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Multiple modes of a natural circulation evaporator
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Abstract

The system behaviour of an open single tube, steam heated natural circulation evaporator has been investigated at heating steam pres-
sures up to 0.44 MPa and different subcoolings of the process medium water. In the studied range of parameters, diverse operational
states occurred which have been recognized for the first time as geysering coupled with manometer oscillation as well as first, second
and third orders of density wave oscillation of type I. Due to the strong nonlinear behaviour of the system, up to three states appear
in certain ranges of parameter constellations. By defined setting of initial conditions and distinct perturbations of the system, the indi-
vidual states can be set.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The system behaviour of natural circulation evaporators
has been presented in numerous literary works since this
type of evaporator is widely used in different domains of
industry, such as conventional/nuclear power plants [1,2],
and chemical-, environmental-, food engineering and bio-
technology [3–5]. This result of the simple and robust
design due to the lack of moving elements. In the case of
safety relevant systems like nuclear power plants, the appli-
cation of natural circulation evaporators contributes to an
improvement of passive safety [6]. Furthermore, in com-
parison to forced circulation systems, this type of evapora-
tor enables a reduced mechanical exposure of shear and
tensile stress to the process medium. This is especially
important if liquid biomaterials are involved such as wort,
a preliminary product of beer [7]. Besides these advantages,
the operational behaviour of such systems has been recog-
nized to be strong nonlinear [8]. This results from ‘‘the
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delicate balance between gravity head available due to
downcomer and various pressure losses in the loop’’ [9].

In general, the desired operational state of a natural cir-
culation evaporator is characterized by a stable two-phase
flow [10] and fully developed boiling at the outlet of the
heat exchanger. This mode appears only in limited constel-
lations of process and geometry parameters. Outside of this
limited range, different stationary and transient system
behaviours emerge. Hereby, violent flow oscillations can
cause intermittent and spatial thermal inhomogeneities in
the process medium and can lead to the destruction of
the apparatus. Bouré et al. [11] and Yadigaroglou [12] have
described systematically different transient modes.

There is an interest in the start-up of natural circulation
evaporators. Investigations revealed that on the path from
high to low subcooling of the process mediums, a range of
instabilities has to be passed [8]. A typical course of start-
up modes consists of (a) a stable single-phase flow at high
subcooling followed by (b) geysering/flashing and/or (c)
type I density wave oscillations (DWO), (d) a stable two-
phase flow at low subcooling [8,10,13–17]. Nearly all works
reveal that the transient modes show almost constant fre-
quencies and amplitudes at constant boundary conditions.
By external pressurizing of the system using nitrogen for
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Nomenclature

cp specific heat capacity, W/(kg K)
d diameter overfall in the steam separator, m
g gravitational acceleration, m/s2

_m mass flux, kg/m2

_m� normalized mass flux (=vI/vc)
_m�Amp normalized amplitude of mass flux (=vI Amp/vc)
n order of density wave oscillation
p heating steam pressure, MPa
r enthalpy of evaporation, J/kg
t time, s
v flow velocity, m/s
vc characteristic velocity (¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gðH þ d=4Þ

p
), m/s

z liquid level steam separator, m
z* normalized liquid level steam separator (=z/d)
zbb liquid filled length in the heated tube, m
A cross sectional area, m2

H liquid charging level in feeding tank, m
L length, m
NBo boiling number ð¼ _Q

AHvcqf r
qf�qg

qg
Þ

NSub subcooling number ð¼ cpD#F Sub

r
qf�qg

qg
Þ

_Q heat flow, W
T periodic time of oscillation, s
T* normalized periodic time (=Tvc/LH)

Greek symbols

k wave length of enthalpy oscillation, m
# temperature, �C

D#Sub subcooling (=#b � #), K
D#�Sub normalized subcooling (=(#b � #)/(#b � #F))
q density, kg/m3

s normalized time (=tvc/LH)
f pressure drop coefficient

Subscripts

b boiling
g gas
i index
l liquid
E exit of heated tube
F feeding line to heated tube
FC FFT coefficient
H heated tube
HS heating steam
I inlet of heat exchanger
S steam separator
U isothermal manometer oscillation

Superscript
* normalized value
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inert gas, Jiang et al. [18] could maintain a stable single-
phase mode over a certain range of subcooling during
start-up. Hence, low quality DWO was suppressed. Besides
the mentioned parameters of system pressure and subcool-
ing, the concrete behaviour during start-up strongly
depends on heat flux, geometry of the apparatus and the
physical properties of the process medium.

