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Pressure-drop oscillations are one of the most severe dynamic instabilities for boiling flow especially in
microchannel systems. This paper presents a systematic framework for the transient analysis and active
control of microchannel flow oscillations at a system-level view. To quantify the upstream compressibil-
ity and the associated oscillatory transients in an experimental microchannel boiling system, a lumped
oscillator model is derived from the momentum balance equation, and both analytical and numerical
nonlinear parameter identification methods are proposed. The predictions from the flow oscillation
model agree well with the experimental pressure-drop observations across a flow meter and a micro-
channel heat sink. Based on the identified nonlinear oscillator model, a virtual state observer is designed
to estimate the mass flow acceleration from the mass flowrate measurement in the boiling channel. Then
a family of state and dynamic output-feedback active flow controllers is developed and evaluated for the
dynamic pressure-drop instability suppression. Further analysis and simulations show the flow oscilla-
tion amplitude can be regulated to whatever level is desired under certain conditions.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Thermal challenges in next-generation electronic systems are
attracting more attention due to the rapidly increasing demands
of high-power density electronics [1]. Advanced reliable/effective
cooling technologies are particularly desirable in military, space,
and automotive applications. The peak heat dissipation rate of de-
fense radars, directed-energy lasers, and electromagnetic weapons
will exceed 1000 W/cm2 in the near future [2], while the surface
temperatures of chips and devices need to be maintained below
85 �C in naval all-electric surface ships [3]. Air cooling solutions
are not capable of dissipating heat fluxes above 100 W/cm2, and
the high heat flux level of 1000 W/cm2 pushes the capabilities of
single-phase liquid cooling solutions [4,5]. However, flow boiling
options can be considered in these high heat flux ranges since they
can utilize the latent heat of vaporization with a lower mass
flowrate.

In recent years, microchannel cooling has become a very popu-
lar scheme in high heat flux electronics cooling [2,4,6,7]. With a
small hydraulic diameter, microchannel heat sinks can enhance
ll rights reserved.

: +1 518 276 4897.
rg (T.J. Zhang).
the convective heat transfer performance significantly, and such
heat sinks also have important attributes of low thermal resis-
tance, compact dimensions, minimal coolant usage, and fairly uni-
form stream-wise temperatures, thus making them suitable for
thermal management of high-power electronics. However, two-
phase microchannel heat sinks have a potential shortcoming:
excessive pressure drop and, therefore, high pumping power con-
sumption. A more severe operational problem is that cooling sys-
tems with microchannel heat sinks are prone to various boiling
flow instabilities (for example, pressure-drop and thermal oscilla-
tions [6,7]). In fact, two-phase flow instabilities occur in various
boiling and condensing flow systems including steam generators,
nuclear boiling water reactors, conventional power plants, refriger-
ation equipment, and heat exchangers widely used in chemical
process units and oil refineries [8–11]. These undesirable flow
instabilities can result in thermal limits being exceeded, forced
mechanical vibrations, fatigue and failure of system components,
poor system control, and difficult normal operations and system
safety [10]. In particular, sustained flow oscillations may cause
the local heat transfer characteristics to deteriorate and induce
the boiling crisis, also called the critical heat flux (CHF) condition
[9,11]. These critical operational issues have been officially recog-
nized and recommended in [1] for future research: New ‘‘concepts
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Nomenclature

_m mass flowrate (cg/s)
DP pressure drop (kPa)
P pressure (kPa)
V volume
I inertia
K feedback control gain
F observer control gain
H oscillation amplitude
T oscillation period
Z normalized mass flowrate
u normalized control action
x oscillation system states

Greek letters
a flow meter model parameters
h oscillator model parameters
c restrictor model parameters

Subscripts
0 inlet
e exit
c combined
r restrictor
s surge tank
FM flow meter
MC microchannel

Superscripts
E experiment
S supply
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for dampening or elimination of potential two-phase loop flow
instabilities, and concepts for two-phase loop feedback flow con-
trol” are needed in active and transient thermal management of
next-generation military, automotive, and harsh-environment
electronic systems.

Therefore, understanding flow instabilities becomes of particu-
lar importance for the design, control, and performance prediction
of any two-phase system, especially the design of mini/microchan-
nel evaporators [4,7,14]. If there is no compressible volume up-
stream of a boiling system, the Ledinegg instability may occur
when the flow system operates in the two-phase negative-slope
region [9,12,13,18]. Inappropriate supply pressure drop will trigger
a sudden flow excursion to either subcooled or superheated oper-
ating conditions. As noted by Bergles et al. [10], pressure-drop
oscillations, one of the well-known dynamic flow instabilities, oc-
cur in systems when two conditions are satisfied: there must be a
upstream compressible volume of the boiling channel, and the
channel pressure drop decreases with increasing mass flowrate
in the negative-slope flow region. A compressible volume of gas
may exist in long boiling channels (L/D P �150) or can be artifi-
cially introduced by placing a surge tank upstream of the heated
section [9,12]. This length/diameter ratio of 150 is easily attained
in microchannels, and this is one reason why so many researchers
have observed boiling flow oscillations [6,7,14–22].

Considering the dynamic interactions between a compressible
volume and the heated channels, the mass flowrate, pressure drop
and wall temperatures oscillate with a long period and large ampli-
tude. These periodic fluctuations were seen in [19] to match the
transition of two alternating flow patterns inside the microchan-
nel: a bubbly/slug flow and an elongated slug/semi-annular flow.
On the other hand, parallel channel instabilities produce only mild
flow fluctuations, which are the result of density-wave oscillations
within each channel and feedback interactions between channels
[6]. Simultaneous visualization and measurements have been per-
formed to study pressure drop and flow instabilities at various
mass fluxes and heat fluxes during water flow boiling in a heat sink
with parallel silicon microchannels [16,17]. Xu et al. [18] have also
investigated static and dynamic flow instabilities in a multi-micro-
channel heat sink.

Although appreciable research efforts have been focused on dy-
namic flow instabilities in microchannels, most of the existing
work has been experimental demonstrations and visualization.
How to control dynamic boiling flow instabilities in microchannels
is still an open problem, except for some passive control methods
with inlet restrictors [21] and reentrant cavities [20,22] and the in-
let microheater-driven seed bubble flow stabilizing method [23].
The inlet restrictor instability suppression method is limited by
the pumping power capability of micro- or mini-pumps since rel-
atively large pressure drops must be sustained due to the restric-
tors. Active two-phase flow control may mitigate this issue and
provide another option for the instability suppression in smooth
microchannels. To the authors’ knowledge, few results have been
reported in the open literature about dynamic modeling, theoreti-
cal analysis, and model-based active control of pressure-drop flow
oscillations in boiling microchannel systems.

