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Thermal bubble-driven micro-pumps (also known as inertial pumps) are an upcoming micro-pump technology that can
be integrated directly into micro/mesofluidic channels to displace fluid without moving parts. These micro-pumps are
high power resistors that locally vaporize a thin layer of fluid above the resistor surface to form a high pressure vapor
bubble which performs mechanical work. Despite their geometric simplicity, thermal bubble-driven micro-pumps are
complex to model due to the multiphysics couplings of Joule heating, thermal bubble nucleation, phase change, and
multiphase flow. As such, most simulation approaches simplify the physics by neglecting Joule heating, nucleation,
and phase change effects as done in this study. To date, there are no readily available, reduced physics open source
modeling tools that can resolve both pre-collapse (defined as when the bubble is expanding and collapsing) and post-
collapse (defined as when the bubble has re-dissolved back into the subcooled fluid) bubble and flow dynamics. In
this study, an OpenFOAM framework for modeling thermal bubble-driven micro-pumps is presented, validated, and
applied. The developed OpenFOAM model agrees with both experimental data and commercial computational fluid
dynamics (CFD) software, FLOW-3D. Additionally, we assess the shape of the transient velocity profile during a pump
cycle for the first time and find that it varies substantially from theoretical Poiseuille flow during pre-collapse but is
within 25% of the theoretical flow profile during post-collapse. We find that this deviation is due to flow never becoming
fully developed during each pump cycle. We envision the developed OpenFOAM framework as an open source CFD

toolkit for microfluidic designers to simulate devices with thermal bubble-driven micro-pumps.

I. INTRODUCTION

The ability to precisely move fluid in a microchannel is
critical to any microfluidic system. In the last few decades,
there have been a wide variety of micro-pumps based on a
range of physics: electrostatic?, magnetic?, centrifugal®,
peristaltic>, piezoelectric®, capillary action’, and thermal
bubbles®. These micro-pumps can be active, requiring energy
input, or passive. However, the wide variety of micro-pump
sources presents a major challenge when it comes to stan-
dardization and commercialization of microfluidic systems as
often the infrastructure to mass produce microfluidic devices
does not exist’. Thus, there is a need for a micro-pump
source in microfluidics that is (a) reliable, (b) internal, (c)
simple and mass producible, and (d) scalable. A promising
solution is thermal bubble-driven micro-pumps. Thermal
bubble-driven micro-pumps (also known as inertial pumps)
are an emerging micro-pump technology with no moving
parts that can be integrated directly into microfluidic chan-
nels, are scalable, and leverage existing semiconductor mass
fabrication infrastructure®. Based on thermal inkjet (TLJ)
technology, thermal bubble-driven micro-pumps consist of a
micro-resistor which locally vaporizes an interfacial layer of
fluid at the resistor’s surface during a microsecond heating
pulse to create a vapor bubble that performs mechanical
work!®!! Beyond fluid pumping, these micro-pumps have
been used for mixing!?, fluid sorting/routing'3, cell lysis'4,
and even micro-mechanical actuation'>!% demonstrating the
versatility of this technology. As such, these micro-pumps
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show great promise in enabling standardization and commer-
cialization of true “lab-on-a-chip” devices.

Although geometrically simple, the physics behind ther-
mal bubble-driven micro-pumps are complex. During a
microsecond heating pulse, fluid is heated to near its critical
temperature (300 °C for water) at heating rates of 100
°C/us'. This thermal impulse results in metastable boiling
at the resistor’s surface which forms a single high pressure
vapor bubble!”. If the resistor is placed asymmetrically in
a channel between two reservoirs, the expansion-collapse
dynamics of the vapor bubble result in unidirectional flow
from the short to long leg of the channel'!, where “short leg”
refers to the shorter channel segment from the reservoir to the
center of the resistor as shwon in figure 1b. Consider a single
vapor bubble expansion-collapse event, figure la-c. After
nucleation, the high pressure vapor bubble expands, and fluid
is forced into the reservoirs. Fluid is accelerated faster in the
short leg than the long leg of the channel due to inertia; as
such, momentum dissipation is faster on the short leg of the
channel. As the vapor bubble expands and performs work on
the fluid, it loses pressure until its internal pressure becomes
sub-atmospheric. After reaching its maximum expansion
extent, the vapor bubble collapses and the channel refills with
liquid. The short leg refills faster than the long leg of the
channel which results in fluid in the short leg having a greater
momentum at the point of bubble collapse. This momentum
imbalance drives fluid flow in the direction of short to long
leg of the channel until fluid is eventually brought to rest by
viscosity.