In regard to the operational states mentioned above,
geysering/flashing has been investigated systematically for
the first time by Griffith [19] in closed vertical liquid filled
lines. In the following, different types of geysering have
been recognized in forced and natural circulation evapora-
tors such as geysering coupled with manometer oscillations
[20], geysering induced by condensation [15,16,21] or gey-
sering similar to that occurring in closed vertical liquid
filled lines [17]. Flashing has also been investigated by
[14,16]. All works show the typical sequence: (1) incuba-
tion, (2) vapour generation and expulsion, (3) and refilling
described by [12].

The phenomenon of density wave oscillation is well
known in literature. A comprehensive description of this
mode is given by [12]. Fukuda and Kobori [22] distinguish
between oscillations with nearly zero steam quality (type I)
and relatively high steam quality (type II) at the exit of the
evaporator. Both modes feature an oscillating void fraction
at the outlet of the heat exchanger. Due to the nearly zero
steam quality/low void fraction, gravitational pressure
drop governs the system in case of type I, while frictional
pressure drop dominates type II. Yadigaroglu and Bergles
[23] reported as the only ones on higher mode density wave
oscillations which appeared at high subcoolings and low
heat fluxes. They define the order of the oscillation as
follows:

n ¼ zbb=k. ð1Þ

The value zbb represents the length of the single-phase re-
gion and k the wavelength of the enthalpy oscillations in
the single-phase region. The enthalpy oscillations result
from the oscillating residence time of the individual liquid
elements in the single-phase part of the heat exchanger.
After passing the boiling boundary, they are transferred
into void oscillations. For k > zbb Yadigaroglu et al. call
the mode ‘‘fundamental’’ or ‘‘zero order’’; they observe a
maximum order of six.

Due to the nonlinear behaviour of natural circulation
evaporators, multiple operational states can appear at
one parameter constellation. This has been shown theoret-
ically by Knaani et al. [24], who explain this bifurcation
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Fig. 1. Schematic illustration of the experimental set-up, (1) supply tank,
(2) feeding line with ball valve, (3) steam heated evaporator, (4) steam
separator (riser), (5) ball valve, units: mm.
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phenomenon with the non-monotonic behaviour of the
buoyancy and friction forces, and the discontinuities due
to transition between two-phase flow patterns. Experimen-
tal works indicate that multiple states arise especially at
transitions of operational states. Yadigaroglu and Bergles
[23] revealed at low subcoolings and low heat flux in a sin-
gle tube natural circulation evaporator the coexistence of
DWO of different orders at transition points. These are
not stable and change arbitrarily. Chen et al. [9] studied
experimentally the effect of power changing procedure on
the thermohydraulic behaviour of a double channel natural
circulation loop. They found a hysteresis effect at the onset
of two-phase flow in which, depending on the power chang-
ing procedure, single-phase flow or an oscillating opera-
tional state arises.

An evaluation of literature shows that hysteresis effects
on the field of two-phase flow and boiling heat transfer
include flooding transition [25] or the onset of nucleate
boiling [26]. However, experimental works, studying multi-
ple states in natural circulation evaporators, are still extre-
mely rare, as shown above.

In this contribution, the different operational states
appearing in an open natural circulation evaporator at
low subcoolings and heating steam pressures up to
0.44 MPa are presented. The rarely studied modes of
geysering coupled with manometer oscillations and type I
density wave oscillations first to third order and their
transitions are analysed in detail. For the first time the coex-
istence of three modes with different driving mechanisms
(geysering, DWO type I second and third order) at single
parameter constellations is shown. By distinct disturbance
of the system, the individual operational mode can be set.