Fortunately, for macro-scale applications, some methods have
been developed to model and analyze boiling flow instabilities.
The pioneering research in [24] applied nonlinear ordinary differ-
ential equation theories to the analysis of pressure-drop flow
oscillations in boiling channels. In that work, Ozawa et al. used a
third-order polynomial to approximate the steady-state flow
characteristics. Based on some assumptions and the momentum
balance equation, they proposed a lumped parameter flow model
to study pressure-drop oscillations. Although those implied
assumptions are questionable, the lumped model structure is con-
venient for model-based active flow controller design. Moreover in
[25], a fourth-order polynomial was obtained to fit the experimen-
tal steady-state characteristics, and a dynamical analysis of pres-
sure-drop oscillations with a planar model was performed. Based
on the planar model, the existence, the uniqueness, and the stabil-
ity of the limit cycle of pressure-drop oscillations was theoretically
proven, and the complete bifurcation diagram of the dynamic sys-
tem was provided [25].

More recently, a comprehensive review has been published to
summarize the research on two-phase flow dynamic instabilities
in macro-scale tube boiling systems [9], where mathematical
drift-flux and homogeneous models were outlined. Those distrib-
uted models originated from the three partial differential equa-
tions for continuity, energy, and momentum coupled with many
heat and mass transfer correlations. As for the pressure-drop insta-
bility, only the steady-state distributed model was used for de-
mand pressure-drop calculations, then a lumped dynamic flow
model was employed to describe the oscillations occurring in the
combined heater-surge tank system [9,26]. Although this mixed
model structure is reliable to simulate the oscillation behavior, it
is very difficult to identify those distributed model parameters
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and almost impossible to use for theoretical analysis and feedback
controller design. To design model-based active flow controllers,
lumped parameter models are preferred.

Generally speaking, the pressure-drop oscillation model struc-
tures in macro-scale applications [9,24,26] may still be employed
to represent the dynamic instabilities in microchannel systems;
the dynamic model parameters are no longer achieved by measur-
ing the exact tank and channel sizes because ‘‘it is not clear how to
quantify the amount of upstream compressible volume for an
experimental setup” [14] with microchannels. The present paper
is an effort to quantify the upstream compressibility and model
the oscillatory flow transients in microchannels, then to propose
active flow control concepts for the suppression of flow boiling
oscillations. More specifically, we systematically present the com-
plete first-principle modeling, parameter identification, system
analysis, and active control methods for pressure-drop instabili-
ties. Starting from the distributed momentum balance equation,
we have derived a lumped flow oscillation model for a micro-scale
boiling loop system with a microchannel heat sink. An efficient and
effective model parameter identification scheme is proposed based
on a singular perturbation analysis of dynamic systems. The
numerical modeling results are in excellent agreements with both
the experimental flow meter and microchannel pressure-drop
oscillation. Then the identified model is used for controller design,
state estimation, and closed-loop system analysis. Finally, we con-
clude with some preliminary control results and remarks.
2. Experimental investigation

2.1. Experimental setup

The experimental setup (Fig. 1) was constructed to measure
flowrate, pressure drop, and heat transfer characteristics of the
microchannel cold plate. The working fluid (deionized-water at a
saturation temperature of 70 �C and sub-atmospheric pressure)
was continuously drawn from a stainless steel reservoir (water
tank) by a positive displacement pump. The loop has two branches,
the bypass branch and the main branch, controlled by two valves.
A flow meter and a filter were plumbed in series with the micro-
channel cold plate in the main branch. Both branches in the loop
Fig. 1. Schematic of
drained to a reservoir from which the pump drew the working
fluid.

The valves served as flow regulators as well as pressure surge
protectors to the pressure transducers in the loop. In the main test
loop, the fluid was filtered through a 15 lm pore-size filter to pre-
vent particles from clogging the microchannels. The filtered water
was then passed through an in-house developed microchannel-
type flow meter with an integrated temperature sensor. Flow rates
were precisely determined by measuring the differential pressure
drops across the flow meter, which enforced the flow to be lami-
nar. Calibration of the flow meter was performed with a precision
syringe pump for flowrates up to 50 ml/min. Excellent linearity
and repeatability in the flow meter response was obtained; the
pressure drop to flowrate calibration curve was

DPFM ¼ 0:38 � _m� 0:39 ð1Þ

where DPFM is in kPa, and _m is in cg/s. The MAE between the data
and the correlation was 0.25%.

A differential pressure transducer was connected to the inlet/
outlet plumbing adaptors on the microchannel cold plate to mea-
sure the pressure drop across it. An absolute pressure transducer
was also connected to the outlet to monitor the system pressure
during experiments. A vacuum pump was connected to the reser-
voir for controlling the system pressure and degassing the loop.
Fluid temperature in the reservoir was controlled by an external
temperature controller plumbed to a heat exchanger in the reser-
voir. The fluid temperature was monitored by a K-type thermocou-
ple immersed in the liquid. Thermocouples were also attached to
the inlet/outlet plumbing holes of the microchannel cold plate to
measure the fluid temperatures. Thermocouple readings and the
voltage outputs from the flow meter and pressure transducers
were taken with a data acquisition system.

2.2. Device overview

Fig. 2 shows the schematics of the microchannel cold plate and
the test assembly. As shown in Fig. 2(a) and (b), the microchannel
cold plate with a metallic heater fabricated on its bottom surface
was attached to the package substrate. The substrate was mounted
onto a circuit motherboard though a pin-grid-array (PGA) socket.
Details on the fabrication and assembly processes of the micro-
channel cold plate can be found in a paper by Prasher et al. [15].
flow loop setup.
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Fig. 2. (a) Cross-sectional view of the microchannel cold plate assembly. (b) Top view of microchannel cold plate. (c) SEM cross-section of the microchannel array.
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Dimensions of the microchannel cold plate are shown in Table 1,
which were measured under a scanning electron microscope
(SEM) as in Fig. 2(c).

2.3. Procedures and uncertainties

A thorough degassing of the system and water was carried out
before starting each test. For water, the system pressure was first
reduced to a preset level by running the vacuum pump. After the
preset level of system pressure was reached, the vacuum valve
was closed. The external temperature controller was then turned
on to heat the liquid inside the reservoir (water tank) slightly high-
er than the saturation point to make sure the water boiled, and at
the same time, the system pump continuously circulated the water
in the loop. The vacuum line valve was opened periodically to
purge non-condensable gases in the reservoir and to reduce the



Table 1
Dimensions of the microchannel cold plates.

Parameters Values

Number of channels 100
Channel width (W, lm) 61
Channel height (H, lm) 272
Channel length (L, mm) 15
Hydraulic diameter (Dh, lm) 100
Fin thickness (t, lm) 39
Effective cross-sectional area (Across, mm2) 1.66
MC region width (D, mm) 10
MC region length (L, mm) 15
Plenum size (mm2) 4 � 10
Inlet/outlet hole size (g, mm) 1
Inlet/outlet plenum size (R, mm) 4
Cold plate width (D0 , mm) 16
Cold plate length (L0 , mm) 27
Cold plate height (H + B, lm) 550

Table 2
Uncertainties of physical variables.