In practice, thermal bubble-driven micro-pumps built
using semiconductor fabrication workflows have long lead
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times on the order of weeks/months. Although research
and development (R&D) work has demonstrated simplified
experimental workflows to rapidly prototype devices in
a matter of hours/days'®, manual fabrication approaches
are ill-suited for large design optimization studies needed
for commercial devices. In this case, computational fluid
dynamic (CFD) models can be a useful tool in understand-
ing, designing, and optimizing microfluidic systems with
thermal bubble-driven micro-pumps. Full multiphysics CFD
modeling requires coupling of Joule heating, thermal bubble
nucleation, phase change, and multiphase flow. Numer-
ous multiphysics commercial software such as ANSYS!?,
FLOW-3D?°, and COMSOL2! as well as academic codes??
can accurately simulate the full multiphysics of these thermal
bubble-driven actuators, but with a high computational cost>3
making full multiphysics models ill-suited for large design
optimization studies. Additionally, commercial software is
expensive which often limits accessibility to researchers. As
such, there have been a variety of approaches to simplify
modeling of thermal bubble-driven micro-pump ranging
from one-dimensional (1D) models to reduced physics three-
dimensional (3D) CFD models. For the former, Prosperetti
et at. and Kornilovitch et al. first independently proposed
and validated reduced order 1D models in which bubble and
flow physics are captured through tracking the evolution of
a 1D interface subjected to a pressure initial condition that
drives bubble expansion'?*->7, While 1D models are highly
useful for rapid evaluation of design spaces using thermal
bubble-driven micro-pumps and can even account for more
complicated temperature dependent pumping effects®®, re-
duced order 1D models inherently cannot capture 3D bubble
and flow physics that must be resolved for more complex
channel geometries, such as a Y-channel or 3D tapered chan-
nels. In these cases, 3D CFD is required. The most common
approach used to simplify full thermal bubble multiphysics
is to assume at the onset that a thin vapor layer has formed
and to apply pressure initial and boundary conditions on the
vapor region. This approach was first developed by Asai et
al. and has been well studied and validated to capture both
bubble and flow dynamics in TIJ devices®. Later, Tan et al.
developed an internal 3D CFD code, CFD3, for modeling TIJ
droplet ejection dynamics as well as thermal bubble-driven
micro-pump dynamics based on the volume of fluid (VOF)
approach and simplifying thermal bubble nucleation to a
seed layer of vapor undergoing polytropic gas expansion?.
Neglecting thermal bubble nucleation allows for significant
computational speed-up making reduced physics 3D CFD
approaches a viable option for parameter and design opti-
mization of microfluidic systems with thermal bubble-driven
micro-pumps.

While internal CFD codes developed by individual aca-
demic groups, such as that by Asai et al., and corporations,
such as that by Tan et al. of Hewlett-Packard Inc., have been
verified and validated to accurately model the thermal bubble
actuation process, little research to date has utilized more
accessible, open source CFD codes. However, the availability
of open source CFD codes for thermal bubble-driven micro-

pumps is an important step to enable wide spread use of this
micro-pump technology. In this study, we present a frame-
work which utilizes the open source CFD code OpenFOAM to
model bubble and flow physics of both pre-collapse, defined
as when the bubble is expanding and collapsing in a channel,
and post-collapse, defined as when the bubble is re-absorbed
back into the subcooled fluid, micro-pump stages. To date,
OpenFOAM has been successfully utilized to model only the
pre-collapse stage of thermal bubble-driven micro-pumps by
seeding an initial vapor layer of a specific volume, pressure,
and temperature and letting the compressible, two-phase
solver compressibleInterFoam evolve the bubble and flow
dynamics 31=3*. During post-collapse, the vapor bubble must
be re-absorbed back into the subcooled fluid. This requires
mass transport which is not available in the OpenFOAM
compressiblelnterFoam solver. In this work, we extend
the standard OpenFOAM compressibleInterFoam solver to
capture both pre-collapse and post-collapse bubble and flow
dynamics using heuristics based on thermal bubble-driven
micro-pump physics. We validate our OpenFOAM frame-
work against experimental data as well as commercial CFD
software, FLOW-3D. Lastly, we demonstrate the application
of our OpenFOAM framework to analyze the transient
velocity profile during a pump cycle. To our knowledge, this
is the first readily available, open source CFD framework
capable of handling both pre-collapse and post-collapse
bubble and flow dynamics. We envision the developed Open-
FOAM framework as an open source toolkit for microfluidic
designers to understand and simulate 3D bubble and flow
physics of devices using thermal bubble-driven micro-pumps.

Il. OPENFOAM COMPUTATIONAL MODEL

The OpenFOAM compressiblelnterFoam solver was used
to solve continuity, momentum, energy, state, and volume
fraction equations that describe bubble and flow dynamics
of thermal bubble-driven micro-pumps. We note that the
compressiblelnterFoam solver does not account for mass
transfer; as such, true thermal bubble nucleation and post-
collapse dissolution cannot be simulated with the built-in
solver. Instead, we develop heuristics, defined in section II B,
to accurately simulate thermal bubble-driven micro-pumps
based on pre-collapse and post-collapse physics. Open-
FOAM model files are provided in the Matter Assembly
Computation Lab’s (www.matterassembly.org) public
github  repository  (https://github.com/MacCurdyLab/An-
OpenFOAM-Framework-to-Model-Thermal-Bubble-Driven-
Micro-Pumps) as well as the supplemental material.