2. Experiment

2.1. Apparatus

The test facility consists of a U-tube connected to a
supply tank (1) and steam separator (4) at its open ends
(see Fig. 1). One side of the U-tube is steam heated (3).
To realise both, proper adjustable temperatures of the pro-
cess medium and a low pressure drop in the feeding line of
the heat exchanger, the supply tank and the steam separa-
tor are not connected to each other directly. Hence, liquid
is conveyed from the expansion tank by a radial pump
through a pipe in pipe cooler into the supply tank (1).
The coolant flow rate of the heat exchanger is controlled;
therefore, the liquid enters the supply tank with a defined
temperature. One part of the liquid leaves this tank by an
adjustable overfall back into the expansion tank in order
to maintain a constant liquid level in the chamber. The
remaining part enters the U-tube. In the steam separator
(4), the liquid phase returns to the expansion tank by an
overfall situated in the wall. The vapour leaves the separa-
tor by a second tube for the expansion tank, from where it
disappears into the environment. The head spaces of all
three tanks are connected to each other by tubes. Hence,
a unique static pressure exists in all tanks at the liquid
surfaces.

This apparatus constellation satisfies the condition for
natural circulation mode if the liquid charging level H in
the supply tank is greater than or equal to zero. Here,
the coordinate H starts at the height of the overfall in the
steam separator and grows with decreasing liquid level in
the supply tank, Fig. 1. The pressure drop coefficient of
the feeding line can be set by a ball valve (2). The steam
heated tube in the evaporator with a heated length of 2 m
and a wall thickness of 2 mm features an electro polished
inner wall. The heating steam pressure is controlled. Before
entering the shell side of the evaporator, a steam dryer sep-
arates the liquid from the vapour phase of the heating
steam. After condensation, the liquid leaves the evaporator
by a ball float trap and a condensate cooler to avoid evap-
oration as a result of pressure release. In all tanks, the
evaporator and its feeding line feature inspection glasses
for observation of two-phase flow pattern and the shape
of liquid surfaces respectively. The tubes and tanks consist
of stainless steel. Insulation of the apparatus with glass
fibre minimises heat removal.
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2.2. Data acquisition

Platinum thermometers (PT 100) in 4-wire technique in
casing pipes (diameter 2 mm, wall thickness 0.2 mm) serve
for temperature measurements at both the inlet and the
outlet of the evaporator (TIR in Fig. 1). The sensors have
been calibrated together with the transmitters. The volume
flux in the U-tube (FIR) is determined by a magnetic induc-
tive flowmeter (Endress and Hauser, Promag 33 H) and the
height of liquid levels in the supply tank and steam separa-
tor (LIR) by differential pressure transmitter (Vega, Vega-
dif 34). A pressure transmitter by Haenni (ED 510) detects
the pressure of heating steam (PIRC). The flow rate of the
heating steam condensate is determined by a simple
method of temperature and time measurement the liquid
requires filling a defined volume. A PLC (programmable
logic controller) by Texas Instruments (Typ 545) controls
heating steam pressure, feeding temperature of the U-tube
and flow rate of the liquid entering the supply tank. For
data acquisition, a board by National Instruments (PCI-
MIO-16E-4) and LabView is used in combination with a
personal computer.

2.3. Experimental procedure/data analysis

The experiments start by heating up the system and set-
ting the following parameters: temperature of liquid in the
feeding line #F, heating steam pressure p, liquid charging
level H in the supply tank, pressure drop coefficient fI of
feeding line and the flow rate through the cooler. All exper-
iments have been carried out with water as the working
fluid at ambient pressure. The parameters and the investi-
gated range are listed in Table 1. The pressure drop coeffi-
cient is obtained experimentally and referred to the specific
kinetic energy of the liquid at the inlet velocity of the
heated channel.

After setting the parameters, the temporal progressions
of flow rate and temperatures are observed. If no temporal
change of the behaviour appears within eight minutes and
if #F shows at most a maximum deviation of ±0.5 K from
the scheduled value, data are recorded every 0.1 s for
8 min. During each measurement, the experimenter
observes the two-phase flow pattern in the steam separator
leaving the evaporator. The repeatability of measurements
is investigated by repetitions at selected parameter constel-
lations carried out at different days. To investigate the sta-
bility of every operational mode, the system is disturbed by
Table 1
Parameter settings

Heating steam pressure, p 0.12–0.44 MPa
Temperature feeding liquid, #F 61; 71; 81; 86 �C
Liquid charging level, H 25; 50; 75; 100 mm
Pressure drop coefficient inlet heat exchanger, fI 0.4–72
System pressure Ambient pressure
Volume flux cooler 4,8 · 10�3 m3/s
Working fluid Deionised water
limited temporal changes of the height of liquid level in the
feeding tank and the pressure drop coefficient in the feeding
line. This is achieved by either, closing valve (5) or by clos-
ing valve (2) in Fig. 1, respectively.