Measurements Uncertainties

Flow rate ±0.42 cg/s
Absolute pressure transducer ±500 Pa
Differential pressure transducer ±180 Pa
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system pressure back to the preset level. This degassing procedure
was conducted for more than 2 h before experiments begun.
Uncertainties of measured values are given in Table 2.
2.4. Experimental results

When the experimental setup was tested at a volume flowrate
of 7.9 ml/min and 60 W power input, the cyclic water flow into
the microchannels can be clearly seen in Fig. 3 from the transient
pressure drop readings across both the microchannel cold plate
and the flow meter. Specifically, the pressure drop readings across
the flow meter falls to almost zero with a period of 20–30 s, indi-
cating no incoming water flow into the microchannel cold plate.
At the same time, the pressure drop across the microchannel unit
increases to more than three times (�15 kPa) the average pressure
drop (�5 kPa) under stable operating conditions. Not surprisingly,
the microchannel wall temperatures also change with the oscilla-
tory flow. With the external temperature controller immersed in
the downstream reservoir (water tank), the microchannel exit sys-
tem pressure and temperature were maintained around 43
(±3) kPa and 76 (±2) �C, respectively.

Fig. 4, which shows the transient microchannel pressure drop
with different pump voltages, further demonstrates that the sys-
tem instabilities are very sensitive to inlet flow conditions. The
pump driving voltage was lowered stepwise with a decrement of
0.01 V from 0.40 V to 0.37 V. Note that a �0.01 V pump voltage
change corresponds to a �0.15 ml/min flowrate change under sta-
ble flow conditions in the current test setup. At 0.38 V and above,
the boiling was relatively stable, and only intrinsic boiling fluctua-
tions around the average pressure drop level �4.5 kPa were
observed.

3. Theoretical instability model description

While the pressure-drop oscillation behavior shown above is
interesting and useful for this specific set of equipment, what
would be more valuable is an accurate model of the phenomena
so that the performance and control of any set of equipment could
be predicted and evaluated. Such model is developed below. This
model is based on the use of the transient mass, momentum, and
energy equations applied to the system and system components.

The one-dimensional momentum balance applied to flow in a
horizontal channel is:

o _m
ot
þ 1

A
o _m2=q
� �

oz
þ oPA

oz
þ Fvisc ¼ 0 ð2Þ

where _m is the mass flowrate, _m ¼ qAt ¼ q _V , and Fvisc is the fric-
tional shear force due to fluid viscosity. Integrating from z = 0 to L
obtains the lumped momentum balance equation:

L
A

d _m
dt
¼ ðP0 � PLÞ � DPa � DPf ð3Þ

where the latter two terms denote the accelerational and frictional
pressure drop, respectively. Notice that the sum of DPa and DPf

constitute the demand pressure drop of a general flow channel.
Because of the large oscillation shown in the experimental re-

sults, there exists significant compressibility in the flow loop.
When the original flow loop in Fig. 1 is examined, the compress-
ibility arises from two sources: (i) the water tank connected to
the main branch through a bypass valve; and (ii) the inlet manifold
of the microchannel test section. To lump both these compressible



Fig. 5. Schematic of boiling channel with upstream surge tank.
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volumes within the flow loop, an artificial surge tank is assumed to
be located upstream the flow boiling channels as shown in Fig. 5.
Moreover, two virtual restriction elements are used to represent
all the flow resistance (including valves, pipe bends/fitting, flow
expansion/contraction) from the supply pump to the main boiling
branch and the surge tank, respectively, as shown in Fig. 1. Notice
that a lumped boiling channel was used to represent the whole
microchannel heat sink, since the experimental pressure fluctua-
tions from the flow loop in Fig. 1 are measured between the inlet
and outlet manifolds of the microchannel cold plate (Fig. 2). The
microchannel flow meter model is placed before the boiling chan-
nel in Fig. 5, because the pressure drop across the microchannel
flow meter is significant in the experiments. Notice that the sche-
matic model representation in Fig. 5 is slightly different from the
macro-scale flow system in Ozawa et al.’s work [24] – here the up-
stream flow resistance and flow meter pressure loss are included to
reflect the actual flow loop in Fig. 1.

Using the mass balance, the inlet mass flowrate of the overall
system becomes _m0 ¼ _mþ _ms, where _m is the flowrate in the boil-
ing channel and _ms the flowrate into/out of the surge tank. In the
tank, the gas is assumed to be inert and polytropic, rather than
the specific isothermal gas in [9,26]; thus, the pressure Ps and
the gas volume V s are subject to the following relationship:

Ps � Vn
s ¼ constant ð4Þ

where n is a fixed polytropic index of expansion. Taking the time
derivative of (4) yields

dPs

dt
� Vn

s þ Ps � nVn�1
s

dV s

dt
¼ 0 ð5Þ

or equivalently

dPs

dt
¼ �nPs

V s

dV s

dt
ð6Þ

The volume change of the compressible gas in the surge tank is pro-
portional to the upstream liquid inflow with a density qf ; that is,

_ms ¼ �qf
dV s

dt
;

dV s

dt
¼ �

_ms

qf

Substituting dVs=dt into (6) yields

dPs

dt
¼ nPs

qf V s
_ms ð7Þ

which means that the time derivative of the tank pressure is highly
dependent on the surge tank flowrate, _ms.

With the momentum balance equation (3), one may derive the
specific flow models for both the surge tank and boiling channel.
Upstream compressible surge tank:

Is
d _ms

dt
¼ P0 � Ps � DP2

r ; Is ¼
X

i

Li

Ai
ð8Þ

Here, the demand pressure drop DP2
r characterizes the upstream

subcooled liquid flow resistance from the pump to the compressible
volume in the flow loop. DP2

r ¼ c2 � _ms, where c2 is the lumped pres-
sure loss coefficient ðc2 > 0Þ.

Boiling channel combined with restrictor and flow meter:

Ic
d _m
dt
¼ P0 � Pe � DPc; Ic ¼

X
j

Lj

Aj
ð9Þ

where the overall pressure drop, DPc, in the main branch includes
the pipe, flow meter (FM), and microchannel (MC) pressure drops,

DPc ¼ DP1
r þ DPFM þ DPMC ð10Þ

where DP1
r ¼ c1 � _m is the pressure loss due to flow resistance up-

stream the flow meter, DPFM ¼ a1 _mþ a2 is the flow meter pressure
drop, also given in Eq. (1), and DPMC is the microchannel pressure
drop. Note that Pe is the boiling channel exit pressure, which is as-
sumed to be constant in this study.

