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Flow Instabilities in Boiling Channels*

Part 2

Geysering

By Mamoru OZAWA**, Shigeyasu NAKANISHI***  Seikan ISHIGAIT,

Yuhsuke MIZUTAtTT and Hiroaki TARUItTT

An experimental study on geysering was carried out in an R-113 forced
flow boiling system. The effects of flow rate, heat flux density, system
pressure and heating condition on the threshold of geysering and on the
period and amplitude of the differential pressure at the test section were
studied. The mechanism of geysering was analized by using a simple model.
The analytically predicted period and amplitude of oscillation agreed
qualitatively with the experimental result and thus supported the validity

of the model.

1. Introduction

Various types of flow instabilities'l]
in a boiling two-phase flow system may cause
severe operational and safety problems of
the system. The preceding papers reported
analytical and experimental investigations
on the density wave oscillation3)and the
pressure drop oscillation.™)

This paper presents the result on
geysering which is a nonlinear oscillation
due to the liquid superheat and the violent
boiling in a boiling channel.

Geysering is often observed in a verti-
cal heated channel, in which there is little
or no circulation and which opens into a
vessel with a free liquid surface. Geysering
is characterised by a rapid ejection of the
liquid due to the violent boiling and the
fall back of the liquid. It is desirable to
avoid geysering with such adverse effects as
the water hammer due to the fall back of the
liquid.

GriffitH5 has investigated geysering in
a heated channel system with no circulation,
and has reported that geysering is suppress-—
ed by limiting the free volume in the vessel
and that the period of geysering is the
order of 10 to 100 seconds. But there are
no sufficient investigations on geysering
in a heated channel system with circulation.

In this paper, the experimental results
obtained by using the same boiling loop in
the previous papers?* are presented and the
effects of the operating parameters on the
threshold condition of geysering, the period
and the amplitude of the fluctuation of the
pressure drop across the heated channel are
investigated. A simple analysis on the
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period of geysering and on the amplitude of
the fluctuation of the pressure drop is made
by modeling the temperature distribution
along the channel and the processes of fall
back and ejection of the liquid. This model
is tested by comparing with the experimental
results.

Notations
At : cross sectional area of the heated
tube
Ad : cross sectional area of the drum
¢p specific heat of the liquid
eq : specific heat of the tube
D : inner diameter of the heated tube
‘D¢ : outer diameter of the heated tube
g ¢ gravitational acceleration (9.8 m/s )
G : mass flow rate