The periodic time of transient operational modes is cal-
culated by applying fast Fourier transformation on the vol-
ume flux/time curve delivered by the magnetic inductive
flowmeter in the feeding line. Due to the strong nonlinear
behaviour of the system this method is only used to obtain
the fundamental frequency.

3. Results

For convenience, the results are partly interpreted by
using dimensionless numbers. This is not a complete set
of numbers, but adequate to present the results more
clearly. The time t and the periodic time T are normalized
by LH/vc, where LH represents the length of the heated tube
and vc the characteristic velocity vc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gðH þ d=4Þ

p
. The

latter value is characteristic for the velocity, the liquid
would flow from the steam separator to the feeding tank.
The parameter H denotes the height of liquid in the feeding
tank and d the diameter of the overfall in the steam separa-
tor. The term d/4 takes in consideration, that the maximum
liquid level in the steam separator is always increased due
to the operational behaviour of the overfall. The velocity
at the inlet of the evaporator vI is divided by the character-
istic velocity vc to obtain the normalized mass flux _m�.
Here, identical densities of the origin and referred mass flux
are supposed. The subcooling at inlet (I) and exit (E) of the
heat exchanger are referred to (#b � #F), the temperature
difference between boiling temperature at the exit of the
heated tube and the temperature of the feeding liquid. If
superheating is not taken into consideration, this repre-
sents the maximum appearing temperature difference
within the process medium. In the following, the ratio
NBo/NSub is used as a non-dimensional parameter. The
boiling number NBo describes the ration of added heat flow
_Q to the process medium and the heat flow required for
evaporating the process medium. The value _Q is calculated
from the condensate mass flow and corrected by the exper-
imentally obtained rate of heat loss. The mass flow in the
denominator is formed with the characteristic velocity vc.
In comparison to the boiling number, the subcooling num-
ber NSub contains in the numerator the heat flow required
to shift the process medium from subcooled to saturated
state.

Chiang et al. [27] apply a similar but dimensional value
which they call modified heat flux. It contains the quotient
heat flux to subcooling of the process medium in the feed-
ing line of the evaporator. They plot the time averaged
velocity at the inlet of the evaporator versus the modified
heat flux for an oscillating operational state in a natural
circulation evaporator. Here, a unique curve appears, inde-
pendent from the inlet subcooling.

Fig. 2 shows the periodic time of the investigated oper-
ational states versus heating steam pressure for a tempera-
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ture of the feeding liquid #F = 71 �C, a height of liquid
level H = 75 mm and a pressure drop coefficient of fI =
0.4. Here, geysering and density wave oscillations (DWO),
as well as the orders three, two and one of DWO, arise with
increasing heating steam pressure/heat flux. At the transi-
tion between operational states, a discontinuity of the peri-
odic time appears, as well as the coexistence of up to three
modes (geysering coupled with manometer oscillations,
second and third order DWO). Before describing the latter
phenomenon in detail, the different operational states are
introduced.

3.1. Geysering coupled with manometer oscillations

This mode is characterized by periodic, violent flow
expulsions of a vapour/liquid mixture which lead to consid-
erable vibrations of the experimental set-up. It shows the
typical course of geysering: (a) incubation, (b) vapour
generation/expulsion and (c) refilling (see Fig. 3). The
diagrams depict the mass flux in the heat exchanger _m�,
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the height of the liquid level in the steam separator z*

and the subcooling at inlet D#�I Sub and outlet D#�E Sub of
the heat exchanger versus time s for a typical sequence.
All curves show almost constant amplitude.

