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HIGHLIGHTS

« A thermally driven self-oscillating pump is presented.

« Experimental analyses to characterize the pump were performed.
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« The maximum pump flow rate is 0.0013 kg/s and a 0.25 bar pressure head.
« The thermally driven pump has good potential for aerospace applications.
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This paper explores the pumping characteristics and behaviour of a thermally driven self-oscillating
pump. The pump consists of a single wickless capillary tube with a circular cross-section. The tube is
closed at one end and has a T-section with two check valves at the other end to provide for a one direc-
tional flow. An experimental setup was built to investigate the output mass flow and pressure head of the
pump. During the experiments, the performance of the check valves had a negative influence on the out-
put mass flow. To determine this influence, a video analysis of the fluid oscillation without the check
valves was conducted and compared to results with check valves. The average output mass flow with
valves was approximately 0.0010 kg/s with a maximum measured pump flow of 0.0013 kg/s. The maxi-
mum pressure head delivered was 0.25 bar. A numerical model of the vapour bubble oscillation was
developed to get a better understanding of the pump and its working principles. The model is based
on the conservation of mass, momentum and energy, and resulted in a non-linear system of coupled dif-
ferential equations. Overall, the experiments conducted with the thermally driven self-oscillating pump

have shown that the pump has good potential to be used in aerospace applications.
© 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction this terminology is not entirely correct, since condensation may

also occur in the evaporator, as shown by Rao et al. [1,2]. An

Thermally driven self-oscillating pumps are simple and robust
pumps with a minimum of moving components that operate based
on the two-phase oscillation principle of a Pulsating Heat Pipe
(PHP). The self-oscillating pump of this study consists of a single
wickless capillary tube with a circular cross-section. The tube is
closed at one end and has a T-section with two check valves on
the other end. The tube is filled with working fluid and is divided
into an evaporator, adiabatic and condenser section in analogy
with conventional heat pipe terminology. It should be noticed that
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expanding and contracting vapour bubble oscillates between the
evaporator and condenser, driven by thermal energy. The vapour
bubble acts like a piston, pumping fluid with the aid of the check
valves.

The simplicity and robustness of the pump makes it a promising
pump for space applications. The current thermal design solutions,
such as heat pipes and PHP, are not always able to dissipate heat
from many distributed payloads over large distances. Mechanically
driven loops overcome this problem, but the sensitivity to wear
makes the mechanical pumps in these loops a single point of fail-
ure. This paper explores the pumping characteristics and beha-
viour of a thermally driven self-oscillating pump, as a potential
replacement for the mechanical pump in aerospace applications.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

area (m?)

diameter (m)

gravity (9.81 m/s?)

latent heat of vaporization (J/kg)
length (m)

mass (kg)

pressure (Pa)

ambient pressure (Pa)

Reynolds number

temperature (°C)

time (s)

heat transfer coefficient (W/m °C)
velocity (m/s)

position (m)

vapour quality
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Greek letters

0 contact angle (°)
u viscosity (Pa s)
0 density (kg/m?)
o surface tension (N/m)
Subscripts

a adiabatic

c condenser

d dead end

e evaporator

l liquid

m meniscus

sat saturation

t total

v vapour

1.1. Pumping principle

The pumping principle of the self-oscillating pump corresponds
to the Open Oscillatory Heat Pipe Water Pump (OOHPWP) as con-
structed by Dobson [3] and is explained according to recent work
of Rao et al. [1,2].

The pump working principle is as follows. At the start of each
pumping cycle the tube is filled with fluid. The fluid in the evapo-
rator section is heated to the saturation temperature, forming
vapour. The ongoing evaporation of fluid, increases the vapour
pressure above the ambient pressure. Therefore the meniscus at
the liquid-vapour interface starts to move towards the condenser
section of the tube (Fig 1a I). The fluid in front of this meniscus
is pushed ahead, through the discharge valve. Thereby creating
an output mass flow. As discussed by Rao et al., at the start of
the meniscus motion, a thin liquid film is deposited on the tube

wall behind the meniscus. This thin liquid film is responsible for
the major part of the heat and mass exchange, and is the driving
force of the pumping motion.

The vapour pressure reaches a maximum just before the menis-
cus enters the condenser, due to the still evaporating thin liquid
film, and the momentum of the liquid plug. The meniscus keeps
moving into the condenser (II), despite the decrease of vapour
pressure. The vapour pressure decreases due to the expansion
and condensation of the vapour bubble. Before the meniscus
reaches its topmost position in the condenser, the vapour pressure
drops below ambient pressure. This pressure decrease closes the
discharge valve and opens the supply valve at almost the same
time. Therefore, the last beneficial part of the meniscus stroke
towards the topmost position is not used to generate output mass
flow. This was observed during the experiments, liquid was forced
against the flow, passing through the opened supply valve.

