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Abstract

Literature shows that the study on heat driven pump mainly focused on the experimental aspect. Numerical
modeling is scarce. In this paper a numerical model is proposed to simulate the thermal hydraulic characteristics of a
heat driven pump based on a variable-node moving boundary formulation. In the two-phase region of the heat driven
pump, homogeneous equilibrium flow is assumed. The governing equations are successfully integrated over the single-
phases and two-phase time-dependent regions. The simulation results demonstrate that the working principle of the
pump could be sub-divided into four distinct stages. Attempts have been made to compare the predictions with ex-
perimental data. The detailed thermal hydraulic characteristics, cycle behavior and factors affecting the pump per-

formance are presented and discussed.
© 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

A heat driven pump (Fig. 1) is a passive device which
is capable of lifting liquid through the inlet check valve
and discharging it through the outlet check valve as heat
is supplied at the horizontal branch. The first generation
of heat driven pump, with inside diameter of 11.5 mm
and length of 1.0 m, was developed by Yamamoto et al.
[1]. Due to its simplicity and reliability, it can be applied
in miniature electronic cooling devices or fluid delivery
system as report by Xu et al. [2]. Though the heat driven
pump itself is a very simple piece of hardware, the flow
within the device is very complex due to phase changes
and interactions between the single-phase liquid and the
two-phase mixture in dynamic respond to the opening
and closure of check valves.

In view of the complexity of the flow, it is noted that
the reported work in literature focused on the experi-
ment and thermal performance of the devices [1]. No
theoretical/numerical modeling was reported on its
working principle. This paper attempts to develop a
dynamic simulation model, applying the moving
boundary technique, to simulate the thermal hydraulic
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characteristics of the heat driven pump. Comparison
between the model predictions and experimental data
will be presented and discussed.

2. Working principle

From the experimental observation reported in the
previous paper by Xu et al. [2], the ideal working prin-
ciple of the heat driven pump can be described as four
distinct stages.

(a) Sensible heating (Fig. 1a);

(b) Phase change with single-phase liquid discharge
(Fig. 1b);

(c) Two-phase blow down (Fig. 1c);

(d) Liquid suction from inlet check valve (Fig. 1d).

Initially the system is full of single-phase liquid and
both the inlet and outlet valves are closed. During its
operation, heat is supplied at the horizontal branch.
Fluid temperature increases due to the sensible heating
(Fig. 1a). The system pressure is slightly increased due to
the volumetric expansion of the single-phase liquid and
causes liquid discharge through the outlet check valve
(Fig. 1a). This disturbance travels throughout the system
at the sonic velocity within the single-phase liquid
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Nomenclature

A inside pipe area, m?

Ay orifice diameter of the check valve, m?

C sonic velocity of liquid, m/s

Cp discharge coefficient of an orifice

Cp heat capacity, J/kg°C

D pipe inside diameter, m

f refer to p, G, ps

f friction coefficient in the closure relationship

section

average valve of f in the ith node

gravity constant, 9.806 m/s’

mass flux, kg/m?s

any node point from 1 to j for the left liquid

region, j to k for the two-phase region, and

to 1 for the right liquid region

Ky pressure loss coefficient of the check valve, a
variable relative to opening time

K1 fun pressure loss coefficient of the check valve
when the valve is full open

L length of the vertical downcomer branch, m

L, length of the horizontal branch, m

Ly

m

QR

length of the vertical riser branch, m
time-averaged discharge/suction mass flux,
gls

m transient discharge flow rate, g/s

P pressure, Pa or mm water

Py environment air pressure, Pa

P inside perimeter of the pipe, m

0 total heating power, W

qw actual heat flux in the inside surface of the
horizontal branch, W/m?

Qe effect heat flux defined in Eq. (5), W/m?

R defined as in the body text

Re Reynolds number

s fluid entropy, J/kg K

t time, s

T temperature, K or °C

TT cycle period, s

Tin liquid temperature in the supply tank, °C

v liquid specific volume, m?/kg

Vig specific volume difference between the liquid
and the vapor

vV velocity, m/s

X vapor mass quality

z axial coordinate, m

zL length of left liquid region, m

zr length from the check valve A inlet to the
end of two-phase region, m

Ztotal total length of the heat driven pump, m

o void fraction

p liquid volume expansion coefficient, 1/K

0 coefficient in Eq. (12)

qﬁﬁ) two-phase frictional multiplier

v, 1, {  dimensionless parameters

u liquid viscosity, m?/s

0 inclination angle relative to the vertical po-
sition

p densities, kg/m?