In addition, by applying the momentum balance to the boiling
microchannel, one can get

Ib
d _m
dt
¼ DPS

MC � DPMC ð11Þ

where Ib is the lumped channel inertia, and DPS
MC is the supply pres-

sure drop across the channel, which can be measured by the differ-
ential pressure sensor in the testbed (Fig. 1).

As mentioned before, the overall system inlet flowrate is
_m0 ¼ _mþ _ms, so the hydrodynamics of the surge tank and boiling

channel must be coupled. More specifically, the flowrate change
satisfies

d _m
dt
¼ d _m0

dt
� d _ms

dt
;

d2 _m

dt2 ¼
d2 _m0

dt2 �
d2 _ms

dt2 ð12Þ

where the change of the inlet flowrate, _m0, is predetermined by the
pump speed. Then, with the surge tank pressure transient (7), the
second-order derivative of the tank flow equation (8) is given as
follows:

Is
d2 _ms

dt2 ¼
dP0

dt
� dPs

dt
� dðDP2

r Þ
dt

Is
d2 _m

dt2 ¼ �
dP0

dt
þ nPs

qf V s
_ms þ Is

d2 _m0

dt2 þ c2
d _ms

dt

ð13Þ

Meanwhile, from the boiling flow dynamics (9) and the constant
exit pressure assumption, the second-order ordinary differential
equation can be obtained
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Ic
d2 _m

dt2 ¼
dP0

dt
� dðDPcÞ

dt
ð14Þ

Therefore, by summing (13) and (14), the pressure-drop oscilla-
tions of the compressible boiling flow system can be characterized:

I
d2 _m

dt2 þ
dðDPcÞ

d _m
þ c2

� �
d _m
dt
þ Cs _m ¼ Cs _m0 þ c2

d _m0

dt
þ Is

d2 _m0

dt2 ;

I ¼ Is þ Ic > 0; Cs ¼
nPs

qf V s
> 0 ð15Þ

where the slope of the channel pressure drop, DPc, in (10) mainly
includes:

(i) Pressure-drop slope of the two-phase flow in the
microchannels
d DPMCð Þ
d _m

¼ d _m� _mað Þ _m� _mbð Þ; d > 0; _ma < _m < _mb

ð16Þ
where _ma; _mb correspond to the mass flow of saturated vapor
and saturated liquid, respectively. When the mass flowrate is
larger than _mb, subcooled liquid flow remains, and when the
mass flowrate is less than _ma, superheated vapor appears. In
cases of both single-phase liquid and vapor regions, the chan-
nel pressure drop increases with the mass flowrate, so the
pressure drop slope is positive, while in the two-phase region,
the two-phase pressure drop increases with decreasing flow-
rate since more vapor is generated for fixed heat load, the
flow resistance increases, and, thus, the pressure drop slope
is negative.

(ii) Pressure-drop slope of subcooled liquid across the flow
meter
dðDPFMÞ
d _m

¼ a1 ð17Þ
(iii) Pressure-drop slope of subcooled liquid through the flow
restrictor
dðDP1
r Þ

d _m
¼ c1 ð18Þ
Hence, the system-level flow oscillation model can be summarized
as
d2 _m

dt2 þ
1
I

d _m� _mað Þ _m� _mbð Þ þ a1 þ c½ �d
_m

dt
þ Cs

I
_m

¼ Cs

I
_m0 þ

c2

I
d _m0

dt
þ Is

I
d2 _m0

dt2 c ¼ c1 þ c2 ð19Þ

In particular, when the inlet flowrate _m0 from the pump is main-
tained constant, the above model (19) is simplified as follows:

d2 _m

dt2 þ
1
I

d _m� _mað Þ _m� _mbð Þ þ a1 þ c½ �d
_m

dt
þ Cs

I
_m� _m0ð Þ ¼ 0 ð20Þ

Eq. (20) will be used in the subsequent dynamics analysis.
4. Dynamic flow oscillation model analysis

To translate the above physical model into mathematical equa-
tions that can be easily analyzed, the model is manipulated as
follows.

Let Z0 ¼ _m0; Z ¼ _m� Z0 ¼ � _ms, then dZ=dt ¼ d _m=dt for con-
stant Z0; substituting (16) and (17) into (20) yields:
d2Z

dt2 þ
1
I

d Z þ Zað Þ Z þ Zbð Þ þ a1 þ c½ �dZ
dt
þ Cs

I
Z ¼ 0 ð21Þ

where Za ¼ _m0 � _ma > 0; Zb ¼ _m0 � _mb < 0. Equivalently, one may
derive the normalized flow oscillation model:

d2Z

dt2 þ ða � Z
2 þ b � Z þ cÞdZ

dt
þ d � Z ¼ 0 ð22Þ

where a ¼ d=I > 0; b ¼ dðZa þ ZbÞ=I; c ¼ ðdZaZb þ a1 þ cÞ=I; d ¼
Cs=I > 0. Based on the calibrated flow meter model, the pressure
drop across the flow meter can be obtained by DPFM ¼
a1ðZ þ Z0Þ þ a2 as in (1).

Correspondingly, the microchannel pressure-drop slope (16) is
equal to

d DPMCð Þ
d _m

¼ d DPMCð Þ
dZ

¼ I � aZ2 þ bZ þ c
� �

� a1 � c ð23Þ

Then, by integrating (23) over Z, one can evaluate the demand pres-
sure drop of the boiling flow across the microchannels

DPMC ¼
I � a
3

Z3 þ I � b
2

Z2 þ I � cZ � a1ðZ þ Z0Þ � a2 � cZ þ e ð24Þ

where e is the integration constant to be identified. Notice that (24)
represents the steady-state two-phase flow characteristics of the
boiling microchannels. Meanwhile, from (11), the supply pressure
drop of the boiling channel is:

DPS
MC ¼ DPMC þ Ib

dZ
dt
¼ I

a
3

Z3 þ b
2

Z2 þ cZ
� 	

� a1ðZ þ Z0Þ � a2 � cZ þ eþ Ib
dZ
dt

ð25Þ

In the experiments, we recorded the transient flow meter and

microchannel pressure drop data, DPE
FMðtÞ;DPE

MCðtÞ
n o

, in Fig. 3 dur-

ing flow oscillations. Notice that DPE
MC is the supply pressure drop

measurement in the flow loop (Fig. 1). Hence, the general dynamic
modeling objective is to identify two sets of parameters,

h1¼ a b c d Z0½ �T and h2¼ I c e Ib½ �T , in the models (22) and
(25) to capture the experimental oscillatory flow transients. Notice
that once the parameters h1 and h2 are identified, the compressibil-
ity of the above boiling microchannel system can be evaluated by
calculating Cs ¼ d � I. Note that Cs can be indirectly used to quantify
the amount of upstream compressible volume V s (see Eq. (15)),
which, according to [14], is very difficult to quantify. In addition,
c here is an indicator of flow resistance of the whole loop system
except for the microchannels.