_fL
lg
240 |
220 | n 1] v ' \ °
i ]
200 |- ! 3 L.
| =
180 - i = g
| £
160 |- E a
— 140 \ i Condenser
S / | \
£ 120 H
= | Adiabatic g -
X 100 ' \ s L,
801 ' Evaporator N
60 i
a0 i
! 2
20 :‘ 5 '§ L.
\ Dead-end S =
[ 1 E g
0 -
Time [s] —
- 5 ]x

(a) the meniscus position during one cycle

v
(b) the geometry of the self-
oscillating pump model

Fig. 1. Working principle of a self-oscillating pump.
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When the meniscus returns towards the evaporator (III), the
vapour pressure starts to rise again and new fluid flows through
the supply valve into the tube, filling the space that was occupied
by the expelled fluid and the condensed vapour bubble. Before the
meniscus reaches the evaporator, the vapour pressure exceeds the
ambient pressure, opening the discharge valve and closing the sup-
ply valve. Some expelled fluid will flow back into the tube as result
of the open discharge valve and the meniscus movement towards
the evaporator. The increase in pressure and the still present thin
liquid film in the evaporator prevent the meniscus from entering
the evaporator at this point in the cycle. The meniscus moves back
into the condenser (IV) and again fluid is pushed out by the vapour
bubble, generating output mass flow. Simultaneously the vapour
pressure drops, closing the discharge valve and opening the supply
valve, thus stopping the pumping motion. For the second time, the
meniscus reaches the topmost position in the condenser. The
thickness of the liquid film in the evaporator is reduced consider-
ably due to the continuous evaporation and eventually fully evap-
orates. Because condensation is now the only tribute to the
variation of the vapour mass, the pressure of the vapour bubble
further decreases, pulling the meniscus back towards its starting
position in the evaporator (V). This describes one cycle, that
repeats itself as long as external heating and cooling is provided
[1,2,4-6], resulting in the self-oscillating thermally driven pump
motion.

2. Numerical model

This section presents the numerical model of the two-phase
self-oscillating plug in a pump assuming ideal check valves. The
equations of the model are similar to the model of Dobson and
Das et al. [4,5]. Modifications and improvements are introduced
in this paper to take the geometry of the pump (see Fig. 1b) into
account. The model is based on the conservation of mass, momen-
tum and energy. For all three conservations, the model is divided
into three moving control volumes. The volumes represent the thin
liquid film, the vapour bubble and the fluid plug.

2.1. Conservation of mass

The evaporation or mass exchange of the thin liquid film is the
driving force behind the oscillation. The mass flow rate of the thin
liquid film depends on the rate of evaporation, condensation and
the liquid deposited on the tube wall by the moving plug. This
mass flow rate can be converted into a film length inside the evap-
orator, assuming that evaporation only occurs in the evaporator.
The length of the film (Ly) is a function of the time rate of change
of the film length, defined as:

0 if L =0,u<0
dLy ‘ and X <Le +Lg
qT T ks x> L+l (1)
u-— Pz;?—édzf otherwise

The initial film thickness (dy) is determined using a correlation
developed by Han and Shikazono [7]. The mass flow rate of evapo-
ration (), with the average liquid film temperature assumed
equal to the saturation temperature is:

= Tsat(py)) (2)

where the heat flux crossing the film is considered conductive and
the convection heat flux is neglected because the film thickness is
too thin to favour viscous flow. The mass flow rate of the vapour

bubble (,) is the balance between the mass flow rate of evapora-
tion and condensation and is described as:

dm,
de
where the mass flow rate of condensation (11.), assuming that the

condensed vapour is absorbed by the moving liquid plug, is defined
as:

= me + mme - mc - mmc - mec (3)

(Tsat(Py) = Tc) (4)

The final three terms in Eq. (3) are modelled similar to the mass
flow rates of evaporation and condensation. i1, and iy, are the
mass flow rates of evaporation and condensation at the meniscus
curvature, respectively. The final term, rit is added because the
temperature of the vapourT, may rise above the wall tempera-
tureT, due to the compression of the vapour bubble by the liquid
plug as it returns to the evaporator section. This causes the vapour
to condense onto the dry evaporator wall.