During incubation, the liquid is partially heated up to a
saturated/superheated state. The system becomes unstable.
An arbitrary disturbance leads to a decrease of the static
pressure in the heated tube and the generation of bigger
amounts of vapour occurs (see also [19]). First, the
vapour/liquid mixture is expelled to both sides of the
heated tube. This can be recognized by the absolute mini-
mum of the mass flux _m� and the local maximum of z* at
the beginning of vapour generation/expulsion. Following
this, the two-phase flow is accelerated towards the steam
separator by buoyancy force. The subcooled liquid from
the feeding tank then refills the heated zone and displaces
the gas phase completely, the sequence restarts.

Depending on the phase, this mode shows different two-
phase flow pattern at the outlet of the heated tube. After
onset of vapour generation first single liquid phase and then
a few bubbles, pushed by slug bubbles appear at the outlet
of the heated channel. Subsequent churn flow and bubbly
flow follow before the single liquid phase appears again
with cords during refilling. The cords result from an inho-
mogeneous density distribution of the liquid in the tank.

In comparison to pure geysering, this mode exhibits a
superposed manometer oscillation. This will be explained
in the following.

Experiments in the concerned U-tube under isothermal
conditions with single-phase flow show a weakly damped
manometer oscillation of the liquid water column with a
periodic time

T U ¼ 2p
ffiffiffiffiffiffiffiffi
L=g

p
; ð2Þ
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et D#�I Sub, and exit D#�E Sub of the heated tube versus time s in dimensionless
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where

L ¼
X

i

AS

Ai
Li.

Here, Li and Ai represent the lengths and the cross sectional
areas of all liquid filled tubes/tanks of the U-tube. The
comparison of the analytical solution with measured values
shows a maximum deviation of ±3.6%.

In the heated case, the manometer oscillation can be rec-
ognized easily during refilling and incubation. At the begin-
ning of the refilling period, liquid flows from the feeding
tank towards the steam separator while the liquid level in
the steam separator is rising. A partial change from kinetic
to potential energy takes place. The remaining part of
energy leaves the U-tube system with the liquid at the over-
fall in the steam separator and/or is converted to internal
energy of the fluid by friction. At the beginning of incuba-
tion, the liquid velocity in the U-tube is equal to zero and
the liquid level in the steam separator is higher than in the
feeding tank. Therefore, an acceleration of the liquid from
steam separator to feeding tank and a partial change from
potential energy to kinetic energy occurs. The onset of the
geyser stops the conversion. Hence, this can be described as
a forced oscillation – the periodically appearing geyser
feeds kinetic energy to the system to maintain the damped
manometer oscillation.

In the investigated parameter range, the periodic time of
the isothermal manometer oscillations TU is greater than
that of the geyser T. Therefore, no complete period of
the manometer oscillation arises (Fig. 3). The periodic time
T decreases with rising heating steam pressure. This results
from the increased heat flow and leads to shorter incuba-
tion periods. Geysering also exists without manometer
oscillations [17]. In the case of pure geysering, the liquid
remains almost static in the heated channel during incuba-
tion. Hence, the heat transfer is dominated by conduction
in this phase. With manometer oscillation, transient flow
and therefore convective heat transfer arises in the evapo-
rator for time periods:

(1) T > TU with alternating flow direction, observed by
[20] and for

(2) T < TU with uniform negative flow direction, pre-
sented in this work.

During incubation, liquid in riser (T > TU) and feeding
line (T > TU, T < TU) is heated up in addition to liquid
in the heated channel. The residence time distribution of
liquid in the heated channel leads to altered radial but espe-
cially axial temperature profiles in the U-tube in compari-
son to the static case. This influences time and intensity
of the succeeding geyser: As result of the backflow during
incubation, the liquid is heated up from outlet to inlet of
the heated tube. The negative values of the subcooling at
the entry of the heated tube indicate that superheated
liquid (with respect to ambient pressure) is stored in the
feeding line. The volume of preheated liquid in the feeding
line can exceed one to the twofold of the heated tube. Dur-
ing vapour generation and expulsion, the pressure in the
liquid decreases due to change of geodetic height, density
and acceleration of the fluid. The superheated liquid in
the feeding line contributes to an additional generation of
vapour volume. This leads to an increased intensity of
the geyser in comparison to pure geysering. Due to flash-
ing, the maximum mass fluxes, 20–60 times higher than
the time averaged value, can be observed.