4.1. Analytical parameter estimation

From Fig. 3, it can be observed that the experimental pressure

drop transients, DPE
FMðtÞ;DPE

MCðtÞ
n o

, exhibit a limit cycle behavior

with a relatively constant amplitude and time period.
The normalized flow model (22) is a second-order ordinary dif-

ferential equation, which may result in an oscillation if appropriate
parameters ða; b; c; dÞ are chosen. By inspection, the well-known
Van der Pol equation [27,28] has a similar construction. The most
common form of the Van der Pol equation is

d2x

dt2 þ eðx2 � 1Þdx
dt
þ x ¼ 0 ð26Þ

where the oscillation amplitude H ¼ 4 and the approximate time
period T ¼ eð3� 2 log 2Þ as e!1. The simplest equation (26) does
not fit the present model, because there should exist two unknown
coefficients in the differential equation for two experimentally
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measured variables H, T. Motivated by [24], we may alternatively
consider a modified Van der Pol equation:

d2z

dt2 þ eðz2 þ 2bz� 1Þ dz
dt
þ z ¼ 0 ð27Þ

With the Lienard transformation [27], the state space form of (27)
becomes

dy
dt
¼ �z ð28Þ

dz
dt
¼ y� e

z3

3
þ bz2 � z

� 	
ð29Þ

When e!1, redefining y ¼ eg, t ¼ es, one has

dg
ds
¼ �z ð30Þ

dz
ds
¼ e2gþ e2 � z3

3
� bz2 þ z

� 	
ð31Þ

Noting that

z
dz
dg
¼ z

dz
ds

ds
dg
¼ � dz

ds

it follows from (30) and (31) that

z
dz
dg
¼ �e2 g� z3

3
� bz2 þ z

� 	
ð32Þ

By resorting to the singular perturbation method, one should have
either

dg
dz
’ 0 or g� z3

3
� bz2 þ z ’ 0 ð33Þ

as the limit e2 !1. Therefore, the cubic g ¼ z3

3 þ bz2 � z can be used
to approximate the oscillation. Fig. 6 gives a schematic view of the
cubic curve and the path A–B–C–D. The relaxation oscillation here
has two time scales that operate sequentially: slow build-up por-
tions (A–B, C–D) are followed by fast discharge portions (B–C, D–
A), respectively. For the time period T of such a limit cycle, the slow
mode is dominant, so one may calculate the duration of slow paths
A–B and C–D as an approximation
Fig. 6. Schematic behavior of trajectories in the z–g-plane.
T ¼
I

dt ¼ e
I

ds ¼ e
I

ds
dg

dg ¼ e
I

1
z

dg

¼ e
Z

ABþBCþCDþDA

1
z

dg � 2e
Z

BA

1
z

dg

¼ 2e
Z zA

zB

z2 þ 2bz� 1
z

dz ¼ 2e
Z zA

zB

zþ 2b� 1
z

� 	
dz

¼ e z2
A � z2

B

� �
þ 4b zA � zBð Þ � 2 log

zA

zB

� �
ð34Þ

where zA ¼ �bþ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ 1

q
; zB ¼ �bþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ 1

q
and

zC ¼ �b� 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ 1

q
; zD ¼ �b�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ 1

q
.

Simplifying (34), the oscillation period T and amplitude H are

T � e 3ðb2 þ 1Þ þ 2b
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ 1

q
� 2 log

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ 1

q
� bffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b2 þ 1
q

� b

0B@
1CA

264
375 ð35Þ

H ¼ 4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ 1

q
P 4 ð36Þ

as e� 0. Notice that the singular perturbation method has been
used in the derivation of the oscillation period and amplitude, so
the calculations of T, H are more accurate when e is larger. More de-
tails about general singular perturbation analysis can be found in
[28].

With the use of the modified Van der Pol equation (22), a set of
normalized oscillatory flows Z can be generated around zero. Com-
bining this with the shifted nominal flow Z0, the transient flowrate
can be obtained. The calculated oscillatory pressure drop across
flow meter, DPFM ¼ a1ðZ þ Z0Þ þ a2, is expected to agree with its

experimental record, DPE
FMðtÞ

n o
.

In this application, the mean amplitude and time period of the
experimental flow oscillations shown in Fig. 3 are T = 27 s and
H = 13 cg/s. As implied by the preceding perturbation analysis, a
larger perturbation variable e and a smaller b may bring more
accuracy in the time period approximation (35) and the amplitude
calculation (36). To achieve this, a factor j = 3.2 is used temporarily
to scale the oscillation amplitude, H/j, during calculation, which
results in e = 14.4585, b = 0.1775. Then it is easy to get the initial
estimation of the oscillation model parameters
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Fig. 7. Flow meter pressure-drop predictions with Van der Pol oscillator and model
analysis.
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Fig. 9. Flow meter pressure-drop predictions with general oscillator model.
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h1 ¼ a b c d Z0½ �T ¼ e=j2 2be=j �e 1 Z0

� �T

¼ 1:4120 1:6040 �14:4585 1 8½ �T ð37Þ

For the case of h1 in (37), one may easily get the simulated flow
oscillation as depicted in Fig. 7, which fits the experimental flow
meter pressure drop data quite well.

Once the parameters h1 of the normalized flow model (22) are
determined in (37), the transient Z and dZ/dt can be generated.
The next step is to identify the parameters h2 of the microchannel
pressure drop model (25) based on another experimental dataset
of pressure drop DPE

MCðtÞ
n o

. This is a constrained least square
problem:

min
h2

U � h2 � Yk k2
2

h2 ¼ I c e Ib½ �T ; I > Ib; c > 0

U ¼ a
3 Z3 þ b

2 Z2 þ cZ �Z 1 dZ
dt

h i
Y ¼ DPE

FMðtÞ þ DPE
MCðtÞ

ð38Þ

As a result, an initial estimate of all the model parameters of the
overall boiling flow oscillation system was obtained:

H0 ¼ hT
1 hT

2

� �T
:

0 20 40 60 80 100 120 140 160 180 200
4

6

8

10

12

14

Time (s)

ΔP
M

C
 (k

Pa
)

experim’t
numerical

Fig. 10. Microchannel pressure-drop predictions with general oscillator model.
4.2. General parameter identification

As stated in the above theoretical analysis of pressure-drop
oscillations, the parameters H of the dynamic models (22) and
(25) are to be determined based on its initial estimate H0. Without
loss of generality, the identification diagram of the pressure-drop
oscillation system is illustrated in Fig. 8, and the overall parameter
identification process can be formulated as a dynamic nonlinear
optimization problem,

minH J ¼ f1 � J1ðHÞ þ f2 � J2ðHÞf g
J1ðHÞ ¼ G1ðHÞ � Y1k k2

2; J2ðHÞ ¼ G2ðHÞ � Y2k k2
2

H ¼ a b c d Z0 I c e Ib½ �T ; I > Ib; c > 0

ð39Þ

subject to

d2Z

dt2 þ a � Z2 þ b � Z þ c
� � dZ

dt
þ d � Z ¼ 0 ð40Þ

G1ðHÞ ¼ a1ðZ þ Z0Þ þ a2 ð41Þ

G2ðHÞ ¼ I
a
3

Z3 þ b
2

Z2 þ cZ
� 	

� cZ þ eþ Ib
dZ
dt

ð42Þ

Y1 ¼ DPE
FMðtÞ

n o
; Y2 ¼ DPE

FMðtÞ þ DPE
MCðtÞ

n o
ð43Þ
Fig. 8. Identification diagram of dynamic flow in
where f1; f2 are the weights of the modeling objectives for the flow
meter and the overall pressure-drop fits, respectively.