2.2. Conservation of momentum

The conservation of momentum regards the forces acting on the
fluid plug. The momentum of the vapour bubble and thin liquid
film are both negligible due to the low mass and the lack of viscous
flow, respectively. The momentum of the fluid plug is modelled as:

d(mu)
dt

where F,,, F;, F, and F; are the pressure force, the capillary force, the
gravitational force and the friction force, respectively. The sign of
the friction force is contrary to the direction of the plug. The pres-
sure force is:

F, =A(p, —p)) (6)

The capillary force is the force due to capillary action, the direction
of the capillary force depends on the contact angle, tangent to the
liquid surface and the tube wall. The capillary force is given by:

=F,+F,—Fg+F, (5)

F, = mdo cos(0) (7)
The gravitational force is given by:
F; = mg with m; = (L; — X)Ap, (8)

The amount of friction depends on the friction factor C;. Most
models [4-6] use a friction factor for single-phase constant veloc-
ity flow in tubes to calculate the friction force. According to Das
et al. [4] this assumption gives an underestimation of the friction
force. The existence of two-phase flow during the oscillations may
lead to a drastic increase of the friction force especially in the
vicinity of the junction of the liquid plug with the liquid film or
dry wall. In this paper the friction force is modelled using the
Chisholm [8] correlation in combination with the Lockhart-
Martinelli [9] parameter to determine the two-phase multiplier
(®) that is used to correct the single-phase friction factor for
two-phase flow. The Chisholm correlation with the Lockhart-
Martinelli parameter (X) is defined as:
c 1

(D’2:1+)_<+)7 9)

0.9 0.5 0.1
(5 G G a0
Xq P Hy
where the value of C depends on the type of flow of the vapour and

liquid. The single-phase friction factor depends on the Reynolds
number of the liquid and is defined as:
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0 if Re=0
8 if Re < 2100

G = 025 (11)
0.079Re™™ if Re > 2100

The combination of two-phase multiplier and single-phase friction
factor gives the following equation for the friction force:

1 1
F, = jc1>,2Cf7zcl,o,(Lt —x)u? +5 > tpuA (12)

where the first part represents the viscous friction force and the
second part the summation of all the different small friction losses
(¢) (e.g. T-section, valves).

Ultimately, the position of the meniscus can be determined as:

dx
u=q (13)

2.3. Conservation of energy

The final time-dependent equation of the numerical model
describes the energy balance of the vapour bubble. The vapour
temperature of the bubble is given by:
ar, 1
dt  m,c,,

(R, Ty + Qsens — P,AU) (14)

Qsens = Usensndety(Te - sz) (15)

where c,, is the vapour specific heat at constant volume assumed to
be independent of the temperature and R, is the specific gas con-
stant. The heat exchange from evaporation and condensation is rep-
resented by the first term. The second term represents the sensible
heat exchange of the tube wall with the vapour in the evaporator.
The sensible heat exchange is given by Eq. (15) and is less than
the evaporation and condensation heat exchange. The last term cor-
responds to the mechanical work. The pressure of the vapour bub-
ble is determined using the ideal gas law. According to Rao et al. [1]
and Gully et al. [10] this is a justified approximation because the
vapour is superheated during the entire period of oscillation. The
vapour pressure is modelled as:

_ m,R,T,

Py =" (16)

3. Experimental investigation
3.1. Pump dimensions

The experimental setup is presented in Fig. 2. The orientation of
the pump is vertical with respect to gravity to promote plug/slug
flow and avoid the separations of liquid and vapour. The meniscus
needs to encircle the entire tube wall to establish a pressure head.
The vertical orientation slightly effects the meniscus stroke and the
amount of output mass flow due to the gravitational force acting
on the liquid and vapour. This effect can be neglected because of
the low mass of the liquid and vapour.

According to a sensitivity analysis performed using the numer-
ical model, the tube diameter is the most sensitive parameter
regarding the output mass flow. Also, according to the model the
tube diameter is proportional to the output mass flow. However,
the tube diameter is limited due to the balance of gravity and sur-
face tension at the meniscus. The theoretical critical inner tube
diameter is a definition of the E6tvds number [11]:

[

dcri =2,/——
' gp—p,)

(17)

During all experiments demineralized water was used as the work-
ing fluid. The critical diameter of water at ambient boiling temper-
ature is approximately 5mm. In order to guarantee pump
operation, the internal tube diameter used in the experiments
was 4 mm. The experimental pump is entirely constructed from
stainless steel Swagelok part, the tube wall thickness is 1 mm and
the length of the other sections is listed in Table 1.

