressible volume 
at the upstream section. The second element is a flow 
restriction fitted at the system exit to provide an 
additional pressure drop. These will be discussed 
below. 
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For given inlet conditions the temperature of 
the liquid in the surge tank can safely be assumed 
constant. This ensures constant partial pressure of 
the vapour in the compressible volume. For the surge 
tank, the continuity equation may be written as: 

r~,- f ' o -  f'ev = d V, (26) 
dt 

where lYev is the rate of loss of liquid volume due to 
evaporation in the surge tank, ~?i and I7o are the rates 
of volume flow into and out of the surge tank. Since 
the sum of the liquid volume V1 and gas volume Vv 
in the surge tank is constant, we write: 

dVl dVr (27) 
dt dt 

The rate of loss of liquid volume due to evaporation 
in the surge tank (from continuity) is: 

12e =p~ dVT (28) 
p] dt 

On substituting Eqs (27) and (28) into Eq (26) we 
obtain: 

~ri-- ~ro = (Ov--  1~ dVT 
\P l  / d t  (29) 

Since for temperatures lower than the critical tem- 
perature (pv/pl)<< 1, integration of Eq  (29) yields: 

P t 
l i t  = Jo (I2,- I2o) dt (30) 

For a perfect gas, we can state: 

PaVT= PaoVTo (31) 

where the subscript 0 refers to the initial conditions 
and Pa is the partial pressure of air. Since the gas in 
the surge tank is a mixture of air and saturated 
vapour, we have: 

PT = Pa + Pv (32) 

where PT is the surge tank pressure and Pa and Pv 
are partial pressures of the air and vapour, respec- 
tively. 

On eliminating Pa between Eqs (31) and (32) 
and introducing l i t  from Eq (30), we obtain: 

t 
PT=Pv+(PTo-P~)VTO/Io (~ri-- Vo) dt (33) 

If P~ is negligible in comparison with PTO, Eq  (33) 
reduces to: 

t 
PT-~-PToVTo/I 0 (~ri -- ~ro) d t  (34) 

Pressure loss through exit restriction 
The exit restriction which terminates the test section 
contributes a large portion of the total pressure drop. 
It is basically an abrupt contraction followed by an 
abrupt expansion. An empirical relation which gives 
the pressure drop through this element is obtained as: 

AP~ = 142 1 + x 2 (35) 
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The fluid properties are assumed to be known func- 
tions of either pressure or enthalpy or both. These 
functions have been developed in the form of poly- 
nomials using the fluid tables. 

The above equations together with the 
equation of state are solved for a constant exit press- 
ure, which was ensured by the low frictional resist- 
ance of the exit ducting and by a vent from the 
recovery tank to the atmosphere. In addition, con- 
stant flow rate into the surge tank and constant heat 
generation in the heater were confirmed during the 
experiments. 

Method of solution 
Eq (1)-(35) complete the set of equations necessary 
to describe the flow system of Fig 1. These equations 
are solved using a lumped-parameter approach. The 
basic idea of the method is to view the flow system 
as a finite number of segments. The flow variables 
then are assumed to be represented by appropriate 
average values over each segment. Fig 5 shows a 
section of the actual flow channel and its equivalent 
lumped representation. This representation is some- 
times called 'fluid transmission line', because it is 
analogous to a transmission line with capacitance, 
inductance and resistance. Energy and mass con- 
servation equations are applied for the tank, and a 
momentum equation for the tube. 

The method has been successfully used by 
several investigators for modelling single-phase and 
two-phase flows. Redfield and Murphy ~° used the 
method for simulating reactor accidents. The com- 
puter code RELAP-4 el, which was developed 
for reactor accident analysis, uses the ' tube and tank' 
model. 

In this study, the test section of Fig 1 is rep- 
resented by five lumps. If boiling occurs then that 
segment is further divided into two segments to 
separate the liquid region from the two-phase region. 
The resulting lumped-parameter representation of 
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the system is shown in Fig 6. The differential 
equations are replaced by their algebraic 
equivalents, and steady- and unsteady-state sol- 
utions are obtained. The following sections outline 
the numerical schemes for both cases. 

Steady-state equat ions 

Referring to Fig 6 and noting that each segment has 
the same cross-sectional area, the steady-state 
governing equations can be written as follows: 

Continuity equation: 

G = G~-I (36) 

Momentum equation: 

pi:Pi_i-[loigq.-17~i2fi Ggi " G2( 1 1 ) ]  l --d- T , + Z  -, ' (37) 

Energy equation: 

hi = hi-1 + qJ______L (38) 
G4 

Equation of state: 

rt, = f ( h , )  (39) 

where ~ represents some fluid property. 

Inlet 

6 
I m 

I 
System exit 

Heater e x i t -  

Bulk boiling po in t - -  

Heater i n l e t - -  

Surge 

F- 
to surge tank L 

___,,I q 

'on k 

5 

. . - q  

~ 4  

F i g 6  Lumped-parameter  equivalence o f  the actual 
flow system 

The heater wall temperature can be written, 
from Eq (17), as: 

qili 
Tw, = Ti + - -  (40) 

Aai 

where A is the cross-sectional area of the tube, and 
qt is the heat input per unit length of the tube. 