AP, crack pressure of the check valve, Pa

T opening time of check valve, s

Ty frictional pressure drop per unit length,
Pa/m

At, Az time and length increment, s and m

() values at the previous time step

O 50

) average value in the ith node

Subscripts

f liquid

g vapor

fg values defined as gas minus liquid

i values at the low boundary of node I

j node at interface 1

k node at interface 2

Superscripts
old values at the previous time step
new values at the present new time step

causing fluid pressure oscillation within the system.
Since the discharged mass flow rate through the check
valve is in respond to the small volumetric expansion of
the liquid within the system, the discharge mass flow rate
is very small. Any non-condensable gas dissolved in the
system will flatten the pressure oscillation in this stage.

On the horizontal branch, continuous heat input at
the wall triggers the nucleation boiling, which occurs
when the bulk fluid is saturated. The flow within the heat
driven pump is divided into three regions: single-phase
liquid region (I), two-phase region and single-phase

liquid region (II). The length of the two-phase region
depends on the interfacial speed at interfaces 1 and 2
respectively and the mixture void fraction. Since both
the inlet and outlet check valves are directional, interface
1 propagates leftward which ends at Z; = L, whereas
interface 2 moves rightward in the riser section causing
liquid region (II) to discharge through the outlet check
valve (Fig. 1b).

‘When interface 2 reaches the outlet check valve, two-
phase blow down begins (Fig. 1c). During the blow
down stage, the system experiences in a sudden depres-
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Fig. 1. The four typical stages of a full cycle in heat driven pump: (a) sensible heating stage; (b) phase change with liquid discharge;
(c) two-phase blowdown and (d) liquid suction from inlet check valve.

surization. When the suction pressure, Py, is low enough
to overcome the crack pressure of the inlet check valve,
the inlet check valve opens, which allows sub-cooled
liquid to be sucked into the system (Fig. 1d). At this
stage interface 1 propagates rightward in the horizon-
tal branch and then in the riser section. The cycle re-
peats.

3. Theoretical modeling

The four distinct stages describing the working
principle of the heat driven pump are modeled in detail
as follows:

(a) Method of characteristics (MOC) formulation for
single-phase sensible heating stage;
(b) Moving boundaries formulation to model the re-
maining three stages, i.e.:
(1) Phase change in horizontal branch with single-
phase liquid discharge stage,
(i) Two-phase blow down stage,
(iii) Liquid suction from the inlet check valve.

3.1. Method of characteristic formulation in single-phase
sensible heating stage

Conservation equations for one-dimensional flow of
a non-conducting fluid are written as [3]:

Mass conservation equation

al — LCQ { qW.E})ll

R WV
T R =EairoN A“]

Momentum conservation equation

or oV 10oP Ty

o E+;§:_7_g51n(0)

Energy conservation equation

%_‘_ %_L qw,cPh
ot oz pT| 4

+ ‘L'WV:|

where g, and sin(f) are specified as

-1 Z<L|
SIH(G) = 0 Ll < Z<L1 +L2
1 Z>L|+L2
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where f is the liquid volumetric expansion coefficient.

MOC solution approach is used to simulate the
pressure wave oscillation within the system due to dis-
turbance caused by liquid discharge and the on/off of the
check valves. The computational procedure for obtain-
ing P, V and s along the flow axis and time is described
by Moody [3].

Li<z<Li+L,
Z<L1 OI'Z>L1+L2

(5)

3.2. Moving boundaries formulation

Fig. 2 shows the schematic diagram for a heat driven
pump model. The flow within the heat driven pump is
divided into three regions: single-phase liquid region (I),
two-phase region and single-phase liquid region (II).
Because the interfaces 1 and 2 vary with time and there
are large physical properties jump across the interface
between the single-phase and two-phase mixture, the
traditional finite difference method using the fixed node
is not applicable to the present problem. A numerical

inlet check valve
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approach with variable node moving boundaries devel-
oped by Constantine et al. [4] is incorporated into the
model. The variable moving boundary model is de-
scribed below.