3.2. Experimental setup

The left side of Fig. 2 shows two reservoirs that together repre-
sent a self-leveling reservoir at the inlet of the pump. The fluid
level in the reservoir is kept at a constant level, equal to the height
of the output of the pump to prevent the fluid level from having
any effect on the output mass flow. Following the pump inlet tube
to the right, the first pressure sensor is located before the supply
check valve (Swagelok, SS-CHS8MM-1/3). After the T-section to
the right, the discharge check valve is situated followed by the sec-
ond pressure sensor. The temperature of the pump is measured at
six different locations, the temperatures of the fluid are measured
at three points, at the inlet, T-fitting and outlet. The remaining
three thermocouples measure the evaporator temperature and
the inlet and outlet temperatures of the condenser coolant. All
mounting points of the thermocouples and the entire evaporator
are isolated using fiberglass insulation. The evaporator section is
heated using a Thermocoax heater, coiled around and soldered
onto the tube. The condenser coolant counterflows: the direction
of the flow is opposite to the direction of the meniscus displace-
ment as it enters the condenser. The coolant flows through a filter
and flowmeter, before it enters the condenser. The inlet tempera-
ture of the coolant is controlled by a thermostatic bath and the
inlet and outlet temperatures are both measured. Finally, the fluid
passes through a needle valve and is collected and weighed in the
output reservoir at the right of Fig. 2. All sensors are sampled at
100 Hz and the runtime was 3 min per setting.

4. Experimental results

Experimental results are discussed for three different experi-
ments with various operating conditions, as shown in Table 2.
The evaporator input power is increased within the specified range
with steps of 20 W and the condenser temperature is increased by
15 °C per step. At less than 30 W of input power no stable oscilla-
tions were observed and above 130 W the pump would suffer from
evaporator dry-out. Also, the condenser flow rates are listed. The
pump is tested with two different condenser flow rates to investi-
gate the influence of the condenser flow rate.

4.1. Baseline experiment

To determine the influence of the check valves on the perfor-
mance of the pump, a baseline experiment was conducted. The
T-section and the check valves are removed and replaced with an
acrylic tube marked with barlines having an equal internal diame-
ter. The meniscus motion is recorded by a camera at 50 fps (see
Fig. 3) to analyze the influence of the input power and condenser
temperature on the output mass flow, as shown in Fig. 4. The ideal
output mass flow is calculated by:

Ap, " positive displacement
run time

mautput = (18)
The output mass flow is approximately proportional to the input
power, the higher the input power, the more vapour is produced,
the larger the meniscus stroke becomes, resulting in a higher output
mass flow. At constant input power, the output mass flow increases
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Fig. 2. Experimental setup.

1130
(a) photograph of the setup; vertically in the middle are
the evaporator (insulated) on the bottom and the
condenser (tube-in-tube) above.
Table 1
Dimensions of the experimental pump.
Pump section Unit
Length of the dead end (Ly) 20 mm
Length of the evaporator (L¢) 70 mm
Length of the adiabatic section (L;) 35 mm
Length of the condenser (L) 150 mm
Table 2

List of conducted experiments with input parameters.

Input power (W) Condenser temp. (°C) Condenser flow (L/s)

Video  30-130 15-45 0.02
1 30-130 15-45 0.02
2 30-130 15-45 0.004

with the increase in condenser temperature. This is likely caused by
the fact that the fluid in the condenser cools down less, maintaining
a higher temperature. When this fluid returns into the evaporator in
the next cycle, the temperature difference with the saturation tem-
perature is less, allowing for the earlier formation of a new vapour
bubble. Also due to the higher condenser temperature, the vapour
bubble progresses deeper into the condenser, which increases the
meniscus stroke. Both mentioned assumptions are supported by
the experimental results. Further, the oscillation shapes of the
repetitive periods found in the base line experiment slightly differ

A »Mifl

il ii““‘n

A0

MRS G

from the described oscillation period of the section pumping princi-
ple and from experiments conducted by Rao et al. [1,2]. The
observed oscillation period during the experiments showed one
large displacement followed by a couple of smaller displacement
(not properly shown in Fig. 3) instead of the one large followed
by one small displacement.