The friction coefficient ft and the heat transfer 
coefficient al are obtained from Eqs (10) and (13) for 
each segment for the particular conditions of that 
segment. At each step the liquid enthalpy is checked 
against the saturation enthalpy and appropriate 
equations are chosen according to whether the fluid 
is subcooled, two-phase or superheated. 

Calculations start with given values of G1, T~, 
q and Pc. An estimated value for P1 is taken and 
the enthalpy, pressure and density at each successive 
node are calculated. After calculating the exit press- 
ure it is checked against the given value, pc. If the 
difference is found to be within an acceptable limit, 
the calculated value is substituted for Pc; otherwise 
a new corrected value is taken for P1 and the whole 
procedure is repeated. The steady-state solution pro- 
vides pressure, enthalpy and density at each seg- 
ment, and also the location of the bulk-boiling 
boundary. 

Unsteady-state equat ions 

An explicit forward difference scheme is used for 
the unsteady solution. Initial and boundary condi- 
tions are obtained from the steady-state solution. The 
resulting equations, referring to Fig 6, can be written 
from the lumped-parameter equations given in the 
earlier mathematical formulation as follows: 

Continuity equation: 

p { + l  = p{  _ At(G{ - G{_,)/l,  (41) 

Momentum equation (liquid region): Since in the 
liquid region OG/Oz = 0, a single integral momentum 
equation for the whole liquid region is solved to find 
the flow rate: 

( ~ j + l  j " i p~,)- p{gli v ,  = G , + A t  ( p ~ -  ~, 
1 

b - 1  I 2"] / b - 1  
- Y R , 2 f ~ P i ( G , ) J / ~  /t (42) 

, 2 

with 

c {  = c& . . . . .  c / , ,  

Then the individual pressures are found from the 
segment momentum equations as: 

r p{+X j+, _ ] - - " ' - 1  (c{>2+°c;ll 
a t J '  

(43) 

where 

--=aG (G{+, _ G{)/At  (44) 
at 
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Momentum equation (two-phase and superheated 
region): 

In using this equation, an exception is made for the 
exit segment (segment 5). Here the accelerational 
pressure drop is negligible compared with the large 
frictional pressure drop of the exit restriction. There- 
fore, quasi-steady conditions are assumed to apply 
for segment 5. The mass flow rate is then calculated 
from Eq (35) as: 

Energy equation: 

(46) 

(P/Z){+’ = (ph){- At{ [ (Gh)i-(Gh){_i]/l, +q’;Zi/A) 

(47) 

with 

4: =(a)iad(7$ -2-i) (48) 

where a! is the heat transfer coefficient. 
The enthalpy is then obtained as: 

,i” = (p/r);+‘/p;+’ (49) 

The heater wall temperature is obtained from Eq 
(17) as: 

(T,)1”=(r,)l+At(4-~)/(pc), (50) 

Equation of state: 

pi =f(hi) (51) 

The surge tank pressure, from Eq (34), is: 
I+1 _ -p$QVilfl 

whPdre Vy;” 

(52) 

can be calculated from Eq (30) as: 

V’;” = Vj, +AtA(G: - G:)/p: (53) 

The displacement of the bulk-boiling boundary is 
now substituted from Eq (21): 

with 

and 

where n is given by the solution of 

(54) 

(55) 

(56) 

(57) 

The velocity of the boiling boundary is then: 

I+1 _ 
b f+l_bi 

ub - 
At ’ 

ub cd P (58) 

When ub exceeds the particle velocity uj,, the boiling 
boundary location is corrected as: 

b j+‘=bj+At. UC1 (59) 

Segment b, the two-phase region next to the 
boiling boundary, requires special considerations 
because of the volume change caused by boundar 
movement. Using the Reynolds transport theorem 2J 

proper forms of the continuity and energy equation; 
for segment b are: 

Pb ‘+’ =pb +At(Gi”-G,)/b (60) 

and 

bh h ‘+‘= (ph)t+At (Ginhi- -G,hi)/b +f] (61) 

where 

and 

G,= Gb -z&p; (63) 

In all of the above equations, the time steps 
were selected so as to conform with the following 
condition: 

At=-& (64) 

The speed of sound a has an average value of 
152 m/s for the saturated vapour at the conditions 
of interest. At low qualities, it decreases to a value 
of around 30m/s. Rather than using variable time 
steps a constant value of t =0.002 s has been used 
for high-quality flow conditions (density-wave 
oscillations). The relatively lower speed of sound for 
low-quality mixtures allowed for higher time incre- 
ments. Consequently t =O.OOS s was used for those 
flow conditions. 

In summary, the algorithm used in obtaining 
the unsteady response of the system can be summar- 
ized as follows: 

Step 1. Obtain the steady-state solution by solving 
steady-state equations. 
Step 2. Give a perturbation to the inlet flow rate. 
Step 3. Estimate the inlet conditions from the surge 
tank equations. 
Step 4. Estimate the boiling location, using Eqs 
(54)-(59). 
Step 5. Obtain the transient response of the system 
by solving the unsteady, lumped-parameter 
equations. The criterion for the time step is given 
by Eq (64). 