hf : latent heat of vaporization

g

Ly : heated length

Ly : riser length

n : polytropic exponent

P : pressure

q : heat flux density

e : power input

t : time

Tin : liquid temperature at the inlet of
the heated section

Ts  : saturation temperature

BTgyp = Ts = Tip

Wiy, ¢ velocity at the inlet of the heated

section

Wy ¢ rising speed of the liquid level due
to the fall back of the liquid

x : quality

2 : coordinate

a : void fraction

pf : density of the saturated liquid

Pg ¢ density of the saturated vapor

Pfg 7 P~ Pg

pt~ : density of the tube

2. Experimental apparatus and
experimental procedure

The experimental apparatus used in this
study is the same one used in the previous
papers‘””except for a heated section. The
heated section is a vertical SUS304 tube,
18.3mm I.D., 21.5 mm 0.D., 3.0 m heated
length and 3.0 m interval of two pressure
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taps. It is heated directly by AC power, The experimental range is as follows:
and the heat flux density is uniform. To the system pressure 0.101-0.196 MPa
permit visual observation of the flow, a the inlet velocity 0.0056-0.0236 m/s
sight glass tube is installed in the riser the inlet subcooling 10-45 K
section of 0.6 m length downstream of the In this experimental range, the friction
heated section. The pressure drops at the pressure drop and the acceleration pressure
Venturi flowmeter and the heated section drop are very small compared with the gravi-
are measured by D.P. sells and strain ampli~ tational pressure drop. According to the
fiers and are recorded by a pen recorder. . analysis by Griffith}’ when the system has
The tube wall temperatures are measured by a larger free volume than that given by Eq.
6 C-A thermocouples of 0.3 mm diameter. In (@Y
this experiment, the bypass valve Vs, shown nP
in Fig.l in the previous paperf“)is closed Vi=‘37z__i7z_j;_" """""""""""" (1)
and the surge tank is isolated from the ' ( e 9019
system. geysering can be observed in a system with
The experiments are conducted in such no circulation. In this experiment, the free
a way that the data of the threshold of volume in the drum is about 0.1 n3 which is
geysering can be plotted on the power vs. much bigger than the value 0.0025 m3 obtained
‘inlet velocity plane. The system pressure, from Eq.(l) for the system pressure 0.101
the flow rate and the inlet temperature of MPa.
the liquid are brought to a predetermined
steady state, and then the power input is 3. Experimental results
increased in small steps until geysering
occurs. 3.1 General feature of geysering
The experiments are divided into 5 The typical traces of the pressure drop
series, as shown in Table 1, according to at the Venturi flowmeter (corresponding to
the combination of the heated length Ly and the inlet flow rate) and the pressure drop
the riser length L, illustrated in Fig.l. across the heated section are shown in Fig.2.

At the state (A), a small fluctuation in the
pressure drop across the heated section is
observed, but no bubble is observed at the

Table 1 Heating condition sight section. This small fluctuation is
considered to be caused by the normal sub-
Lam Lrm cooled boiling in the heated channel. When
the power input increases beyond a certain
; i; :: limit, a large fluctuation in the pressure
c 10 de drop across the heated section occurs (B).
d 215 145 At the sight section, it is observed that
e 1.0 2.6 this oscillation has three processes, i.e.
a single phase flow of the liquid (the lst
process), a rapid ejection of the vapor-
liquid mixture (the 2nd process) and a fall
Exit back of the liquid from the drum (the 3rd
T : E process). The oscillation characterised by
5 IS these three processes is referred to as
~ geysering. The amplitude and the period of
{ D.P. cel this oscillation increase with an increase
T in the power input (C). Three periods de-
< noted by T1;, T, and <15 as seen in the
= = diagram represent these three processes
o respectively. The amplitude of the fluctua-
i ) tion of the pressure drop across the heated
section is very large, whereas no fluctua-
tion is observed in the inlet flow rate.
D.P. cell This fact indicates that the elements of the
Inlet boiling loop concerned with this oscillation
are the heated section, the riser section
Fig. 1 Test section and the drum. As the power input increases
: | | - ! P
wl| | ml] % TL L
‘@ ¢E Wit QR sf{lhAﬁnmmw {a=2605 wim
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e | | i ‘
berer 7 [
T & e N -
| Poowirea S < /
oL 3 3 Vi PN | L e
T T % - gt
i | - e - e !
N : 2 FT v ——tuith 0s o
(A) T
©) (0)

Fig. 2 Typical trace of the oscillation
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beyond a certain limit, geysering subsides
graduary to a stable state with a small fluc-
tuation due to the nomal boiling noise (D).
When the riser length is 0.6 m a fluctuation
in the pressure drop APt due the periodic
transition from the bubbly flow

to the slug flow is observed. This fluctu-
ation is not considered geysering in this paper,
because the three characteristic processes
mentioned above are not involved. Geyser-
ing can be observed not only in the forced
circulation experiments but also in the
natural circulation experiments.

3.2 Threshold of geysering

The threshold of geysering for the
heating condition (a) is shown in Fig.3 on
the power input & vs. inlet velocity w;,
plane. Geysering is observed in the experi-
ments represented by solid circles. The
threshold condition is represented by the
solid line. The range of power inputs, in
which geysering is observed, converges with
an increase in the inlet velocity, and
geysering cannot be observed when the inlet
velocity is beyond 0.02 m/s. In cases of
the other operating conditions, there are
some limitations in the power input and the
inlet velocity for the occurrence of geyser—
ing. When the vapor-liquid mixture is
rapidly ejected by the violent boiling, the
static pressure in the channel decreases to
a value nearly equal to the drum pressure.
The boiling region must therefore extend to
the position where the liquid temperature
is equal to the saturation temperature for
the drum pressure. Since the inlet velocity
does not fluctuate during geysering, as
shown in Fig.2, and the wall temperature
fluctuations are not observed in the sub-
cooled liquid region, where the liquid en-
thalpy is below the saturated liquid enthal-

