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Abstract:  A dynamic model with moving heat sources was developed to analyze the pumping mechanism 

of a valveless thermally-driven phase-change micropump. The coupled equations were solved to determine 

the pumping characteristics. The numerical results agree with experimental data from micropumps with dif-

ferent diameter microtubes. The maximum flow rate reached 33 µL / min and the maximum pump pressure 

was over 20 kPa for a 200-µm diameter microtube. Analysis of the pumping mechanism shows that the 

main factors affecting the flow come from the large density difference between the liquid and vapor phases 

and the choking effect of the vapor region. 
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Introduction 

Micropumps are important actuators in microfluidic 
systems. With the rapid development of micro-electro-
mechanical system(MEMS) technologies, mechanical 
micropumps can be fabricated much smaller. However, 
the pump size and the characteristics are still limited 
by the manufacturing. During recent years, different 
valveless micropumps have been proposed using fluid 
property changes, including even phase changes, in-
stead of valves with movable parts[1-5]. Valveless mi-
cropumps reduce the valve failure risk and usually 
simplify the fabrication process. 

Fluids in microchannels can change phases quickly 
due to the decreased thermal inertia. Therefore, phase 
change can be easily applied to micro actuators[4-6]. 
The idea of using vapor-liquid phase change in a chan-
nel to pump fluid was first mentioned to 1992[7]. The 
pumping principle of the first phase-change micropump 

was similar to that of a thermopneumatic pump. The 
phase-change fluid was heated by a laser and separated 
from the working fluid, but this led to a very low flow 
rate. Then, a thermally-driven moving phase-change 
micropump was developed in 1995[8], which consisted 
of only one microchannel and several electrical heaters. 
The micropump is schematically shown in Fig. 1. Fluid 
flowing in the microchannel could be pumped in the 
scanning direction by an electric current cycling 
through the heaters. Theoretical analyses were devel-
oped to describe the pumping mechanism. Ozaki[8] 
suggested that the large kinematic viscosity difference 
between the liquid and vapor phases produced the 
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Fig. 1 Structure of thermally-driven  
phase-change micropump 
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unidirectional mass flow. Jun and Kim[9] fabricated a 
much smaller surface-micromachined micropump and 
found that the two domain pumping forces were vapor 
pressure and surface tension. DeBar and Liepmann [10] 
experimentally investigated the micropump and as-
cribed the pumping principle only to surface tension 
from the Marangoni effect. Wang and Li[11,12] pre-
sented a pressure model to predict the mass flow per 
cycle, which agreed somewhat with experimental re-
sults. They explained that the pumping flow resulted 
from the instantaneous high pressure during evapora-
tion. All these analyses differed from each other and 
did not produce satisfactory agreement with experi-
mental results. 

This paper presents a theoretical model describing 
the pumping principle which agrees with experimental 
results. The analysis shows that the pumping mecha-
nism is mainly due to the large density difference be-
tween the liquid and vapor phases and the choking ef-
fect of the vapor section. 

1 Theoretical Analysis 

The dynamic model is based on the heating and cool-
ing conditions shown in Fig. 2. In the model, the heat 
source moves at a constant speed of U from Point I to-
wards Point O. The fluid in the microchannel is heated 
and evaporated to create a vapor section (a bubble). 
Vaporization occurs at Point E while condensation oc-
curs at Point C. The vapor section length, LC, is a func-
tion of both the heating and cooling conditions. The to-
tal length of the moving heat source is LH, and the pre-
heating region where the liquid is heated to boiling LP 
in length. Assume dynamic equilibrium between the 
evaporation and the condensation, and LC remains con-
stant and the bubble will move with the heat source to 
pump the liquid in the movement direction. 

In general, the fluid flow in the microchannel is 
laminar due to the very small inner diameter. Therefore, 
the pressure drops for the three regions in the circular 
tube are: 
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where  denotes the volume flow rates, the sub-
scripts L and G represent liquid and gas, and r is the 
tube radius. 

Q

 
Fig. 2  Dynamic micropump model 

Mass conservation equation at the vapor-liquid in-
terface E gives 
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while mass conservation equation for the whole tube 
gives 
  (5) QQQ IO ==

The flow rate can be derived by combining Eq. (1) with 
Eq. (5): 
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where , 4 / 8F r= π 2A r= π , , L = LOp p p∆ = − I O+ 
LC + LI, ρ  is the fluid density, and ν  is the fluid 
viscosity. 

Consider a micro liquid element  moving from 
A to E. Ignoring the heat dissipation in the liquid 
section, an energy balance along  gives 
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where PH is the effective heating power of the entire 
heater, c is the liquid specific heat, and T∆  is the 
temperature difference. Therefore, the preheating 
liquid section length, LP, is 
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If the dissipated power per meter in the vapor sec-
tion is q, an energy balance over the vaporation gives 
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Combining Eqs. (8) and (9) gives the vapor section 
length as 
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The heating condition, embodied by HP , and the 
cooling condition, embodied by q , determine the 
vapor section length, , and indirectly affect the 
flow rate. 

CL

Equations (6) and (10) relate  and LQ C. Qualita-
tive analysis indicated that there is no obvious mass 
flow if LC is too long or too short, and an optimal LC 
exists for the maximum flow rate.  