Results and discussion 

The dependence of the steady-state pressure on the 
mass flow was predicted reasonably well by the 
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model (see Fig 7). Both the experimental and theor- 
etical plots indicate a region of negative slope, 
characteristic of a boiling flow system. The constant- 
temperature curves merge asymptotically to a single 
curve as all-vapour or liquid flow conditions are 
reached. 

P r e s s u r e - d r o p  t y p e  o s c i l l a t i o n s  

The conditions provided by the steady-state solution 
are used as the initial conditions for the time-depen- 
dent solution. The boundary conditions are constant 
exit pressure and constant inlet flow rate to the surge 
tank. A solution is sought by disturbing the system 
by slightly perturbing the surge tank pressure. The 
results of the unsteady solutions are in reasonable 
agreement with the experimental ones. The system 
is fully stable on the positive-slope region of the 
pressure-drop curve where there is no boiling. After 
a very short transient, the system sets itself at steady 
conditions, and no further oscillations are observed. 
However,  as the flow rate is reduced below a certain 
value, net vapour generation starts and the slope of 
the pressure drop curve changes sign. This region 
of negative slope is unstable and oscillations are 
observed in the flow variables. Fig 8 is a plot of such 
oscillations. The experimental recording corres- 
ponding to this case is also given for comparison 
purposes. As can be seen, the predicted amplitudes 
are lower than the observed amplitudes. The periods, 
however, are in good agreement with experimental 
results. The tendency of increasing periods at com- 
paratively lower flow rates is observed both experi- 
mentally and analytically. 

D e n s i t y - w a v e  t y p e  o s c i l l a t i o n s  

At higher qualities, as the saturated vapour condi- 
tions are approached, the slope of the pressure-drop 
curve changes sign, becoming positive again. This 
region is also stable and is predicted so by the model. 
However,  as the flow rate is further decreased, new 
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oscillations are observed. The character of these 
oscillations is completely different from the previous 
one. They have much higher frequencies (of the 
order of 1 Hz), are more violent, and resemble the 
density-wave oscillations of the experiments. Fig 9 
is a plot of such oscillations with experimental 
recordings taken under the same conditions. The 
predicted frequencies are the same as the experi- 
mentally observed frequencies. However, the pre- 
dicted amplitudes of the oscillations are lower than 
the experimentally observed amplitudes. 

More detailed information can be found in 
Ref 23. 

Conclusions 
The homogeneous phase equilibrium model can pre- 
dict the instability boundaries for density-wave and 
pressure-drop oscillations in forced-convection 
upflow systems. The same model is also satisfactory 
for simulating the experimentally observed charac- 
teristics of the oscillations and, therefore, can be 
used in predicting the character of the oscillations 
for different heat inputs, mass flow rates and inlet 
temperatures within acceptable accuracy. Different 
kinds of fluids with properly defined property func- 
tions can also be studied. 

The results of the foregoing theoretical analy- 
sis verify the following facts. 

(1) The variation of heat input into the fluid 
plays an important role in generating and sustaining 
the pressure-drop oscillations. 

(2) The compressible air-vapour mixture 
located at the upstream side of the system is equally 
important in sustaining the pressure-drop oscilla- 
tions. 
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(3) The negative-slope region widens and 
becomes less steep at higher inlet temperatures. 

(4) Heat input has a direct influence on the 
character of the oscillations. The variation in heat 
transfer into the fluid is relatively small for density- 
wave oscillations. 

(5) The compressibility of the two-phase mix- 
ture must be included in the mathematical formula- 
tions of density-wave oscillations. 

(6) The agreement between the experimental 
results and the predictions of the theory is satisfac- 
tory. It is observed that the theory generally under- 
predicts the pressure drop. The maximum deviation, 
however, is less than 10 per cent and is observed in 
the low and intermediate quality ranges, 

(7) Stable and unstable regions for both types 
of oscillation are predicted within reasonable limits 
for most of the flow conditions. For pressure-drop 
oscillations and density-wave oscillations, the pre- 
dicted frequencies are the same as the experimentally 
observed frequencies; however, the predicted ampli- 
tudes of the oscillations are lower than the experi- 
mentally observed amplitudes. 

In this analysis, the slip between the phases 
has been neglected. It was found experimentally that 
when the density-wave oscillations started the value 
of the quality x was greater than or equal to 0.90. 
Therefore, for prediction of the density-wave oscilla- 
tions, the homogeneous flow assumption is a simple 
and reliable one. 

A number of studies have also been conducted 
on a linearized perturbation analysis of a constant- 
property homogeneous model 24'~s. The study of 
instability thresholds in a single boiling channel has 
also been studied with a variable drift-flux model ~5. 

Comparison of the experimental and theoreti- 
cal results shows that the drift-flux formulation offers 
a simple and reliable way of determining the insta- 
bility thresholds. The homogeneous flow model pro- 
vides a good physical understanding of the problem. 
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