500
400
=
300
<X
200
o ©
Lo P =0.108 MPa
100 > Ser.a e =23 K L
® Geysering
4 Periodic
transition
O Stable
0 I I
0 0.01 0.02

[ m/sec

Fig. 3 Threshold of geysering
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py for the drum pressure, the .subcooled
liquid region has no effect on geysering.
Consequently, the main parameters concerned
with geysering are the power input, the
boiling length L, and the inlet velocity.
In this paper, the threshold of geysering
is presented by using two parameters, i.e.
the heat flux density ¢ and the residence
time in the boiling region 1,, which are
difined as follows:

- Q ------------------------------------------
=7DL, ()
¢,==_£!_ ............................................. (3)
Win

Figure 4 shows the threshold of geysering
in the case of the heating condition (a).
The threshold condition is represented by
one curve in spite of various values of the
inlet subcooling. In the region 1, <100 s,
geysering does not occur, and the maximum
heat flux density for the occurrence of
geysering is about 2300 W/m2, while the
minimum heat flux density decreases with an
increase in 1o, . Figure 5 shows the experi-
mental results for the heating condition
(b) and (d). In these cases geysering is
observed in the range of 71, >60s, and the
maximum value of ¢ for the occurrence of
geysering is higher than for the heating
condition (a). The figure also shows that
a longer riser has a wider geysering range.
Figure 6 shows the effect of the system
pressure on the threshold of geysering.

The solid line represents the threshold
condition for P=0.196 MPa, and the broken
line for P=0.108 MPa. This shows that the
pressure is a damping factor for geysering.

Ser.a
4 P=0.108 MPa

o (] ® Geysering
°© a Periodic

transition
© Stable

KW/m?

400 500 600

Fig. 4 Threshold of geysering
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In the case of the heating condition (c),
geysering cannot be observed and only a
periodic transition from the bubbly flow to
the slug flow and then back to the bubbly
flow is observed. On the contrary, in the
case of the heating condition (e) the geyser-
ing region is wider than for the heating
conditions (a), (b) and (d), and the maxi-
mum heat flux density for geysering amounts
to 8100 W/m?2. This fact shows that the
riser length is a destabilizing factor for
geysering.

3.3 Geysering period

In Fig.7, the geysering period T is
plotted against the heat flux density q.
The period increases with the heat flux
density and decreases with the inlet velo-
city. 1In cases of the heating conditions
(b) and (d) as shown in Figs.8 and 9, the
geysering period has the same tendency as
under the heating condition (a).

3.4 Amplitude of geysering

The amplitude of the fluctuation in the
pressure drop across the heated section also
depends on the heat flux density, the inlet
velocity and the heating condition. In this
paper the difference between the maximum and
the minimum of the pressure drop across the
heated section is referred to as the ampli-
tude 6P of geysering. The amplitudes of
geysering for the heating condition (a), (b)
and (d) are shown against the heat flux
density g and the inlet velocity Wg; . At
any heating condition, the amplitude increases
with an increase in the heat flux density
and a decrease in the inlet velocity. By
comparing Fig.1l0 with Fig.1ll, it is seen
that the amplitude increases with an increase
in the heated length. And from the compari-
son between Fig.ll and Fig.1l2, it is seen
that the amplitude increases with an increase
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Fig. 5 Threshold of geysering

in the riser length.

The reason for the effects of these
parameters on the amplitude of geysering is
estimated as follows: The boiling length Ly,
increases with an increase in the heat flux
density, and with a decrease in the inlet
velocity. When the boiling length increases,
the size of the vapor slug generated during
the violent boiling increases, and then the
mass of the liquid ejected,K into the drum
increases. This results in an increase in
the amplitude of geysering. With an increase
in the riser length, the mass of the liquid
ejected into the drum also increases, and
this causes an increase in the amplitude.