By solving the above identification problems (39)–(43), the
optimized parameters of the overall flow oscillation models (22)
and (25) are obtained,
stability system (arrow: information flow).
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Fig. 12. Validation of general oscillator model under mixed oscillatory/stable flow
conditions (DPFM: flow meter pressure drop; DPMC: microchannel pressure drop).
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Hopt ¼ a; b; c; d; Z0; I; c; e; Ib½ �T

¼ 1:4283;1:6163;�14:4716;1:0028;7:9945;½
0:0530; 0:3719;10:9159;0:0447�T ð44Þ

Using the initial estimates of the parameters, the modeling perfor-
mance cost J is 13.3802; through the optimization process, J is low-
ered to 12.5051, which suggests that the initial estimates were
relatively accurate. The corresponding pressure-drop model predic-
tions across the flow meter and the microchannels are given in
Figs. 9 and 10, respectively. In addition, the phase portrait of the
supply pressure drop versus mass flowrate is shown in Fig. 11.
Obviously, the numerical modeling results (dashed line) agree well
with the experimental oscillations (solid-circle line), which means
that the proposed model structure and modeling strategy are able
to capture this kind of system-level dynamic flow instabilities.
The steady-state pressure drop–flowrate characteristic curve (dot-
ted-dash line) is obtained by computing (24) or equivalently (45)
with the identified parameter set Hopt,

DPMC ¼
aI
3

_m� Z0ð Þ3 þ bI
2

_m� Z0ð Þ2 þ ðcI� cÞ _m� Z0ð Þ � a1 _m�a2 þ e

ð45Þ

Notice that this cubic function is just a portion of the overall flow
characteristics, in which (45) mostly corresponds to the two-phase
region with moderate flowrates. For an imposed heat load, a super-
heated exit flow is observed for the low mass flowrate region, and a
subcooled exit flow for a high flowrate, where the pressure drop in-
creases linearly with mass flowrate, as depicted in Fig. 11. The de-
tailed physical implication of steady-state microchannel flow
characteristics curve has been discussed in previous study [13].

Two-phase flow systems may occur in coupled modes of dy-
namic instabilities, although one usually is the dominant instabil-
ity mode. When the actual flow is close to the local minimum of
the steady-state pressure drop–flowrate characteristic curve, pure
pressure-drop oscillatory behavior is usually exhibited; when the
flow is close to the local maximum of the flow characteristics
curve, more complicated transient behaviors occur; between these
two boundary points, pressure-drop oscillations superimposed
with density-wave oscillations may occur [12]. This statement is
consistent with experimental observations of flow oscillations in
Fig. 11, where the pressure-drop instability is dominant at the local
minimum point on the bottom-right side, and some high-fre-
quency flow fluctuations at the local maximum point on the
upper-left side exist. Compared with pressure-drop oscillations,
density-wave instabilities usually exhibit much higher-frequency
oscillations. In this study, only pressure-drop oscillations are con-
sidered, so the identified model is not applicable for the combined
flow instabilities.

4.3. Oscillator model validation

Although the identified nonlinear oscillator model can simulate
the experimental transients quite well, it is more desirable to use
another independent dataset to verify the modeling performance
under different flow conditions. Due to unanticipated flow distur-
bances, a portion of experimental stable flow transient was ob-
served in Fig. 12 in addition to typical oscillatory flow. Even
under mixed flow conditions, the oscillator model with those
aforementioned parameters can still predict all oscillatory and sta-
ble transient behaviors, as shown in Fig. 12, where both the exper-
imental and numerical flow meter pressure drop remains at
approximately 4.5 kPa for the period 20–60 s. Moreover, the pre-
dicted oscillation frequency agrees well with the experimental
one. By examining the general transient modeling trend, the model
validation results are satisfactory, and the flow model is reliable for
subsequent active controller design under certain heating power
inputs.

5. Active flow oscillation control

Based on the identified pressure-drop oscillation model, we can
now design an active flow controller to enhance the transient boil-
ing heat transfer performance of microchannel systems.

As shown in the flow loop schematic, Figs. 1 and 5, _m0 is the sys-
tem inlet flowrate set by a positive displacement pump. In a feed-
back flow control system, the inlet flow, _m0, is linearly dependent
on the manipulated variable – the positive displacement pump
speed. Thus, _m0 is no longer fixed, and its change rate will affect
the flow dynamics of both the surge tank and the boiling channel.
So, an active flow controller based on the original pressure-drop
oscillation model (19) in Section 3 can be designed.

Assuming _m0 ¼ Z0 þ u, where u is the variation to a reference
flowrate Z0, it follows that

d _m0

dt
¼ du

dt
;

d2 _m0

dt2 ¼
d2u

dt2
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Fig. 14. Open-loop control of flow oscillation by decreasing the system inlet
flowrate �4 cg/s.

T.J. Zhang et al. / International Journal of Heat and Mass Transfer 53 (2010) 2347–2360 2357
then one can obtain the control-oriented flow oscillation model,

d2Z

dt2 þ ða � Z
2 þ b � Z þ cÞ dZ

dt
þ d � Z ¼ d � uþ c2

I
du
dt
þ Is

I
d2u

dt2 :¼ d � U

ð46Þ

where Z ¼ _m� Z0; a¼ d=I > 0; b¼ dðZa þ ZbÞ=I; c ¼ dZaZb þa1 þ cð Þ=
I < 0; d¼ Cs=I > 0, for Za ¼ Z0 � _ma > 0; Zb ¼ Z0 � _mb < 0. Notice that
the unified control action, U, in (46) is defined as

U ¼ uþ c2

d � I
du
dt
þ Is

d � I
d2u

dt2 ð47Þ

There is a transfer function (filter) to recover u uniquely from U,

uðsÞ
UðsÞ :¼ GuðsÞ ¼

1
Is
d�I s2 þ c2

d�I sþ 1
ð48Þ

where s is the Laplace operator in the frequency domain [29]. More-
over, defining x1 ¼ Z; x2 ¼ dZ=dt, the state space form of (46)
becomes

_x1 ¼ x2

_x2 ¼ �d � x1 � f ðx1Þ � x2 þ d � U


ð49Þ

where f ðx1Þ ¼ ax2
1 þ bx1 þ c and a; d > 0; c < 0. It should be noted

that the flow acceleration d _m=dt is usually unavailable; only the
flowrate _m or Z is measured in practice, so the system output for
feedback is y ¼ x1. Therefore, the full state feedback controller can-
not be used in this application.