3.2.1. The variable node system
Each region is divided into a number of nodes: e.g.
from 1 to j for the liquid region (I), j to & for the two-
phase region, and &k to / for the liquid region (II),
respectively. Each region’s nodes have the same size.
Define Z;, Zr, ziowa as the distances measured from the
inlet check valve. The non-dimensional lengths (, 1, and
y for liquid region (I), two phase region and liquid re-
gion (II) are
zZ—ZL

z
C:_7 n= ) Y
ZL ZT — ZL

Z—ZT

Ztotal — ZT

where z is the distance measured from the inlet check
valve. Since the same step size is applied in each region,
hence

(i1 — ¢ = constant

r utlet check valve
r P1 5 /
|| E
|T; P2 |
=} el |
|12 El ||
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|t 3. riser branch i \
| Al ()
| [T ey )\
. 2 Lo = | |
b -—t 2 i 's >
interface 1 interface 2

_two-phase r':égl’on

n
—_

Zy

L
X
i

Z total

Fig. 2. One-dimensional coordinate system for the heat driven pump.
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Table 1
Time derivative for z;

Liquid region (I)

Two-phase region Liquid region (II)

P
Z 6iZL
Z; GiZL

zT + Vi (Zlutal - ZT)
Zr = V21

zL + n;(zr — 21)
2L+ n(zr —2)

n;.1 — 1; = constant

and

Vir1 — Vi = constant

The time derivatives {, 7 and § equal to zero. We
define z; as the distance of ith regional node from the
inlet check valve, in each region z; and its time derivative
z; can be expressed in Table 1.

3.2.2. Conservation equations in the moving boundary
stages

The conservation equations of mass, momentum and
energy at a location z in the flow channel and at time ¢,
for both single-phase liquid flow, and the homogeneous
equilibrium two-phase mixture are [4]:

op aﬁ,

ot * oz 0 ©
oG 0 (G oP .

§+§<?> a— 7Tw7pg81n(9) (7)
and

d(ps) N 0(Gs) 1 (‘Iw,ePh + 1, V) (8)

or oz T\ 4
where gy and sin(0) are written in Eqgs. (4) and (5). The
energy equation is written in terms of the entropy. The
first term of right side of Eq. (8) represents the entropy
increase by the wall heating, while the second term
represents the entropy increase by the work due to the
wall shear stress (wall friction force). Compared with the
wall heating effect, the entropy increase by the work due
to the wall shear stress is very small and can be ne-
glected.

In order to solve Egs. (6)—(8), each region of the
channel is subdivided into many nodes and these equa-
tions are integrated over the nodes. Since the node
boundaries are changing versus time, the integrals that
involve time derivatives are performed using the Leib-
nitz theorem to give

Zi1 af _ d Zi1 dZHl dZ,'
/ =g [ st )
where
S =p,G,ps
ﬁ :f(zht)
Sir1 = f(zi1, 1)

z;,ziy1 = ith node lower and upper boundary distance
measured from the inlet check valve.
Since we have

d Zi+1
al

fdz= % [ﬁ(zHl - Zi)] (10)

Eq. (9) yields

w0 = - N -
/ a—{dz =filzi + fiG1 — 2) — firZia + fiZ (11)

where f; average is the value of f; in the ith node,
T =d/dt, Azi =z, -z
The average value f; can be expressed as

Ji=0fi+ (1= 0)fin (12)

0 has a range from 0.0 to 1.0 and its actual value relies
on the shape of f; in the ith node. For very small nodes,
we can assume that f; is linear within each node and
0 = 0.5 can be used. For larger nodes, 6 = 0.5 results in
unstable and unmeaningful solutions. To avoid this
problem, in the present work for the fluid flow in +z
direction, 0 is set to be zero. Because the two check
valves allow the flow in uni-direction, flow in —z direc-
tion is not possible. Hence Eq. (11) is replaced by the
following expression which is used in our calculation.