A. Model Description

Bubble and flow dynamics are modeled using the 2-phase
compressible, laminar, sharp interface fluid solver compress-
ibleInterFoam in OpenFOAM v10. Liquid and vapor phases
are captured using the volume of fluid (VOF) phase field
method with interface compression®® for each phase scalar
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field denoted by . Specifically, o € [0,1] for each cell el-
ement. A mixture density (p) and viscosity (1) is used by
weighting the phases within each cell element where

p= pliquida + Pva]mr(l - Ot) (l)
and
M= Wiiquid + Mvapor(1 — ). (2)

The compressible Navier-Stokes equations are then solved as
follows accounting for interfacial tension forces:

p
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where u is the velocity field, p is the pressure, F; is the sur-
face tension force, and F, is the gravitational body force, T
is the temperature, C,,jiguiq and C, yapor are the heat capacities
of liquid and vapor phases respectively, and k is the kinetic
energy per unit mass, k = |u|?/2. The surface tension force is

given by
Va
bo=r(v- (22 ))va ©

where ¥ is the surface tension. The gravitational force is given
by

F, = pg @)

where g is the gravitational acceleration. These equations are
solved using the the multi-dimensional limiter for explicit so-
lution (MULES) algorithm. An adjustable time step formu-
lation based on the Courant—Friedrichs—Lewy (CFL) criterion
is utilized in the forward Euler temporal numerical scheme
with a maximum CFL number set to 0.50 to ensure stabil-
ity. Phases are tracked by solving the phase fraction advected
through each fluid with interface compression:

%Jrv.(au)Jrv.(U,a(lfa)):O. ®)

U, is the numerical applied velocity field used to compress the
interface given by

Va
Uy =Cog— 9
Vel ©

where Cy is a binary term {0,1} to toggle interface
compression’’.  State equations for the vapor and liquid
phases, which is modeled by air and water respectively in this
simulation, are defined by

1

a = 55 Pa 1
Pu= gh (10)

Pw Pw+ Pwo (1 1)

1
R,T
where p, is the density of air, R, is the universal constant for
air, p, is the pressure of air, p,, is the density of water, R,, is
the universal constant for water, p,, is the pressure of water,
and p,,, is the initial density of water.

B. Pre-Collapse and Post-Collapse Heuristics

Full modeling of thermal bubble nucleation couples heat
transfer with the Clausius-Clapeyron equation,

1 (171)
Py(T) = P eTn \T T (12)
Cv
Top = (1= 371 (13)

where P; and T; are pressure and temperature values at a point
on the saturation vapor pressure curve, 7 is the ratio of vapor

specific heats (%f), C, is the vapor specific heat at constant

pressure, C, is the vapor specific heat at constant volume, and
AH, is the latent heat of vapor. This coupling is used to predict
the initial bubble pressure based off of the liquid temperature
at the onset of nucleation, as performed in FLOW-3D%%23_ In
addition, mass transport is coupled to account for vapor dis-
solution upon bubble collapse. These couplings are computa-
tionally expensive. As such, we simplify the model with the
following assumptions, also displayed graphically in figure 1:

1. Thermal bubble nucleation is represented by an initial
vapor layer of set thickness, pressure, and temperature
with area W, x L, where W, and L, are the resistor width
and length respectively

2. At the maximum expansion extent, all vapor cells
are assigned a sub-atmospheric collapse pressure, p =
0.03p, where p, is atmospheric pressure, to allow the
vapor bubble to uniformly collapse

3. When the vapor bubble short leg collides with that of
the long leg, all vapor cells are turned back into liquid
to simulate vapor “dissolution” upon bubble collapse.
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Assumption 1 is commonly used to simplify thermal bubble
nucleation models>3° since the metastable boiling nucleation
process rapidly forms a high pressure vapor blanket across
the resistor surface after which the vapor bubble grows due
to inertia'®!7. As the vapor bubble expands, its internal pres-
sure decreases until the surrounding fluid pressure causes the
vapor bubble to collapse. In assumption 2, the vapor bubble
pressure at max expansion is set to a sub-atmospheric pres-
sure, p = 0.03p,, to ensure even collapse of the vapor bub-
ble, as done by Hongchen et al.3'. Assumption 3 captures the
“dissolution” process upon collapse of the vapor bubble and is
based on post-collapse physics, which is not captured by the
approach put forth from Hongchen et al. Upon collapse, fluid
in the short leg of the channel can be thought of as having
an inelastic collision with fluid in the long leg of the channel.
As such, turning all vapor cells into liquid at the point of col-
lapse is representative of the fluid’s inelastic collision. This
heuristic is crucial to the proposed OpenFOAM model as the
compressiblelnterFoam solver will never re-dissolve the vapor
bubble back into the fluid since mass transport is not modeled.

C. Automatic Heuristic Application

To properly apply the aforementioned pre-collapse and
post-collapse heuristics, the developed OpenFOAM model
requires input of the initial vapor layer thickness, pressure,
and temperature as well as expansion time, defined as the
time when the vapor bubble reaches its maximum extent, and
collapse time, defined as the time when the vapor bubble fully
collapses. However, the expansion and collapse times are
dependent on the initial vapor layer parameters as well as the
resistor location in a channel and channel geometry. As such,
the expansion and collapse times must be computed during
simulation run time.