4.2. Pump with check valves

Fig. 5 shows the influence of the input power and condenser
temperature on the output mass flow of the pump with the T-
section and check valves. Comparing the results of Figs. 4 and 5,
two differences are noticeable. First, Fig. 5 shows that the increase
in input power does not result in a higher output mass flow; a
threshold value is observed in both plots. The pump has a maxi-
mum output mass of 0.0013 kg/s at an input power between 50
and 70 W. The average output mass flow is approximately
0.0010 kg/s. Second, any significant influence of the condenser
temperature on the output mass flow is not observed during the
pump experiments with the check valves. As is apparent, the base-
line and pump experiments show significant differences in output
mass flow. The mass flow is determined by the oscillation fre-
quency and the pressure head generated by the pump. A higher
pressure head increases the meniscus stroke and together with a
higher oscillation frequency, will result in more output mass flow.
To explain the differences in output mass flow, the frequencies and

L
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T
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Fig. 3. 50 consecutive video frames (left to right) displaying the meniscus motion.
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Fig. 4. Experimental results of video recording showing the input power vs. output
mass flow. The decrease in output mass flow at higher input powers is caused by
experimental limitations.

pressure head of the pump with check valves and the baseline
experiments are compared. The oscillation frequencies are deter-
mined using a FFT on the displacement signal from the video anal-
ysis and the pressure signal from the experimental pump. The
pressure head of the pump with check valves is determined by tak-
ing the average of the top 10% of all pressure peaks. The pressure
head of the baseline experiment is not measured but determined
numerically.

The main frequency of the baseline experiment is generally less
than the main frequency measured of the pump. The baseline
experiment frequency plots show only one main frequency, always
less than 8 Hz. In addition, the frequency plots of the pump show
many frequencies above this 8 Hz and a much more chaotic signal.
Fig. 6 also shows that the generated pressure head of the pump is
less in comparison to the baseline experiment and does not
increase when the power input is increased. The absence of pres-
sure increase is inconsistent with the mentioned conclusion that
at a higher input power more vapour is formed, thus increasing
the pressure. This is likely due to the fact that during the pump
experiments relatively cold fluid enters the pump each cycle. More
energy is needed to heat this fluid to the saturation temperature
leaving less energy for vaporization resulting in less pressure head
and output mass flow. This theory is supported by the comparison
of the output mass flow between the baseline experiment (Fig. 4)
and the pump (Fig. 5). The difference in output mass flow between
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Fig. 6. Pump curve for an input power of 70 W.

the two situations is larger for higher condenser temperatures. At
higher condenser temperatures less energy is required for heating,
leaving more energy for vaporization and oscillatory motion. The
relatively cold fluid entering the pump during each cycle explains
the absence of the condenser temperature influence in the pump
experiment results. During the baseline experiment, the lowest
temperature the fluid reaches is the set condenser temperature
while during the pump experiments this temperature is more or
less constant and equal to the temperature of the entering fluid.
The entering temperature of the fluid for all experiments was
around 21 °C; in most situations this was less than the condenser
temperature.

The lower fluid temperature should also result in a lower aver-
age evaporator temperature for the pump in comparison to the
baseline experiment. The average evaporator temperature for the
pump experiments is higher for all settings. An explanation is
given by the shorter meniscus stroke that does not reach as far into
the evaporator section because part of the vapour bubble never
condenses. A shorter meniscus stroke corresponds with the lower
output mass flow and higher frequencies that were observed dur-
ing the pump experiments.

4.3. Pump performance

The characteristics of a pump are described by the pump curve.
For three settings, pump curves are experimentally determined by
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(b) condenser flow rate of 0.04 L/s

Fig. 5. Experimental results of the pump with check valves showing the input power vs. output mass flow.
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Fig. 7. Thermal pump efficiency vs. output mass flow for an input power of 70 W.

creating a stepwise back-pressure by partially closing the needle
valve situated after the discharge check valve. The pressure head
across the pump is the pressure difference between the two pres-
sure sensors. The settings are: input powers of 50, 70 and 90 W, a
condenser temperature of 15 °C and a condenser flow of 0.004 L/s.
Fig. 6 shows the pump curve for the 70 W case. The other two set-
tings produced approximately the same curve. The maximum pres-
sure head delivered by the pump is approximately 0.25 bar for
each of the settings, when the needle valve is fully closed. The pres-
sure head rapidly decreases when the needle valve is opened. The
rapid decrease in pressure is caused by the check valves. During
the experiments it was observed that both check valves allow for
some reverse flow. Probably due to the relatively high reseal pres-
sure, and slow opening and closing responses, also reported by
Dobson [3]. The slow response of the check valves may be caused
by the inertia of the liquid acting as a damper.