Zit1 -
/ %dz:fiHAzi—ZA]} (13)

where Af; = fi.1 — fi.
The other terms that do not involve time derivatives

in Egs. (6)—(8) give

1 0G
‘/z1 gdz = GH—I — G[ = AGL (14)

Zivl 2 2
[ 2o nner(§)
n Oz P P )i

/zm o(Gs) dz = (Gs),,, — (Gs), = A(Gs), (16)

In summary, the integration of Egs. (6)—(8) over the
variable node results in

ﬁl+1AZ,—E,Apj+G,+1 —G,:O (17)
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~ . G?
GH]AZ,' —ZIAG7 +A(7) +Pi+1 _Pz'

i

Zi+1
= —/ [tw + pgsin(6)]dz (18)
0 )
(’%}HAZII - EiA(PS)j + Giy18i01 — Gis;
_ Zit1 quh
- / B g (19)

where * indicates values at the previous time step, note
that values at the present time step has no such super-
script.

The above three equations are applicable to both
single-phase and two-phase regions. The additional de-
rivatives for single-phase liquid in regions (I) and (II)
and the two-phase region are described as follows in
detail.

Single phase liquid in regions (I) and (II): In these
regions, heating occurs only when L, <z; < L; + L,.
Since liquid is assumed to be incompressible, Eq. (17) is
not required. Eq. (19) is applied when z; > L, and Eq.
(18) describes the pressure distribution within the re-
gions.

If the liquid temperature at interface 1 has achieved
the saturated condition, the interface velocity at inter-
face 1 can be obtained from Eq. (19) at the node j — 1.
The velocity of interface 1 is
_ Alzps +A(Gs), — jj/il b iz

é:j—l A(pS);Ll

Once the velocity at interface 1 is determined, the dis-
tribution of entropy for the region (I) can be calculated
by substituting p = p; into Eq. (19) which gives

2.5 A(ps); — A(Gs); + [ 4t dz

~ A
Sit+1 P 5 : ( )

(20)

zZ, =

For the single-phase liquid region (II), since the flow
is assumed to be adiabatic and incompressible, only Eq.
(18) is considered. The interface velocity at interface 2
will be discussed in the next section.

Two-phase region: The flow is assumed to be homo-
geneous and in thermal equilibrium. The two-phase
mixture density is defined as

p=op,+ (1 = a)pp = pr + p,o (22)

where o is the void fraction, p, = p, — p;. With the as-
sumption that the influence of the small change of the
pressure on the fluid properties can be neglected, the
derivative of the density with time is

b= pud (23)

The volumetric energy term (ps) in Eq. (19) is defined
as

ps = apysg + (1 — o) prse (24)
and
o(ps) -
A 25
o a (25)

where R = p,s, — pest.
Substituting Egs. (22)—-(25) into Eqs. (17) and (19)
yields

pfg AZi&H—l — 21' Ap: + GH—I — G,‘ =0 (26)

RAz6,; 1 — EiA(pS); + Gii5ie1 — Gis;
_ Fi quh
= /_, 1T dz (27)
The boundary conditions on the interface 1 are
% =0
pj = Pr 28
G; = pizL (28)
Sj =S¢

The initial conditions at the beginning of the second
stage (Fig. 1b) of the cycle for each nodes of the two-
phase region are specified as

a(t=13) =0

(t=1tg) = p;
g(r =1p) :ppfiL (29)
S(f = IB) B

where #p is the time interval of the first stage of the cycle.
For the first cycle, Eq. (29) is applicable to the whole
horizontal length from z= 1L, to z= L, + L,. For the
following cycles, Eq. (29) is valid at z = L, + L,, where
the highest temperature is located.

Note that the integration of mass and energy con-
servation equations, Egs. (26) and (27) are written in the
implicit form to ensure stability of the iteration process.
In the next time step, integration is performed from in-
terface 1 to interface 2. Since the values at the previous
time step ()* and the parameters on the lower boundary
of the ith node at the present new time step (), are
known, Egs. (26) and (27) involve the unknown pa-
rameters o, G, and s;;; at the new time step.