To do so, we divide the simulation into three phases:
(1) computation of the expansion time, (2) computation of
the collapse time, and (3) computation of the full bubble
and fluid dynamics. In phase 1, the simulation is set to run
with the input of initial vapor layer thickness, pressure, and
temperature for a given resistor of width x length, W, x L,,
shown in figure 1a. Cut planes 1-4 are used to monitor the
flow rate and velocity profile throughout the channel. A
sampling plane spanning the length of the channel is placed
at the resistor center shown in figure 1b. Monitoring the
vapor bubble extents, the expansion time is taken as the
time of maximum vapor bubble extent in the short leg of
the channel, figure 1d. In phase 2, the simulation is reset
with the calculated expansion time and the vapor bubble
is let to evolve. An additional sampling plane spanning
the channel cross-section is placed in the long leg of the
channel to monitor the flow rate, cut plane 1 in figure 1a. The
collapse time is determined by computing the gradient of the
cumulative flow rate and finding the time at which the slope
first changes from negative to positive which is indicative of
collapse, figure lc,e-f. Lastly, in phase 3, the simulation is
reset with the calculated expansion and collapse times, and

the bubble and fluid dynamics are let to evolve for the full
simulation run time.

D. OpenFOAM Model Validation

The OpenFOAM reduced physics 3D CFD model requires
experimental data to ensure proper initial bubble conditions.
Once the bubble initial conditions are known for a given re-
sistor design, these conditions are constant so long as the same
resistor size and firing conditions are maintained. As such, we
validate the developed OpenFOAM framework on a U-shaped
channel geometry from the experimental work of Govyadinov
etal.!! in which a 15 x 33.5 um? resistor was placed 43 um
from the channel reservoir. The channel had dimensions of L
=403 um, W =22 um, and H = 17 um, see figure 4. The
bubble initial conditions (thickness, pressure, and tempera-
ture) are found by performing a least-squares parameter op-
timization using the OpenFOAM cumulative flow rate, which
we denote “volume displaced,” compared against experimen-
tal flow rate data!!, see equation 14 where y, is OpenFOAM
volume displaced data and y, is the experimental volume dis-
placed data.

N . .
SSE=Y" (v}, —1)° (14)

i=1

The sum squared error (SSE) is then computed for each i
time step for all N total time steps. Using the automated
heuristic solver, the initial bubble conditions after least-
squares optimization were: 1, = 454 nm, p, = 113p,, and 7T}
=557 K where 1, is the initial vapor layer thickness, p; is the
initial bubble pressure, p, is atmospheric pressure, and 7, is
the initial bubble temperature. A 1.25 um grid resolution was
used for the parameter optimization study and the minimum
SSE was 4.78 pL2. Figure 2 shows the cumulative flow
rate of the fitted OpenFOAM model to FLOW-3D?* and
experimental data!!. The OpenFOAM model is in excellent
agreement with both FLOW-3D and experimental data. To
assess the mesh dependency of the OpenFOAM model, we
performed a mesh analysis study for 0.625, 1.25, and 2.5 um
grid cell resolutions. Figure 3 shows mesh convergence for
0.625 and 1.25 um grid cell resolutions; thus, 0.625 pum grid
cells were used in this study when higher grid resolution was
needed while 1.25 um grid cells were used as a trade-off
between accuracy and computational time.

Figure 4 compares experimental top-down bubble dy-
namics to both FLOW-3D and OpenFOAM simuation results
at discrete time steps. The U-shaped channel geometry was
matched with that from the experimental work of Govyadinov
et al.!! No-slip boundary conditions (u = 0) were applied to
all boundaries except the bottom of the reservoir in which
a static pressure boundary condition (p = p,) was applied.
Our previous study®? validated FLOW-3D bubble and flow
dynamics against the U-shaped channel geometry used in
this study and thus serves as a basis of comparison for the
developed OpenFOAM framework. OpenFOAM top-down
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bubble dynamics were in agreement with both experimental
images and FLOW-3D results. Figure 5 compares side-view
bubble dynamics of OpenFOAM and FLOW-3D. Open-
FOAM side-view bubble dynamics were in good agreement
with that of FLOW-3D. However, we note that during bubble
collapse in the OpenFOAM model, t > 4 us, the vapor bubble
does not fully fill the channel height as in the FLOW-3D
model.
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Expansion Phase:

run solver (t < texp)

Expansion Phase:
compute maximum expansion time
(texp)

Expansion Phase:
at t = texp, set all vapor cells'
pressures to p = 0.03p,

Expansion Phase:

run solver

Collapse Phase:
compute collapse time (tcoliapse)

Expansion Phase:
run solver (t < texp)

Expansion Phase:
at t = texp, set all vapor cells'
pressures to p = 0.03p,

'

Expansion Phase:
Tun SolVer (texp < t < teollapse)

'

Collapse Phase:
at t = teolapse, remove all vapor cells

!

Collapse Phase:

run solver

FIG. 1. Model Heuristics. Pre-collapse and post-collapse heuristics are depicted. In (a), thermal bubble nucleation is represented by a seed
vapor layer of initial thickness, pressure, and temperature. In (b), the maximum bubble extent is used to find the expansion time in (d) upon
which all vapor cells are set to sub-atmospheric pressure, p = 0.03p, where p,, is atmospheric pressure. In (c), the point of bubble collapse
is used to find the collapse time in (e) by computing the gradient of the volume displaced over time shown in inset (f). The collapse time is
defined as the time at which the gradient of the volume displaced first transitions from negative to positive, here the collapse time is at t = 15
us. At the collapse time, all vapor cells are turned to liquid to simulate vapor “dissolution”. In (g), the automated model heuristics are detailed

with a flowchart.