4. Analysis

4.1 Mechanism of Geysering

Griffith“”has shown that a geysering is
caused by one of the two mechanisms, i.e.,
a violent boiling due to the liquid super-
heat, or a self evaporation due to the drop
in the pressure. Geysering in a system with-
out circulation is certainly well explained
by these two mechanisms. But they do not
sufficiently explain the sustained geysering
in a system with circulation. It is neces-
sary that the heated channel be repeatedly
filled with the liquid for the occurrence of
a sustained geysering in the system with
circulation. If the bubbles generated in
the channel are quickly ejected by the flow
and a large vapor slug is not generated,
there can be no geysering. This is the case
of the heating condition (c). In conclusion,
for sufficient understanding of the sustain-
ed geysering in the system with circulation,
it is necessary to take into account the
processes of the fall back of the liquid
from the drum, the bubble growth and the
ejection of the bubble. The main purpose
of this analysis is to correlate the data
of the geysering period and the amplitude of
geysering. This analysis concerns only the
case that a vapor slug can be generated in
the channel by one of two mechanisms des-
cribed by Griffith§) Therefore the process-—
es of the bubble growth and the ejection of
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Fig. 6 Threshold of geysering
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the bubble are not taken into account in
this analysis.

4.2 Geysering period

Figure 13 shows a model of the channel
during geysering. The coordinate along the
channel 2 is showen in the opposite direct-
ion to the steady flow, and 2=0 at the
inlet of the drum. When some of the liquid
is ejected by the vapor slug generated due
to a violent boiling in the channel (Fig.13
-1), the static pressure in the channel
decreases, and this results in further grow-
th of the vapor slug (Fig.13-2). It follows
that the pressure in the channel becomes
nearly equal to the drum pressure (Fig.13-3),
and the boiling region extends to the posi-
tion 24 = Lg +Ly where the liquid enthalpy
is equal to the saturated liquid enthalpy
for the drum pressure. Then the fluid in
between z =0 and z =3, is at the saturation
temperature Tg for tne drum pressure. When
the violent boiling finishes, the liquid in
between 2z =0 and z=3z, falls down to the
bottom and the liquid“level in the channel
is at the position gz, .
range, the friction and the acceleration
terms of the pressure drop are too small
compared with the gravitational term, so the
pressure drop across the heated section can
be considered to be equal to the gravita-
tional pressure drop. The density of the
vapor is so small compared with the density
of the liquid in this experimental range,
for example p,/p,. =0.00518 at P =0.108 MPa,
that the density’of the vapor is ignored.
The channel length 2, occupied by the vapor
just after the ejection of the vapor slug
(Fig.13-4) is expressed by

2,=0P/(P7g) Lo +reeererererrarnereeerseenns (5)

where L, is the riser length which is not
involved in the interval of the pressure
taps (see Fig.l) and is 0.6 m.

In order to prepare a mathematical
representation of the fluid temperature dis-
tribution along the channel and the behavior
of the liquid level in the channel, it is
necessary to make the following assumptions:
(1) The liquid superheat can be ignored.

(2) The liquid which falls back from the

drum is at the saturation temperature for
the drum pressure.

(3) As the heated channel has a thin tube
wall, the temperature of the tube wall is
equal to the fluid temperature.

z=0 —~ ~ ?
Lp —=—~— -—-1 =
Vapor l :
slug i =
Liquid H E
Zy — =~ ?

/

/

Flow] (1)

Fig.13 Model of the 1lst process of geysering

In this experimental

(4) The rising speed of the liquid level in
the channel due to the fall back from the
drum is constant and is expressed as

Wr=2,/Ts —Wip  =weeresresesssssrsesosssasosarnne (6)