Entropy (s;;1) is related to void fraction (¢;,1) by the
following equations:

1

Xitl = m (30)
Pg iyl

Sivt = Xip1Sg + (1 — Xig1)sr (31)

Eq. (26) is rewritten as

Gip1 = Gi — prg Azi011 + 2 Ap; (32)

A function with the void fraction of o, in terms of Eq.
(27) is defined as
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f(%41) = RAz0 1 + Giy1Si —ZiA(PS)7 - G;s;
Zi+1
quh
— d 33
L AT (33)

When the integration is performed on the ith node, o;,1,
G.1, and s;,| are the target variables to be pursed. Eq.
(33) can be solved by Newton-Raphson iteration
method

(old)
/ |:“I+l i|
1d - !
al(ielW) = “l(il) _f/|: (old) (34)
i1 }

where f’(o;,1) is the derivative function of f(o;;,) and
can be computed as
RAz 0G4 0541

! o :—“F Iz -~
f( +1) S +1 01y

At T B (35)

where 0G, /00,y and Os,,;/00;;; can be derived from
Eqgs. (32) and (31), respectively.

0Gin1 __ Prz (36)
60Ci+1 At

0541 N 0si41 Oxipy _ PrPy

Qv B 01 Oy — o p? 37)

where sy, = 55 — S¢.
Once o, is converged and G, and s;,; are deter-
mined, ¥, is computed as

G

Vijn = (38)
where p is the mixture density at the same location.
The velocity of interface 2 can be obtained from Eq.
(38) at the upper boundary of node & — 1.
Closure relationships: For the single-phase flow, 1y,
the shear stress per unit length in Eq. (18) is written as

1@

Tw = B 2_pf (39)
For two-phase flow, Eq. (39) shall be modified as
1 G,
=f=— 4
Tw fD 2p; ¢fo ( 0)

where [ is the single-phase friction factor and is calcu-
lated as

o4 Re < 2000

=90 (41)
016 Re > 2000

Re = op (42)
He

qﬁfU is known as the two-phase frictional multiplier. In
this work, a simple homogeneous model suggested by
Collier [5] is used:

¢%[14—x(%§)}[14—x<%§)}uﬁ (43)

Check valve model: The inlet and outlet check valves
allow the fluid to flow in uni-direction. The mass flow
across the valves depends on pressure drop across the
valve and the valve opening area. There are three as-
sumptions used in the present model.

e The check valves open once the crack pressure is
reached. The valves closed when the net pressure dif-
ference across the valve disappears.

e The time constant 7 is defined as the opening time
from the fully closed to fully open position.

e The check valves are modeled as orifices with a time-
dependent pressure loss coefficient when the valve is
in the opening transients.

Outlet check valve: Initially the valve is closed and the
pressure difference across the valve is less than its crack
pressure, hence

K=0 (44)

Once the pressure difference across the valve reaches its
crack pressure, the valve opens and the pressure drop
across the valve is

V2
A= Py = K PoE (45)
In Egs. (44) and (45), B and ¥ are the pressure and
velocity at the end of the riser. Ky is the time-dependent
pressure loss coefficient, defined as Ki = Kp puf (¢, 7).
f(z,1) is assumed to be

. Ky o<t
= = 4
M0 = {1 (o (46)

The above description is valid for single-phase liquid
discharge. For two-phase mixture discharge through the
valve, an orifice expression reported by Collier [5] is
applied:

G | (4 (1—x)* v x2
Po—Pi=oit [(5) —1| | ek
k ZC]Z) |:<A0) 1 - 4% + Vg Ok

where x and oy are defined at the upstream of the outlet
check valve. 4, is the orifice area. Define

(i)zl] (48)

Eq. (47) is rewritten as

(47)

1
K= —
L CZD

Gi VfKL

P — Py = B

(l—xmz+Xgﬁ} (49)

1 — oy VOl
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Note that subscript “k” refers to the upper boundary of
the two-phase region.

Inlet check valve: The pressure and suction velocity
has the following relationship once the pressure differ-
ence attains its crack pressure as

pe V7

Py — P =KL P

(50)

4. Solution method

In the above analysis, MOC solution approach is
used to solve Egs. (1)-(3) to simulate the compound
pressure wave oscillation within the sub-cooled liquid
due to disturbance caused by heat input, liquid dis-
charge and the on/off of the inlet and outlet check valves.
Once the saturated condition is reached at the horizontal
branch, the flow is divided into single-phase and two-
phase regions. Moving boundaries approach is em-
ployed to model the flow. Egs. (20) and (21) are solved
for single-phase region (I), whereas for the two-phase
region, Egs. (30)—(37) are computed until o, is con-
verged. The pressure distribution within the liquid re-
gions (I and II) and two-phase region can be calculated
by Eq. (18). The initial and boundary conditions at the
two check valves have to be specified before the new
time step calculation. After computing for one time step,
the interface’s positions 1 and 2 and the time derivative
are updated. The same procedure is repeated for sub-
sequent increment in the time step until the program
ends.