AlIP
Publishing

£

An OpenFOAM Framework to Model Thermal Bubble-Driven Micro-Pumps

510

e

-8 vt 44
@

o

& 6

[-%

2

% 4 # Experiment
£ 2 —OpenFOAM
3 - -‘FLOW-3D
o

>0

0 10 20 30 40 50 60 70
Time (us)

FIG. 2. OpenFOAM Model Validation. Illustrates the cumulative
volume displaced per pulse of OpenFOAM model data in comparison
to FLOW-3D%3 and experimental data'! (republished with permis-
sion from Govyadinov et al., Microfluid. Nanofluid. 20, 73 (2016).
Copyright 2016 Author(s), licensed under a Creative Commons At-
tribution (CC BY) license). OpenFOAM input parameters for a 0.625
um grid resolution were: 1, =454 nm, pj, = 113p, atm, and 7}, = 557
K where 1, is the initial vapor layer thickness, p;, is the initial va-
por layer pressure, p, is atmospheric pressure, 7}, is the initial vapor
layer temperature. Flow rate was measured at cut plane 1 in figure 1.
Computation time was 80 and 240 core hours for OpenFOAM and
FLOW-3D models respectively.
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FIG. 3. Mesh Analysis. Mesh analysis study using 0.625, 1.25, and
2.5 pum grid cell resolutions showing convergence to experimental
data'! (republished with permission of the authors). Flow rate was
measured at cut plane 1 in figure 1.
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FLOW-3D
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,- ‘ 15x33.5pﬂl“. fh=17pum

36 um

FIG. 4. Top-Down OpenFOAM Bubble Dynamics Validation. OpenFOAM top-down bubble dynamics are compared to experimental data'!
and FLOW-3D simulation results? at discrete time steps. Experimental images adapted from Govyadinov et al., “Single-pulse dynamics and
flow rates of inertial micropumps”, Microfluidics and Nanofluidics, 20, 73, 2016; licensed under a Creative Commons Attribution (CC BY)
license'!. The U-shaped channel geometry was matched with that used for experimental bubble dynamics data'' where L = 403 um, W =
22 um, and H = 17 pm for a 15 x 33.5 pm? resistor placed 43 pm from the reservoir. No-slip boundary conditions (u = 0) were applied
to all boundaries except the bottom of the reservoir in which a static pressure boundary condition (p = p,) was applied. OpenFOAM input

parameters were: #;, =454 nm, p, = 113p, atm, and 7}, = 557 K.
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FLOW-3D OpenFOAM

t=0.0 ps ——
t=0.5 ps ——
t=1.0ps ——
t=2.0ps ——
t=4.0ps ——
t=6.0 ps ——
t=9.0 us ——
t=12.0 ps — —
t=15.0 ps — —

FIG. 5. Side-View OpenFOAM Bubble Dynamics Validation. OpenFOAM side-view bubble dynamics are compared to FLOW-3D simulation
results?3 at discrete time steps. OpenFOAM input parameters were: #;, = 454 nm, pj, = 113p,, atm, and T}, = 557 K.
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Ill.  TRANSIENT FLOW PROFILE ANALYSIS

Thermal bubble-driven micro-pumps can generate net flow
with no static pressure head; however, to date, no work has
investigated the shape of the velocity profile throughout a
pump cycle. Although previous experimental and CFD mod-
eling works show that the net fluid displacement matches that
from a fully developed Poiseuille flow profile with devia-
tions around 2-3% at any point on the cross-section?”2%30 the
shape of the velocity profile throughout the pump cycle can be
quite different from theoretical Poiseuille flow in a rectangu-
lar channel. Here, we compare the theoretical fully developed
Poiseuille velocity profile for flow in a rectangular channel to
that from both OpenFOAM and FLOW-3D simulations to as-
sess the transient flow profile shape during both pre-collapse
and post-collapse pump stages.

A. Theoretical Poiseuille Flow in a Rectangular Channel

Consider fully developed flow along the y-direction of a rect-
angular channel of width, a, and height, b, which represent the
x and z axis respectively. The velocity profile is described by

2V, O, Ap
ax2 972 uL

15)

where V;(x,z) is the flow profile in the y direction, Ap is the
pressure difference, p is the viscosity, and L is the channel
length. From this Poisson’s equation, the series solution for

the velocity profile is given by the following expressions’®:

_API6 & sin(pan1x)sin(qam+12)

Vy(x,2) == (16)
’ UL ab nm=0 P2n+1q2m+1 (p%nJrl +q%m+l)
where
n(2n+1
Pan+1 = % amn
T(2m+1
m+1 = % (18)

The velocity profile can be re-written in terms of the average
velocity, (v) = Q/A,

ab & sin(pan+1x)sin(qam+12)