The geometry of the experimental set-up influences
strongly its operational behaviour. Therefore, the appear-
ance of geysering with manometer oscillation has been
rarely mentioned in literature. In comparison to plants
described in literature [15,17,22,28], this facility features
extreme low pressure drop coefficients of the feeding line
(fI = 0.4) and an extremely high ratio of cross sectional area
steam separator to heated tube (AS/AH = 81). This enables
the appearance of weakly damped manometer oscillations
with time periods greater than that of geysering.

3.2. Density wave oscillations type I

Fig. 4 depicts typical curves of mass flux and subcooling
at the exit of the heated channel versus time for DWO type
I, first, second and third order.

All curves are characterized by a periodic, sinusoidal
behaviour with almost constant amplitudes, similar to
velocity measurements by Saha et al. [29]. In comparison
to geysering, this mode shows a less violent behaviour with
much smaller amplitudes of mass fluxes and subcoolings.
The flow pattern at the outlet of the heated tube exhibit
bubbly and partially slug flow. The mechanism of density
wave oscillations is sufficiently described in literature,
see [12] for a review, and therefore not mentioned here.
The classification of the observed operational states to
DWO type I of different orders is based upon two charac-
teristics:

(1) Thermodynamic state of the fluid at the outlet of the
evaporator.

(2) Relation between time period of oscillation and tran-
sit time of an enthalpy perturbation in the liquid filled
part of the heated channel.

Measurements of temperature at the outlet of the evap-
orator reveal for first and second order DWO, a time aver-
aged subcooled fluid (Fig. 4). Hence, these operational
states are characterized by a low steam quality in the evap-
orator. Furthermore, the time averaged mass flux of all
orders increases with rising difference between heating
steam temperature and boiling temperature (#HS � #b)
respectively with growing NBo/NSub (Fig. 5).

The non-dimensional numbers vary in the range of one,
which confirms that the characteristic values are of relevant
order of magnitude. The data points show a nearly linear
behaviour with NBo/NSub. The extrapolation of NBo+/
NSub! 0 leads to the physically correct result _m� ! 0.
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The course of mass flux versus NBo/NSub and (#HS � #b)
indicates that phase change induced gravitational pressure
drop governs the flow behaviour in the evaporator.
Fukuda and Kobori [22] recognize this as a characteristic
of DWO type I.

The fulfilment of the second characteristic can be shown
by applying the relation by Yadigaroglu and Bergles [23] to
the experimental data (Eq. (1)). The value n describes the
number of periodic times a fluid element needs to pass
the liquid filled length zbb of the heated channel. To receive
zbb, thermodynamic equilibrium of the fluid and a constant
heat flux along the heated channel are assumed. The appli-
cation of energy equation leads to

zbb ¼ LH

vIAHqFcpð#b � #FÞ
_Q

; ð3Þ
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where AH describes the cross sectional area, LH the length
of the heated tube, qF the density, TF the temperature of
the feeding liquid, _Q the heat flow and #b the boiling tem-
perature. The wave length of the enthalpy oscillations is
obtained from

k ¼ vIT ; ð4Þ
where vI represents the time averaged velocity of the liquid
at the inlet of the heat exchanger, and T the periodic time
of the density wave oscillation. By insertion of Eqs. (3) and
(4) in (1), the order

n ¼ LHAHqFcpð#b � #FÞ
T _Q

ð5Þ

can be calculated. Fig. 6 presents the results versus
NBo/NSub.

Obviously, the data points in the diagram group around
the values n = 1, 2 and 3. Hence, for the first time, this
work clearly shows the existence of higher mode DWO of
type I. The marked areas around the orders show the var-
iation range of n due to measurement uncertainties. Devia-
tions from these ranges result from effects occurring at the
transition of modes, as well as from the simplified assump-
tions stated above. The data point at n = 4 suggests the
existence of a fourth order. However, this could not be
confirmed by further measurements at lower values for
NBo/NSub.

The transformation of Eq. (5) combined with the defini-
tion of NBo/NSub provides a dimensionless relation for the
periodic time

T � ¼ 1

n
N Sub

N Bo

. ð6Þ

This equation clarifies, that the periodic time behaves recip-
rocally proportional to NBo/NSub and order n. The good
agreement between calculated and experimental data for
the periodic time of DWO is shown in Fig. 7.