5. Results and discussion
5.1. Comparisons of experimental results

To validate the mathematical model comparisons
have been made with experimental results by Xu et al.
[2]. The calculations were performed for the test section,
with L; of 80 mm, L, of 80 mm, L; of 60 mm and the
inner diameter of 3.0 mm. Because it is difficult to esti-
mate the valve opening time 7, all the run cases were
performed with T = 1075 s.

The time-averaged discharge and suction flow rates is
integrated from the transient flow rate over a full cycle
period as

TT ~
_Jo mdt

TT

where TT is the cycle period and m is the transient flow
rate through the inlet/outlet check valve. Due to mass
conservation in the device over a full cycle, the time-
averaged suction mass flux is equal to that of discharge
mass flux.

1500 = p—
/P‘(measurement) 7 Pi(predi ions)
74s |
1000 -
8
2 500
€
E
)
5 0
0
[}
o
a
-500 -
Q=11 W, T,=75 °C, K, ,=20
Crack pressure=50 mm water
-1000 T T T T T T T
1500
63s /Pz(predictions)
1000 - _»~P,(measurement)
5
g
500 -
€
E
o
5 0
73
0
1<
o
.500 4
measured flow rate=140 g/h
predicted flow rate=135 g/h
-1000 T T T T T T

Time (s)

Fig. 3. Comparisons of pressures between predictions and ex-
perimental measurements.

Fig. 3 illustrates that the predicted P, and P, agree
reasonably well with the measurements. The measured
cycle period and the time-averaged flow rate are 7.4 s
and 140 g/h respectively, and the predicted values are
6.3 s and 135 g/h respectively. Both the measurements
and calculations illustrate the similar trend, with a
smooth transition from the beginning of the new cycle to
the onset of boiling taking place in the heating section,
followed by the sharp pressure rising to a peak value,
and a pressure falling stage. The measurements revealed
that during the liquid suction stage, vacuum pressures
(negative value) were always detected at both P, and P;.
This is due to the sub-cooled condensation between the
saturated vapor and sub-cooled liquid. The sub-cooled
condensation effect was not modeled in our calculations.
The predicted negative pressure at P, is produced by the
fluid density difference between the vertical downcomer
and riser branch.

5.2. Cycle behavior

The predicted pulsating pressures, discharge and
suction mass fluxes are presented in Fig. 4 with the same
flow conditions as Fig. 3. The region A-B corresponds
to the single-phase sensible heating stage. In this stage
the high frequency pressure oscillations are solved by the
present MOC calculations. However due to the small
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Fig. 4. Predicted transients of heat driven pump in one full
cycle.

amount of non-condensable gas dissolved in the flow,
the pressure oscillation was flatten with a slight pressure
increased as shown in Fig. 3. Hence the average pre-
dicted pressure is plotted in Fig. 4 in this region. Region
C-D indicates single-phase liquid discharge with boiling
in the horizontal heating branch. It ends when interface
2 reaches the outlet check valve at time D. Due to the
high liquid density, the discharge mass fluxes achieve a
higher value for a short time lapse. Region D-F indi-
cates the two-phase blow down stage. At the start of the
two-phase blow down at time D, the pressure P, is
considerably in excess of the atmosphere pressure, hence
the system experiences a sudden depressurization. P,
approaches the atmosphere pressure after a rapid pres-
sure drops. The discharged two-phase mixture has a
lower density, hence the discharge mass flux decreases.
Due to the high void fraction in the vertical riser, the
fluid density difference between the vertical riser and the
vertical down-comer increases, as such vacuum pressure
has attained at P;. Liquid is induced into the system
through the inlet check valve (region F-A). It is noted
that the suction mass flux achieves its maximum value at
t = tg which corresponds to the position of interface 1
located at the bottom of the vertical riser. Generally the
characters from A to G have the same physical meaning
which appeared in the previous paper in Fig. 2 by Xu
et al. [2], and the predicted cycle behavior follows the
findings by measurements by Xu et al. [2].