Vy(x,2) = (V) (19)
e 4S1 nm=0 P2nr192m+1 (p%nJrl + q%m+1)
where
- 1
Si(a,b) = (20)

,,,mZ:() P2n+192m+1 (P%,Hl + q%erl)

Furthermore, following the approach by Kornilovitch et al. for
calculation of the average velocity in a rectangular channel®®,
there is a one-to-one correspondence between the maximum
to average velocity given by:

1— 325, (a,b)

3
W 2 T2 ()s(ah) @b

where
- 1 ra(2m+1)
Ss3(a,b) = nzZ::o ot I)Stanh 5 22)
o 1y
Si(@b) = Y (1) @3)

m=0 (2m+ l)%osh%h

Evaluating equation 19 and normalizing to the maximum ve-
locity, figure 6 shows the steady-state velocity profile for fully
developed flow in a rectangular channel of width x height, 22
x 17 pm?.

© Normalized Velocity -

0 5 10 15 20
X (pm)

FIG. 6. Theoretical Rectangular Flow Profile. Shows the theoretical
velocity profile normalized to the maximum velocity for a width x
height, 22 x 17 um? rectangular channel computed using equation
19.

B. Simulated Micro-Pump Velocity Profile with Comparison
to Theoretical Poiseuille Flow

Thermal bubble-driven micro-pumps create flow that is
inherently transient and pulsatile unlike Poiseuille flow which
assumes the flow is laminar, steady, and fully developed.
Nevertheless, it is common practice to approximate the
per pulse flow profile with Poiseuille flow in a rectangular
channel!>1827:28.30 Here, we compare the simulated velocity
profile over a single pump cycle to theoretical Poiseuille
flow in a rectangular channel to assess the accuracy of this
approximation.

Once the theoretical flow profile is known, the differ-
ence between the theoretical velocity profile, shown in figure
6, for a width x height, 22 x 17 um? as used in this study,
rectangular channel and the corresponding velocity profiles
from OpenFOAM and FLOW-3D simulations throughout one
pump cycle is assessed. For each time step in both Open-
FOAM and FLOW-3D simulations, the simulation average
velocity was used to generate the theoretical flow profile.
Moreover, to better estimate the simulation average velocity,
the maximum y-velocity was taken and the one-to-one
correspondence to the average velocity, equation 21, was used
to compute the simulation average velocity at each time step.
The absolute average percent error between the theoretical



AIP
é Publishing

An OpenFOAM Framework to Model Thermal Bubble-Driven Micro-Pumps 11

and simulation velocity profiles was then computed for each
time step as described below,

n

1 m i.7i)— i Zi
error = IOOX—ZZ—‘VI(XLZJ) Vs, 2))|
nm = = v (xi,25)

(24)
where v;(x;,z;) is the theoretical velocity profile interpolated
at point (x;,z;), vy(x;,z;) is the simulated velocity profile in-
terpolated at point (x;,z;), n is the total number of points along
the x direction, and m is the total number of points along the
z direction. Figure 7 illustrates the absolute average percent
error between the theoretical and simulation velocity profiles
taken at cut plane 1 in figure la over a full pump cycle for
both OpenFOAM and FLOW-3D simulations. During pre-
collapse, the vapor bubble expansion and collapse causes large
deviations from the theoretical velocity profile. After the va-
por bubble fully collapses, at t = 15 us, the velocity profile
more closely matches theoretical Poiseuille flow with an ab-
solute average percent error within 25% for the majority of
the post-collapse pump stage.

Pre-Collapse Post-Collapse

-y + FLOW-3D
j %( x OpenFOAM

Absolute Average Error (%)
SN
£

%
e x
. ? % e
X ¥ w %
g
A\ x
Flow Reversal L™
0 10 20 30 40 50 60 70

Time (us)

FIG. 7. Absolute Average Percent Error in the Transient Veloc-
ity Profile. Illustrates the absolute average percent error between
the theoretical and simulation velocity profiles of both OpenFOAM
and FLOW-3D for flow in the U-shaped channel taken at cut plane
1 shown in figure la. The mesh resolutions for OpenFOAM and
FLOW-3D simulations were 0.625 um and 0.5 ptm respectively. The
dashed red line indicates the point of bubble collapse at t = 15 us.

To better understand the shape of the velocity profile over
a single pumping event, cut planes along the channel, see
figure 1, were taken. Close to the vapor bubble, the fluid
accelerates along all axes in the X, y, and z directions;
however, further down the channel, fluid is directed solely
along the channel axis. Thus, cut planes 1-4 are used to
ensure the flow profile is monitored far enough away from the
vapor bubble to neglect x and z-components of the velocity.
It was found that cut planes 1-4 all are far enough away
from the bubble to neglect x and z-components of the ve-
locity. Therefore, only cut plane 1 is analyzed here for brevity.