4.4. Thermal and mechanical pump efficiency

The thermal pump efficiency indicates the extent to which the
energy added by heat, is converted to output mass flow. The ther-
mal pump efficiency is given by:

03
0.25]
0.2}

0.15|

position [m]

0.1

0.05 ‘

time [s]

(a) oscillation profile
numerical model

Moutput Ap
= 19

"thermal Qin ( )
Thermal efficiency of the pump is calculated using the same param-
eter settings as used for the determination of the pump curve. A lin-
ear relation between the thermal pump efficiency and the output
mass flow is observed, as shown in Fig. 7. The experimentally deter-
mined efficiency is in the order of 0.0037-0.0059%. This is about a
factor 100 better than the only reported reference, namely the
OOHPWP of Dobson which had an efficiency of 0.00003% [3]. The
seemingly low efficiency is explained by observing the energy bal-
ance. The energy balance shows that around 5% of the input power
is used for the evaporation of the water; the driving force behind
the pump. The major part of the input power is used to reheat
the new working fluid entering the pump to the saturation temper-
ature.The mechanical pump efficiency indicates how well the
experimental pump is operating in relation to the ideal situation.
The mechanical pump efficiency is determined by:

m
_ “pump
Nimechanical = 7 (20)

Migeal

For the ideal situation, the output mass flow of the baseline exper-
iment is used as this indicates the ideal circumstances without any
flow disturbance and resistance of the T-section and check valves.
The mechanical pump efficiency are 46.7, 56.4 and 48.2% for the
50, 70 and 90 W cases, respectively. Approximately half of the
upward meniscus stroke is converted into output mass flow. This
substantiates the described losses due to fluid flow against the
desired flow direction caused by the functioning of the check valves
as described in the pumping principle.

4.5. Comparison to the numerical model

The validity of the numerical model is verified using the results
obtained by the video baseline experiments, since the check valves,
and therefore their influence, are not included in the model. As
mentioned, the oscillation period in the baseline experiments
was different than to be expected from other research studies
[1,2]. The addition of the time-dependent liquid film thickness
ensures that an oscillation period with one large displacement fol-
lowed by a couple of smaller displacements can be captured by the
numerical model, see Fig 8. This addition is in agreement with the
findings of Rao et al. [ 1], in which they showed that the mass trans-
fer rate from the liquid plug to the vapour bubble is a function of
the triple-line and the liquid film thickness.
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Fig. 8. Comparison between the numerical model and the baseline experiment.
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Fig. 8 shows that the numerical model is able to capture approx-
imately the same oscillation period as was observed in the exper-
iments. This was however only valid for a number of the
experimental settings. The oscillation frequency is higher and the
amplitude of the displacement of the vapour bubble is larger in
the numerical model than in the experiments. The model func-
tioned stable when for instance pentane, also used by Rao et al.
[1-2], was used as a working fluid. However, for water as a work-
ing fluid the numerical model was unstable and not able to pre-
scribe the oscillation motion for most of the settings. The
unstable performance of the model is likely caused by the high
vapour-liquid density ratio of water in comparison to pentane.
The numerical model is more sensitive to small changes in input
power, heat transfer coefficients and the initial liquid film
thickness.

5. Conclusions

A first baseline experiment showed a proportional relation
between the input power and the output mass flow. The output
mass flow increased when the condenser temperature was
increased. The experiments conducted with the pump with check
valves gave different results. During all experiments, the measured
output mass flow was a factor 2-3 less than that of the baseline
experiment. The pump experiments showed that the increase of
the evaporator input power did not result in more output mass
flow and a threshold value was observed. The pump worked best,
based on the efficiency between input power and output mass
flow, for input powers between 50 and 70 W.

Any significant influence of the condenser temperature on the
output mass flow was not observed during the experiments with
the pump, due to the fact that relatively cold working fluid enters
the tube during each cycle. Therefore, more energy is needed to
heat this fluid to the saturation temperature leaving less energy
for vaporization. This results in less vapour generation, a lower
pressure head and less output mass flow. Because less vapour is
generated per unit of time, the stroke of the meniscus decreases
as well. This is reflected by the frequency analysis showing a
slightly higher oscillation frequency for the pump in comparison
to the baseline experiment. The oscillation frequency of the proto-
types is between 5 and 7 Hz.

The pump curves show a maximum pressure head of 0.25 bar
while operating at an ambient pressure. The average output mass
flow is approximately 0.0010 kg/s. Finally, the thermal efficiency
of the prototype pump is in the order of 0.0037-0.0059% and the
mechanical efficiency is around 50%.
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