The present modeling results indicate of a two-phase
blow down stage in the cycle. However, due to the sub-
cooled condensation between the vapor and the sub-
cooled liquid, the vapor may or may not reach the top of
the vertical riser, depending on the heating power and
the inlet liquid temperature in the supply tank [2].

5.3. Comparisons of heat driven pump performance

Fig. 5 shows comparison of cycle period and dis-
charge flow rate between model predictions and mea-
surements with an inlet liquid temperature of 80 °C. The
results indicate that at lower heating power (<4 W) the
cycle period decreases sharply with heating power, it
approaches a constant value at higher heating power,
which was confirmed by the measurements. The time-
averaged discharge flow rate increases with heating
power as expected.

When the heating power approaches the maximum
value (about 14 W with inlet liquid temperature of 80
°C), very high void fractions and temperatures were
predicted in the heating section. Under this condition, P,
will not achieve vacuum pressure due to the high pres-
sure in the system. The device loses its function beyond
such upper-limit heating power.

Comparisons of predictions and measurements reveal
that, large discrepancy occurs at lower heating power.
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Discharge flow rate (g/h)

0 T T T T T T
2 4 6 8 10 12 14

Heating power (W)

Fig. 5. Comparisons of heat driven pump performance between
predictions and experimental measurements.
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This is because it is difficult to estimate the corre-
sponding heat loss to the environment at lower heating
power, even though the heating section is well thermally
insulated.

5.4. Effect of inlet liquid temperatures and check valve
parameters

The effect of inlet liquid temperature on the heat
driven pump performance is depicted in Fig. 6. It is seen
that the cycle period decreases quasi-linearly with the
liquid temperature. This is due to the fact that the single-
phase liquid stage covers a large percentage of the cycle
period, and the time for the sensible heating stage has a
linear relationship with the inlet liquid temperature.
Higher inlet liquid temperature result in the enhanced
oscillating process thus higher flow rate is obtained.

Fig. 7 shows the cycle period and discharge flow rate
versus pressure loss coefficient. It is demonstrated that
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Fig. 6. Effect of inlet liquid temperature on the heat driven
pump performance.
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Fig. 7. Effect of pressure loss coefficients on the heat driven
pump performance.
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Fig. 8. Effect of crack pressure on the heat driven pump per-
formance.

the cycle period increases with the pressure loss coeffi-
cient. Higher pressure drop coefficient will slow down
a little bit of the oscillation process, hence the time-
averaged discharge flow rate decreases.

It is interesting to note that the pump performance is
insensitive to the crack pressures in the range from 25 to
65 mm water as show in Fig. 8. Referring to Fig. 4, the
system pressure experiences a sudden pressure rise to a
peak value once boiling is activated in the horizontal
heating branch. Such pressure peak value is much higher
than the crack pressure of the outlet check valve and the
sudden pressure rise occurs in a very short time within
the order of 1 ms. Therefore the crack pressure of the
outlet check valve should have no influence on the pump
performance. Similarly the crack pressure of the inlet
check valve controls when the valve opens to suck the
liquid. It also has little effect on the pump performance,
but the crack pressure should be less than the maximum
vacuum pressure that the system can create. Based on
the present model, such maximum vacuum pressure is
limited by the fluid density difference between the
downcomer and the riser.

6. Conclusions

A dynamic model was developed to simulate the
thermal hydraulic characteristics of a heat driven pump
based on a variable-node moving boundary formula-
tion. The simulation results demonstrated that the
working principle of the pump could be subdivided into
four distinct stages. These stages have also been con-
firmed by experimental observations. Comparison of the
model prediction with experimental data can be rea-
sonably accepted.

The simulated results show that the time-averaged
discharge flows rate increases with heating power and
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the cycle period approaches a constant value under
higher heating power. Also the discharge flow rate in-
creases with inlet liquid temperature. Both suction and
discharge check valves maintain the flow in unidirec-
tional and the valve characteristic has minimum influ-
ence on the pump performance.
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