Figure 8 shows the evolution of both OpenFOAM and
FLOW-3D velocity profiles over time, using the y-component
of velocity across cut plane 1. Initially, fluid begins at rest.
After bubble nucleation, the high pressure vapor bubble

rapidly accelerates fluid in the channel. Since the boundary
layer has yet to fully develop, fluid moves as a slug through
the channel, t = 1 us in figure 8. As fluid moves through the
channel, the boundary layer continues to grow, t =4 us, until
the flow becomes nearly fully developed at t = 8 us. The long
leg of the vapor bubble then reverses direction and collapses
which accelerates fluid in the reverse direction and causes
flow reversal to occur, t = 11 us. At this point, fluid in the
center of the channel is flowing the fastest and continues to
move in the +y direction while slower moving fluid near the
channel walls moves in the reverse -y direction. As the vapor
bubble continues to collapse, fluid eventually fully reverses
direction and moves entirely in the -y direction, t = 13 us,
until the long leg collides with the short leg at t = 15 us. At
the point of complete bubble collapse, fluid in the short leg of
the channel has a greater momentum than that in the long leg
and thus, post-collapse, fluid is accelerated along the channel
axis until it is brought to rest by viscosity. Post-collapse flow,
t=18 and 30 us, closely resembles fully developed Poiseuille
flow but does not fully match the shape of the theoretical flow
profile which is discussed in the next section.

C. Violations of Poiseuille Flow and Hydrodynamic Entrance
Length Effects

The assumptions of Poiseuille flow is that flow is laminar,
steady, and fully developed. From figure 10d, the maximum
Reynolds number during the pump cycle is approximately 60;
as such, flow can be safely considered laminar throughout the
pump cycle. However, it is clear that the flow is not steady.
The high pressure vapor bubble expands and collapses which
imparts a time dependent, high frequency pressure gradient
to the flow closely resembling a delta function. Specifically,
figure 9 depicts the fluid average absolute pressure over
time simulated in FLOW-3D across cut plane 1, shown in
figure la. The inlet/outlet pressure is atmospheric pressure.
Initially, the high pressure vapor bubble rapidly accelerates
the fluid and generates a large pressure gradient driving fluid
flow, t < 5 ps. As the vapor bubble expands, its internal
pressure quickly drops to sub-atmospheric pressure upon
which the vapor bubble collapses. During the collapse stage,
the pressure gradient drives bubble collapse until the bubble
fully collapses, t = 15 s, which results in a rapid drop in
pressure indicative of post-collapse cavitation that agrees with
experimental imaging' 18, After the post-collapse cavitation
event, the pressure gradient becomes 0, t > 20 us and fluid is
driven by inertia until viscosity brings the fluid to rest.

The last key assumption of Poiseuille flow is that the
flow is fully developed. In realistic transient flows, it takes a
certain amount of distance along the channel, and thus time,
for the boundary layer to fully develop. The distance the
fluid has to travel before the boundary layer becomes fully
developed is the hydrodynamic entrance length, denoted L, as
described in figure 10a. In the case of thermal bubble-driven
micro-pumps, the hydrodynamic entrance length is a function
of time since the velocity varies over a pump cycle. Consider
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FIG. 8. Transient Velocity Profile over a Single Pumping Event. Illustrates the evolution of the velocity profile in the y direction during a single
pumping event for both OpenFOAM and FLOW-3D simulations. The pumping event was broken down into 3 stages: long leg expansion (t
=1, 4, and 8 us) in which the vapor bubble is expanding, long leg collapse (t = 11 and 13 us) in which the vapor bubble is collapsing, and
post-collapse (t = 18 and 30 ps) in which the vapor bubble re-dissolves back into the fluid.
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the evolution of the boundary layer over a single pump cycle
of a thermal bubble-driven micro-pump. Initially, fluid begins
at rest. After bubble nucleation, fluid is accelerated rapidly
and the boundary layer begins to form, as shown in figure
8att=1, 4, and 8 us. As the boundary layer develops,
the flow profile becomes increasingly Poiseuille-like, t < 8
us in figure 7 where the absolute average percent error is
monotonically decreasing, up until the vapor bubble collapses
causing flow reversal which leads to drastic deviations from
Poiseuille flow. Once the vapor bubble fully collapses, t =
15 ps, momentum imbalance drives fluid flow upon which
the boundary layer re-develops. During post-collapse, fluid
moves with a decaying velocity until viscosity brings the
fluid to rest. However, even during the post-collapse stage,
flow never fully matches theoretical Poiseuille flow; instead,
the absolute average percent error is approximately 25%
during the post-collapse stage. We hypothesize that the
transient nature of flow during a single pump cycle of thermal
bubble-driven micro-pumps results in a dynamic boundary
layer in which fluid never travels the required entrance length
to become fully developed. Thus, it cannot be expected
for theoretical Poiseuille flow to perfectly match the flow
profile of thermal bubble-driven micro-pumps even during
the post-collapse stage.