The relation has no validity for geysering because of the
completely different driving mechanism. Furthermore,
Fig. 7 clarifies that the different modes appear within
distinct ranges of NBo/NSub. At the transition range, they
differ clearly in values of periodic time. In regard to the
change from third to second order DWO, a discrete step
0 0.2 0.4 0.6 0.8
NBo / NSub

0
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n

+/- 0.06

+/- 0.2

+/- 0.13

Fig. 6. Order n versus NBo/NSub for fI = 0.4.
of T can be recognized in accordance with observations
by [23]. They explain this behaviour with the interaction
between enthalpy nodes in the single-phase region of the
channel and the boiling boundary. With increasing heat
flow and NBo/NSub, the enthalpy nodes move in the direc-
tion of the channel outlet. If a node reaches the boiling
boundary, the order of the operational state is reduced
and the periodic time increased.

The change from second to first order DWO is charac-
terized by a more smooth transition (Fig. 7). The behaviour
of the mass flux versus time of a transitional mode confirms
this impression (Fig. 8).

The sequence contains wave trains with periodic times of
both, first and second order DWO. The two different oscil-
lations seem to appear successively with time. The results
of a FFT analysis confirm this observation. Fig. 9 depicts
five spectra which show the impact of growing NBo/NSub

on the periodic time.
The first spectrum shows a pure second order oscillation

and the last spectrum a pure first order oscillation. Here,
the peaks of the dominating periodic time can be recog-
nized easily and the spectra are similar. Between second
and first order oscillations, both characteristic peaks exist.
With rising NBo/NSub, the second order peak gradually
decreases in comparison to the first order peak. In this
parameter range, not one of the two described modes is sta-
ble. Slight disturbances, which appear continuously in two-
phase flow [11], lead to a more or less arbitrary change of
the mode. With increasing NBo/NSub, all spectra move
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Fig. 8. Mass flux _m�, and subcooling D#�E Sub at the exit of the heated
section versus time s for transition of DWO between first and second order
(#F = 71 �C, p = 0.32 MPa, H = 75 mm, fI = 0.4).
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towards lower periodic times. The latter phenomenon
arises also in the case of a single mode as described for
geysering.

3.3. Multiple operational states at one parameter

constellation

As mentioned above, at the transition from geysering to
density wave oscillation, there exists a small parameter
range where up to three operational states occur – geyser-
ing, second and third order DWO (Fig. 2). To set the dif-
ferent modes, two procedures have been investigated,

(1) defined change of a boundary condition and
(2) short-time perturbation of the system.

In the first case, the heating steam pressure/temperature
of the evaporator follows a certain course. Starting with
geysering at lower heating steam pressures p, an increase
in p results in the succession of modes, denoted by hollow
arrows in Fig. 10. Choosing second order DWO as the ini-
tial condition, the decrease of heating steam pressure leads
to a transition to geysering at a lower value for p in com-
parison to the first course (filled arrows). This is the typical
behaviour of a hysteresis also found by Chen et al. [9] for
the modes of steady single-phase flow and transient two-
phase flow oscillation. By this procedure, the mode third
order DWO does not appear.

A second possibility to change between operational
states consists of temporary limited perturbations of the
system. This is realized by (a) short-time increase of the
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pressure drop coefficient fI in the feeding line or (b) short-
time rise in liquid charging level H in the feeding tank. For
this, two ball valves (see (2) and (5) in Fig. 1) are available.
The first one serves for throttling, the second one to
heighten the liquid level in the feeding tank.

Starting with geysering at a parameter constellation
where all three operational states can occur, a temporary
increase in the pressure drop coefficient leads to second
and third order DWO (Fig. 11). In this diagram the ampli-
tude of the mass flux is plotted versus the pressure drop
coefficient fI. The transition of modes takes place at a crit-
ical value of fI. By putting the pressure drop coefficient
back to the initial value, the current mode remains. The
period of perturbation can range from a few seconds to
several minutes to set the new operational state.