5.1. Open-loop control

In the previous section, the experimental results and Fig. 4 have
shown that the pressure-drop oscillations will disappear with
increasing supply pump flowrate (i.e., voltage). It implies that a po-
sitive flow increment u will eliminate the flow oscillations since
the system inlet flowrate _m0 ¼ Z0 þ u. In fact, numerical predic-
tions with u = +3 cg/s (Fig. 13), based on the identified oscillation
model (22), exhibit the same trend as that in Fig. 4. The pressure
drop of the stabilized flow in the microchannels returns to the nor-
mal level �4.5 kPa in Fig. 13(b).

Considering the system steady-state pressure drop-mass flow
characteristics in Fig. 11, a larger flowrate will push the boiling
flow into the subcooled region under fixed heating power. On the
other hand, the two-phase flow will become superheated and sta-
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Fig. 13. Open-loop control of flow oscillation by increasing the system inlet
flowrate +3 cg/s.
ble as the flowrate is decreased, u = �4 cg/s, as observed in Fig. 14.
However, neither of these conditions is desirable because the heat
transfer performance of the microchannels would deteriorate sig-
nificantly if the boiling flow transits to either vapor-only or li-
quid-only flow. As a result, the control objective is to maintain
the flow in the two-phase region but also to effectively suppress
the flow instabilities.
5.2. Feedback control

When pressure-drop oscillations occur, there will emerge se-
vere cyclic phenomenon with liquid slugging through the micro-
channels. This can trigger mechanical vibrations and induce
harmful thermal stresses in the microchannel heat exchanger
walls; hence, it is desirable to actively control the flow oscillation
so that its amplitude is as small as possible.

Before any feedback control system can be designed, the system
controllability and observability must first be checked [29]. The
control-oriented plant (49) can be presented in the standard
framework

_x ¼A � xþB � U
y ¼ C � x


ð50Þ

where the system matrices are

A ¼
0 1
�d �f ðx1Þ

� �
; B ¼

0
d

� �
; C ¼ 1 0½ �

The observability matrix

QC ¼ B AB½ � ¼
0 d

d �d � f ðx1Þ

� �
has rankðQCÞ ¼ 2 for any function f ðx1Þ, which equals to the system
order; therefore, the system (49) is controllable. As for the observ-
ability matrix:

QO ¼
C

CA

� �
¼

1 0
0 1

� �
it has the same rank of 2 as the system (49), so the system (49) is
observable. It implies that we can develop an observer-based out-
put feedback controller for the above flow oscillation system.
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5.2.1. Controller design
Consider the general model structure (46) of the flow oscillation

system. It is known from the preceding singular perturbation anal-
ysis that the oscillation amplitude is dependent on the nonlinear
damping function ða � Z2 þ b � Z þ cÞ associated with dZ=dt. There-
fore, one can design the feedback control law to specify the
closed-loop system dynamics. Assuming both the flowrate Z and
the flow acceleration dZ=dt are measurable in this subsection, the
full state feedback control law can be given by:

U ¼ �K0 þ K1Z þ K2Z2

d
dZ
dt

ð51Þ

where Ki; i ¼ 0;1;2 are the feedback gains to be determined. Then
we can get any desired closed-loop dynamics (52) by choosing
appropriate feedback gains Ki,

d2Z

dt2 þ ~a � Z2 þ ~b � Z þ ~c
h idZ

dt
þ d � Z ¼ 0 ~a ¼ aþ K2;

~b ¼ bþ K1; ~c ¼ c þ K0 ð52Þ

The oscillation amplitude of the closed-loop control system (52) is

H ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~b
~a

 !2

� 4~c
~a

vuut ð53Þ

In general, the feedback control (51) is used to change the effect of
nonlinear damping term ~a � Z2 þ ~b � Z þ ~c with dZ=dt. To illustrate
the basic physical meaning, we can consider the following simple
cases:

Assuming K1 ¼ K2 ¼ 0; U ¼ �K0
_Z=d, which means that the

damping force is only dependent on flow acceleration. When the
flow oscillation/acceleration is severe, the feedback action is
strengthened, then the oscillation is automatically suppressed.
The corresponding closed-loop system becomes

d2Z

dt2 þ a � Z2 þ b � Z þ ðc þ K0Þ
h idZ

dt
þ d � Z ¼ 0 ð54Þ

the corresponding oscillation amplitude

H ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b
a

� 	2

� 4
c þ K0

a

s
ð55Þ

Then, for a real value of H, the terms within the square root of (55)
should be larger than or equals to zero, which gives a bound on the
feedback gain

K0 6
b2

4a
� c; a > 0; c < 0 ð56Þ

It is observed from (55) that the closed-loop oscillation amplitude
will become smaller with a larger feedback control gain K0. In
particular, the controlled oscillation amplitude H ¼ 0 when
K0 ¼ b2

4a� c > 0, and the oscillatory flow remains at the same ampli-
tude without feedback control, K0 ¼ 0. In real applications, the gain
K0 is optional to obtain any desired pressure-drop oscillation
amplitude.

Moreover, for the cases that K0 ¼ 0 and Ki–0; i ¼ 1;2, (51) be-
comes U ¼ �K1Zi _Z=d, which means that the damping force relies
on both the normalized flowrate and the flow acceleration. Very
small flowrate Z will push the combined term Zi � _Z to zero and thus
cancel the negative feedback effect of flow acceleration, then the
flow oscillations still remain. Hence, the latter options are not
desirable in active flow control design.

It can be concluded that a simple feedback control approach
such as u ¼ �K0

_Z=d can be used to specify the satisfactory
closed-loop responses with any desired oscillation amplitude. Of
course, the existence of K1; K2 in the controller design can provide
more degrees of freedom for closed-loop system performance
improvements (e.g., the oscillation frequency regulation). It should
be noticed that when K0 > b2

=4a� c, the nonlinear damping term
a � Z2 þ b � Z þ ðc þ K0Þ in the closed-loop dynamics (54) always re-
mains positive; hence, the oscillation will disappear according to
nonlinear system analysis [28]. However, the flow acceleration
cannot be directly measured in practice; therefore, for feedback
control, it is imperative to estimate this variable with a model-
based method.