Equation  (6)  suggests  the  essential  pumping 
condition as 
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 Equation (11) shows that unidirectional mass flow 
occurs only when the heat source moves faster than a 
critical speed. If the density difference between the 
liquid and vapor is too small or the vapor kinematic 
viscosity is not large, the critical speed will be quite 
high. As a result, the pumping mechanism is mainly 
due to the large density difference between the liquid 

and vapor phases and the vapor choking effect. The 
critical speed is also inversely proportional to the 
square of the tube diameter, which suggests that this 
micropump is suitable for micro size applications. 

2 Experimental Results 

The micropump was tested experimentally to verify its 
physical principles. The pump characteristics were 
measured and analyzed, including pumping pressure and 
flow rates for different heating and cooling conditions[13]. 
 The experimental system is shown in Fig. 3. The 
working fluid was distilled water. A stainless steel mi-
crotube was used as the pump body with DC currents 
to heat the tube. The dimensions and the number of 
subsections of the microtubes used in the experiments 
are listed in Table 1. 
 First, the flow rates were measured for different 
heating conditions using Tube 1. The results are shown 
in Figs. 4 and 5, in which the switch time, ts, is the 
time for heating one subsection per cycle. The two fig-
ures indicate that an optimal combination of heating 
current and switch time results in the maximum flow rate. 

 
Table 1 Dimensions and divisions of the two micro tubes used in the experiments 

 Inner diameter 
(µm) 

Outer diameter 
(µm) 

L 
cm Number of subsections 

∆L 
cm 

Tube 1 200 300 30 5 4 

Tube 2 300 400 30 6 3.5 

 Note: ∆L is the subsection length. 

 

 
Fig. 3  Experimental system 

1, High pressure vessel;  2, Lower pressure vessel; 
3, Stainless steel capillary; 4, Glass tube with scale; 
5, Micro pressure sensor; 6, Valve; 7, Heating con-
troller; 8, Amp meter; 10, Resistor; 10, Power sup-
ply; 11, Computer; 12, Indicator lights 

 

 
Fig. 4  Flow rate vs. heating current I of Tube 1 for 
given switch time 
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Fig. 5 Flow rate vs. switch time of Tube 1 for given 
heating currents. The dashed line is an inverse proportion 
function curve. 

The measured flow vs. pressure characteristics for 
Tube 1 are shown in Fig. 6. The maximum flow rate 
nearly reached 5.0×10−4 mL·s−1 and the maximum 
pump pressure was over 20 kPa. 

 
Fig. 6 Flow rate vs. pumping pressure 
characteristics for Tube 1 

The effect of different cooling conditions on the 
pumping characteristics was studied experimentally 

using natural and forced convective cooling of Tube 2. 
A fan was used to form the forced convection cooling. 
The pumping flow rate variation for varying heating 
current is shown in Fig. 7. 

 
Fig. 7 Flow rate variations for different cooling 
conditions using Tube 2 and a switch time of 2 s 

3 Numerical Simulations 

The theoretical equations were solved numerically to 
compare with the experimental results. Since the mov-
ing constant-length bubble was assumed to always ex-
ist in the tube in the theoretical model, and must be 
created at the beginning of a cycle in the experiments, 
the real averaged flow rate was modified to be 

 )1(*

L
L
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Equations (6), (10), and (12) were solved numeri-
cally with the parameters obtained from the experi-
ments. The properties and parameters are listed in 
Table 2.

Table 2  Properties and parameters used in the simulations 
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s
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For a microtube cooled by natural convection and 
radiation, together with the longitudinal conductive 
heat loss, the calculated heat loss per meter in the va-
por section was q=7.5 W/m. 

Analysis of the effective heating power showed that 
as the fluid vaporized, the heat transfer coefficient 

decreased and the effective heating power decreased. 
Therefore, the effective heating power was described 
by 
 s2

H e tP I R −= ⋅  （13） 

where I is the heating current and R is the electrical re-
sistance of the heated section. 

Figures 8-10 show the simulated flow versus pressure 
characteristics corresponding to the experimental data 
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using the parameters of Tube 1. Figure 11 shows the 
results for Tube 2 with different cooling conditions, in 
which the forced cooling heat transfer per meter was 
assumed to be 50 W/m. The numerical results compare 
well with the experimental data. 

 
Fig. 8 Simulated flow rate variations in Tube 1 
for different switch times 

 
Fig. 9 Simulated flow rate variations in Tube 1 
for different heating currents 

 
Fig. 10 Simulated flow rate vs. pumping pres-
sure characteristics for Tube 1 

 
Fig. 11 Simulated flow rates in Tube 2 for different 
cooling conditions with a switch time of 2 s. Natural 
cooling heat loss per meter was 7.5 W/m and forced 
cooling heat loss per meter was 50 W/m. 

4 Conclusions 

Experiments with different diameter micropumps were 
performed for different heating and cooling conditions. 
For a 200-µm diameter micropump, the maximum 
flow rate reached 33 µL/min and the maximum pump 
pressure was over 20 kPa. The theoretical results agree 
well with the experimental data, which shows that the 
model accurately describes the physics. Both the ex-
perimental and simulation results show that there are 
optimal heating and cooling conditions for the maxi-
mum flow rate. 
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(Continued from page 687) 

4 Conclusions 

Expressions for the energetic coefficient of restitution 
are given considering various slip contact modes based 
on the model of local elastic-plastic planar rigid-body 
collisions with friction. The analysis has shown that a 
method to obtain the coefficient of restitution for 
oblique collisions has been given, which can provide a 
theoretical guide for experiments on collisions.  

It can also be noted that the results in this paper only 
apply for low-speed collisions and preserve the tradi-
tional assumptions for such calculations. The precision 
of the model depends on the precision in the model for 
the normal and tangential contact forces. 
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