The rise in liquid charging level H in the feeding tank
acts conversely to throttling. Depending on the height, a
transition to a mode of higher periodic time can be
observed. A sequence of changes of modes after short-time
perturbations is displayed in Fig. 12. Here, the mass flux in
the U-tube and the height of liquid level H in the feeding
tank are plotted versus time. Beginning with third order
DWO as the initial state, a temporal limited rise in H pro-
vokes the transition to second order DWO and a further
increase to geysering. The initial state is restored by
short-time throttling.

The change in operational states by perturbation can be
explained by the impact of the specific perturbation in com-
bination with the mechanism of the mode. The transition
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Fig. 11. Amplitude of mass flow _m�Amp versus pressure drop coefficient fI

(p = 0.25 MPa, #F = 71 �C, H = 75 mm).

Fig. 12. Defined change between second, third order DWO, and geysering
H = 75 mm, fI = 0.4).
from geysering to second order DWO due to short-time
throttling results from the change of kinetic to internal
energy. The influence of the increased value of fI can be
recognized especially during vapour generation and expul-
sion. In this phase, the highest flow velocities and kinetic
energies of the fluid appear. Throttling interrupts the cycle
of periodic conversion from kinetic to potential energy by
change of kinetic energy to internal energy. The lack of
potential energy at the beginning of incubation prevents
backflow in the heat exchanger. This leads to higher resi-
dence times of liquid elements in the heated tube. Further-
more, almost no preheated liquid is stored in the feeding
line. Hence, vapour generation starts earlier but less inten-
sive. The kinetic energy during vapour generation is not
sufficient to fan geysering. The mode then changes to sec-
ond order DWO.

In the case of DWO, an increase in the pressure drop
coefficient leads to reduced time averaged mass fluxes in
the system, and therefore to a displacement of the enthalpy
nodes in the liquid filled part of the heated tube towards
the entry. During a sufficiently high decrease in mass flux,
a new node is formed at the boiling boundary, which
results in a change from second to third order DWO.

The rise in liquid level in the feeding tank acts conversely
to throttling, whereby enthalpy nodes move towards the
boiling boundary (transition third to second order DWO)
respectively potential energy is fed into the system (transi-
tion second order DWO – geysering). Starting with third
order DWO, a change to second order DWO or geysering
takes place depending on the perturbation of the liquid
charging level in the feeding tank.

With the knowledge of the effect of temporary perturba-
tions on the system, it is possible to carry out defined
changes between the operational states, presented in
Fig. 12.

4. Conclusion

The operational behaviour of an open single tube, steam
heated, natural circulation evaporator has been investi-
gated. At subcoolings of 14–39 K and heating steam pres-
sures of 0.12–0.44 MPa, different operational modes
appear. With rising heating steam pressure and decreasing
subcooling, geysering coupled with manometer oscilla-
by short-time perturbation of the system (p = 0.25 MPa, #F = 71 �C,
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tions, third order, second order and first order of density
wave oscillations type I arise. All modes show a periodic
behaviour and have been rarely described in literature up
to now. The first operational state shows the typical
sequence of geysering: (a) incubation, (b) vapour genera-
tion/expulsion and (c) refilling. Due to the superposed
manometer oscillations, backflow occurs in the heated tube
during incubation. Hence, saturated liquid is stored in the
feeding line. During vapour generation, the stored liquid
intensifies the geyser by flashing which leads to consider-
able vibrations of the plant. The remaining modes show a
strong correlation between periodic time of the oscillation
and travelling time of enthalpy perturbations in the liquid
phase of the heated tube. Furthermore, low vapour quality
could be observed at the exit of the heat exchanger, which
are characteristics of type I density wave oscillations.

By calculating the order of the DWO (ratio between
length of single-phase region and wavelength of the enthalpy
oscillations in the single-phase region) from experimental
data, the oscillations can be divided into first, second and
third order. The periodic time of DWO behaves proportion-
ally to subcooling number and reciprocally proportional to
boiling number and order.

Due to the strong nonlinear behaviour of natural circu-
lation evaporators, up to three modes (geysering coupled
with manometer oscillations, second and third order
DWO) appear at one parameter constellation. By adopting
a defined setting of the boundary conditions or short-time
perturbation of the system, the different modes can be set.
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