Figure 14 shows the models of the tem-
perature distribution along the channel (A)
and the rising process of the liquid level
(B). The figures (A-1) and (B-1) illustrate
the final state of the violent boiling and
correspond to the state shown in Fig.13-4.
The liquid level in the channel rises due to
the fall back from the drum and the inflow
from the pump. During this process, the
liquid in between 2z, and z at the states
(A-1) and (B-1l) is heated and the tempera-
ture rises uniformly from Tg; to T, as shown
in (A-2). On the other hand, the tempera-
ture rise of the liquid, which enters the
channel during the period between (B-1) and
(B~2) due to the fall back and the inflow,
depends on the heating period and is diffe-
rent at each position. Thus the temperature
distribution along the channel forms a
trapezoid. When the liquid level reaches
the upper end of the heated section (B-3),
the temperature distribution is similar to
that at the state (A-2). When the liquid
level reaches the top of the riser section,
the distribution is in the shape of the
state (A-4). In (A-4), the temperature
distribution at the riser section differs
from that at the heated section, because the
riser section is not heated. At the state
(A-5) the liquid temperature at a certain
position in the channel reaches the satura-
tion temperature for the static pressure at
the same position. This corresponds to the
state at the period (t;’'+713') after the
violent boiling. The liquid in between 2,
and 2 just after violent boiling reaches
the region in between 2y - (rl'+ T3l)w'n
and 3z,-(1y +13') w;,, where the liqui
temperature is Ts'and is given by the
following equation:

7 Dg(7y' +14')
Apscp(1+R)
where the notation R is the heat capacity

ratio between the tube wall and the liquid,
and is given by

Td=T.+ N D)

R= Pici(D*—D?)
0ycy D?

........................... (8)

Ve Vapor

Liquid
"
Zv "—"N
2o 3| |45
(1} + 18Ky,

Z

g

Fy
o T

Lp*Llp

Fig.l4 Temperature distribution and
rising process of the liquid level
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At the state (A-5), the liquid temperature
at the position 2 = 2;4-(T1 +T3)w;, coincides
with the saturation temperature given by Tg+
(dTg/dP)pfgz and the boiling initiates at
this point. Then the state in the channel
returns to the state (A-1) and (B-1) through
the process shown in Fig.13. At the state
shown in (A-5),
aDg(z+72")
S s Ey)

1

Substitution of Eq.(6) into Eq.(9) gives

T_l'_ (dT./dP)w,psg—{nDq/A:psc3(1+ R))
7’ (dTs/dP)winPs9+(xDq/A.Lsc(1+ R))

)essle— (a4 )} (9)

For the condition T{/T; > 0, the heat flux
density must satisfy the inequality

where
_A_dT.
4= nD( dP
Equation (10) represents the ratio between
the time periods of the lst process and the
3rd process, and it can be applied in the
range given by Eq.(11). Thus Eq.(12) gives
the maximum heat flux density for the occur-
rence of geysering. The periods T;’ and t3'
defined in the range between z=0 and z=L;+[
. r
do not exactly coincide with the periods T,
and T3 defined in the interval of two pres-
sure taps. But the periods T;’ and 14 are
approximately equal to the periods T; and
T3 , because the residence time of the
liquid level in the interval of z =0 ~ L, is
very short compared with the period T, and
. T3 in the actual experiments.

As the rising speeds of the liquid due
to the fall back of the liquid w,, obtained
from the experiments and Eq.(6) distribute
widely in the range of 0.02~0.1 m/s, the
speed W, is chosen as an operating parameter
for the correlation.

In Figs.15, 16 and 17 the ratio obtain-
ed from the experimental results is shown
against the ratio obtained from Eq.(10) for
the heating conditions (a), (b) and (d)
respectively. The best corelation is obtained
by the operating parameter w,=0.05 m/s for
the heating condition (a), w,=0.07 m/s for
the heating condition (b) and w,=0.09 m/s
for the heating condition (d).