Commonly, hydrodynamic entrance length analysis de-
scribes steady flows. In fact, there is a large body of research
analyzing the hydrodynamic entrance length of various
channel geometries across a range of Reynolds numbers and
aspect ratios>>!. In contrast, for transient flows in which the
boundary layer can be dynamic, describing the hydrodynamic
entrance length is more challenging. There exist both an
entrance length and a required time for the flow to develop,
termed the “development time.” Chaudhury et al. studied
starting flows in a finite length tube for Reynolds numbers
of 500 - 3000 and found that the hydrodynamic entrance
length needed to achieve fully developed transient flow is
approximately equal to the hydrodynamic entrance length
needed to achieve fully developed steady flow*?. Although
the maximum Reynolds number for flow during a single
pump cycle of thermal bubble-driven micro-pumps is approx-
imately 60, shown in figure 10d, we use the analysis from
Chaudhury et al. to provide a first order approximation of
how the transient flow develops over a single pump cycle of a
thermal bubble-driven micro-pump. Moreover, we utilize the
following empirical hydrodynamic entrance length relation
for steady flow in a rectangular micro-channel to estimate the
required hydrodynamic entrance length throughout a single
pump cycle of a thermal bubble-driven micro-pump™?

(CC‘ n (CzRe)C3> 5)

where
H
;=07 (W) (26)
6.8 (2
G = W) @7
1490 (%)
H

c3=1+<W> (28)

for 0 < Re < 2000 and 0.1 < % < 1. Here, % is the channel
aspect ratio. In this study, the channel aspect ratio is 0.77.
Figure 10b describes the absolute distance the fluid travels
during a pump cycle. Ad; and Ad, are the pre-collapse and
post-collapse absolute distance traveled, which is 14.4 and 8.4
um respectively. In comparison to figure 10c which evaluates
equation 25 as a function of time throughout the pump cycle,
it is evident that higher fluid velocities, which occur during
the pre-collapse stage, require a longer distance the fluid must
travel before the boundary layer fully develops. During pre-
collapse, the fluid travels an absolute distance of Ad; = 14.4
um which is less than the average hydrodynamic entrance
length over the pre-collapse stage, < L, >, = 44.4 pm.
Thus, during pre-collapse, it is expected that the flow never
becomes fully developed. Similarly, during post-collapse, the
fluid travels an absolute distance of Ad, = 8.4 um which is less
than the average hydrodynamic entrance length over the post-
collapse stage, < L, > posr = 16.1 um. Therefore, during both
pre-collapse and post-collapse stages, the flow is not expected
to become fully developed. We find that the transient shape
of the flow profile deviates greatly from theoretical Poiseuille
flow during pre-collapse and more closely resembles theoret-
ical Poiseuille flow during post-collapse.
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FIG. 9. Transient Average Absolute Pressure across Cut Plane 1. II-
lustrates the average absolute pressure over time simulated in FLOW-
3D and OpenFOAM across cut plane 1 in figure 1a. The bubble nu-
cleation and expansion as well as post-collapse cavitation points are
highlighted. The inset images illustrate zoomed in sections of the
data from 0-4 s and 18-30 us. Fluid pressure becomes atmospheric
pressure immediately after post-collapse which results in no pressure
gradient driving the flow; thus, fluid is driven by its inertia until vis-
cosity brings the fluid to rest. Data output time step was 100 ns and
data was filtered using a moving mean filter of 3 time steps.
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FIG. 10. Entrance Length Effect of Thermal Bubble-Driven Micro-Pumps. (a) Illustrates the hydrodynamic entrance length effect for flow in
a rectangular channel. (b-d) Analyze flow in the U-shaped channel shown in figure la. (b) Shows the absolute distance traveled by the fluid
over a single pump cycle where Ad; and Ad, are the pre-collapse and post-collapse net distance traveled respectively. The dashed red line
indicates the point of bubble collapse, t = 15 us. (c) Depicts the hydrodynamic entrance length as a function of time over a single pump cycle.
(d) Depicts the Reynolds number as a function of time over a single pump cycle.

IV. CONCLUSIONS

The present study details an open source OpenFOAM frame-
work to model thermal bubble-driven micro-pumps. The
developed OpenFOAM model enables prediction of the flow
rate as well as bubble dynamics for thermal bubble-driven
micro-pumps without the need for expensive commercial
software and can take advantage of high-performance com-
puting (HPC) clusters. Pre-collapse and post-collapse flow
and bubble dynamics were resolved through the application
of physics-based model heuristics. The OpenFOAM model
was validated and is in agreement with both experimental
and FLOW-3D data. The developed OpenFOAM framework
provides significant time savings (3X) over full multiphysics
CFD solvers such as FLOW-3D where a single 70 us pump
event took 80 core hours to simulate for the OpenFOAM
model compared to 240 core hours for FLOW-3D. Further-
more, the shape of the transient velocity profile over a pump
cycle was analyzed for the first time. It was found that the
velocity profile deviates substantially from fully developed
Poiseuille flow during the pre-collapse stage of the pump
cycle but closely resembles fully developed Poiseuille flow
during the post-collapse stage. Furthermore, it was found that
flow does not become fully developed over the pump cycle;
as such, deviations between theoretical Poiseuille flow and
the transient velocity profile should be expected when using
thermal bubble-driven micro-pumps.

To date, no readily available open source CFD tools ex-
ist to model both the pre-collapse and post-collapse stages of
thermal bubble-driven micro-pumps. As such, this work pro-
vides an OpenFOAM framework to model, understand, and
optimize microfluidic systems with thermal bubble-driven
micro-pumps. We envision that the developed OpenFOAM
framework will be an important tool for microfluidic de-
signers and researchers to simulate devices with thermal
bubble-driven micro-pumps.
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