)p,’gw,c,(l-{-R) ............ (12)

4 e}
p
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o
- e}
S > 5, ok °
o
= 00 ° ooo %o
o
< Q o
0.5 = 2
% 9 o
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Fig. 15 Correlation of T7,/7;
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The maximum heat flux density obtained
by Eq.(12) is 2550 Wém2 for the heating con-
dition (a), 3570 W/m* for the heating condi-
tion (b) and 4580 W/m? for the heating con-
dition (d). The calculated maximum heat
flux density is about 10 % higher than that
of the experimental result for the heating
condition (a). Two other values for the
heating conditions (b) and (d) are 40 % and
25 % higher than the experimental results
respectively. The effects of the heating
length and the riser length on the maximum
heat flux density coincide with the experi-
mental results. In spite of the simplicity
of this analysis using the model shown in
Fig.1l4, the calculated results show rather
good agreement with the experiment. As the
process of the generation of the vapor slug
is not taken into account in this analysis,
the maximum values of the inlet velocity or
the minimum values of the heat flux density
for the occurrence of geysering can not be
obtained.

4.3 Amplitude of geysering

It is necessary to know the temperature
distribution along the channel just before
the violent boiling in order to calculate
the amplitude of geysering. As it is diffi-
cult to know the absolute values of T;' and
T3' , the temperature distribution shown in
Fig.l4 is not available. In this paper,
the temperatures of the liquid and the tube
wall between 2 =L, and z=3_ just before the
violent boiling are assumeg to be equal to

4
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R °
oo ©
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o
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the saturation temperature Tg, for the
static pressure at the exit of the heated
section, i.e. z=1L, According to the pro-
cess shown in Fig.13, the heat (Tgp-Tg)e Ay
x(zg-- r)p (1+R) is supplied for the vapoti-
zation of “the liquid in the channel during
the violent boiling. Then the quality
between 2z=0 and 3=3g is

_ (Tu'_Tl)C'( 1+R)
=,
hyy
and the voild fraction under the assumption
that the slip ratio is unity is given by

./
A s (14)

ceererserecnsanseasenne(13)

The amplitude of geysering is given by
OP=0,9z40 -e+eeee et SRS )

In this experiment, the tube length from
2=0 to 2 =L, is not involved in the inter-
val of two pressure taps. By assuming that
the liquid in the channel just after the
violent boiling falls down to the bottom as
is shown in Fig.13-4, the amplitude of gey-
sering is given by
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Fig.18 Amplitude of geysering (with heat
capacity of the tube wall)
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Fig.1l9 Amplitude of geysering (without
heat capacity of the tube wall)

6P=.0Ig(z,a—L°) ............... seneee sesaeeees(16)

In this model shown in Fig.13, the state of
the minimum pressure drop is the state (3),
but the transition from the state (3) to the
state (4) is so fast that the pressure drop
is considered to be minimum at the state (4).

Figure 18 shows the comparison between
the experimental results 8P, and the cal-
culated results 6Ppy7 . The calculated
values are about 50 % larger than the experi-
mental ones. The violent boiling takes place
very quickly, so the heat capacity of the
tube wall may not contribute to the amplitude
of geysering. The calculated results of 6P
for the cases that the heat capacity of the
tube wall is neglected, i.e. R=0 are com-
pared with the experimental results in Fig.
19. The calculated results show rather good
agreement with the experimental ones. In
this experiment a model without heat capa-
city of the tube wall gives better correla-
tion than one with the heat capacity of the
tube wall, but it is found that the model
represents the principal mechanism of the
violent boiling.

Griffith‘S’shows that geysering may be
observed in the systems of which the working
fluids are water, methanol and R-11 similar
to R-113, and that the experimental results
in these systems can be correlated in the
same manner as in his paper. This shows the
availability of the model presented in our
paper for other fluid systems as well.

5. Conclusions

The conclusions of this investigation
are summarized as follows:
(1) The inlet velocity and the system pres-—
sure affect geysering as a stabilizing fac-
tor, while the riser length affects as a
destabilizing factor.
(2) The geysering period increases with an
increase in the heat flux density and a
decrease in the inlet velocity.
(3) The amplitude of geysering increases with
an increase in the heat flux density and the
riser length, and a decrease in the inlet
velocity.
(4) The calculated results of the ratio of
the time periods t;' /13’ and the maximum heat
flux density q, agree well with the experi-
mental results.
(5) The amplitudes of geysering obtained by
Eq.(16) agree well with the experimental
results.
(6) The model in this paper represents the
principal mechanism of geysering.
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