5.2.2. Observer design
To estimate the plant states of (49), one may design an observer

as

_̂x1 ¼ x̂2 þ F1 � x1 � x̂1ð Þ
_̂x2 ¼ �d � x1 � f ðx1Þ � x̂2 þ d � U þ F2 � x1 � x̂1ð Þ

(
ð57Þ

where F ¼ ½F1F2�T are the observer gains to be determined. Let
~x1 ¼ x̂1 � x1; ~x2 ¼ x̂2 � x2, by subtracting (49) from (57), one can
get the state estimation error system

_~x1 ¼ �F1 � ~x1 þ ~x2

_~x2 ¼ �F2 � ~x1 � f ðx1Þ � ~x2

(
or _~x ¼M � ~x;M ¼

�F1 1
�F2 �f ðx1Þ

� �
ð58Þ

Then the characteristic equation, detðkI �MÞ ¼ 0, of the error sys-
tem _~x ¼M � ~x in (58) becomes

k2 þ ½F1 þ f ðx1Þ�kþ F1f ðx1Þ þ F2 ¼ 0 ð59Þ

Evidently, the observer error system is stable if and only if both the
following conditions are satisfied:

F1 þ f ðx1Þ > 0 ð60Þ
F1f ðx1Þ þ F2 > 0 ð61Þ

Also note that for a > 0,

f ðx1Þ ¼ ax2
1 þ bx1 þ c ¼ a x1 þ

b
2a

� 	2

þ c � b2

4a
P c � b2

4a

The two above conditions still hold if

F1 þ f ðx1ÞP F1 þ c � b2

4a
> 0 ð62Þ

F1f ðx1Þ þ F2 P F1 c � b2

4a

 !
þ F2 > 0 ð63Þ

So we can conclude that the real system states can be asymptoti-
cally estimated by the observer (57) if the observer gains F are cho-
sen as

F1 >
b2

4a
� c; F2 ¼ F2

1: ð64Þ
5.2.3. Closed-loop simulation
The oscillation model parameters have been identified as H in

(44), then

a ¼ 1:4283; b ¼ 1:6163; c ¼ �14:4716; d ¼ 1:0028;
Z0 ¼ 7:9945; I ¼ 0:0530; c ¼ 0:3719; e ¼ 10:9159;
Ib ¼ 0:0447; c2 ¼ 0:186

Substituting these parameters into the designs of the feedback con-
troller (51) and observer (57), we can get the boundary control gain
Kbd from (56),

Kbd ¼
b2

4a
� c ¼ 14:9288 ð65Þ



0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
5

5.5

6

6.5

x 1 (c
g/

s)

Time (s)

actual
estimat

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
−20

0

20

40

x 2 (c
g/

s2 )

Time (s)

actual
estimat

Fig. 15. State estimations in active flow control system (top: flowrate; bottom: flow
acceleration).
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Fig. 16. Responses of boiling channel flow _m in active flow control system with
different feedback gains: (a) K0 ¼ b2

=ð4aÞ � c ¼ 14:93, (b) K0 ¼ 13:93.

0 50 100 150 200 250 300 350 400
6

8

10

12

Time (s)

(a)

0 50 100 150 200 250 300 350 400
0

5

10

15

20

Time (s)

(b)

Fig. 17. Responses of system inlet flow _m0 in active flow control system with
different feedback gains: (a) K0 ¼ b2

=ð4aÞ � c ¼ 14:93, (b) K0 ¼ 13:93.

T.J. Zhang et al. / International Journal of Heat and Mass Transfer 53 (2010) 2347–2360 2359
and the boundary observer gain Fbd
1 from (64),

Fbd
1 ¼

b2

4a
� c ¼ 14:9288 ð66Þ

Then a high-gain observer [28] can be chosen to estimate the non-
linear oscillation system states fast enough,

F1 ¼ 100 > Fbd
1 ; F2 ¼ 10; 000 ð67Þ

Satisfactory state estimation transients have been obtained within
0.1 s, as depicted in Fig. 15, where x̂2 is the estimated flow
acceleration.

Once the system states are reconstructed by the observer, they
can be used for advanced feedback control purposes. First, we
choose the boundary control gain K0 ¼ Kbd ¼ 14:9288 and imple-
ment the feedback control law, U ¼ �K0x̂2=d ¼ �K0

b_Z=d, and the
control action uðsÞ ¼ GuðsÞUðsÞ, at the 200th second; this results
in the closed-loop system responses shown in Fig. 16(a). Obviously,
no flow oscillations are observed in the latter 200 s. Furthermore,
the flow oscillation will appear once the feedback control gain is
reduced, which results in Fig. 16(b). The corresponding control re-
sponses of the system inlet flowrate, _m0, are shown in Fig. 17(a)
and (b). Notice that lower gains lead to more severe oscillatory
flow, which is consistent with the analysis in the preceding con-
troller design subsection.

The above simulation results basically demonstrate the capabil-
ity of active oscillatory flow control method via the inlet supply
pump. In fact, control valves are also available to suppress the up-
stream compressible flow instability although it results in much
larger pressure drop and higher pumping power. This can also been
seen from the original flow oscillation dynamics (19): when the
flow resistance, c, increases to some extent, for example by closing
the main or bypass valve, the nonlinear damping term ahead of
d _m=dt or dZ=dt in (19) and (46) may always remain positive (c in-
creases with c), thus no oscillation occurs according to the analysis
and control studies in the preceding sections.
6. Concluding remarks

Physical and mathematical insights into microchannel flow
oscillations were investigated and compared with experimental
observations. A systematic framework has been presented to the
transient modeling, analysis, and active control of pressure-drop
oscillation systems. Compared with experimental oscillations, the
proposed lumped dynamic modeling and identification methods
have been demonstrated to be efficient and effective. The results
from a mathematical singular perturbation analysis are highly con-
sistent with the physical implications of flow oscillations. It has
also been revealed that a simple feedback control system based
on mass flow acceleration can regulate the oscillation amplitudes
satisfactorily, although no related experimental demonstration
has been reported. The reason for this lack of implementation is
that boiling flow acceleration is not directly available for measure-
ment and control in experimental testbeds. Hence, the dynamic
model-based state estimation method has to be used in this case,
and a high-gain state observer was designed according to the oscil-
lation model structure.

The proposed control strategies in this paper are preliminary,
since no model uncertainties and no actuator saturations have
been addressed in the feedback control design. In general, none
of the identified dynamic models would be ideal, so the model-
based control system performance might undergo unexpected
deterioration. In addition, the inlet flowrate change driven by the
pump speed is constrained by the potential amplitude and rate sat-
urations in real-time control implementations. For this specific
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flow boiling issue, the heat to be dissipated from the microelec-
tronics could change with unanticipated external demands. Hence,
the identified oscillation model for a fixed uniform heat load may
not capture the dynamic flow instabilities under a wide range of
electronics cooling conditions. To meet more challenging electron-
ics cooling requirements, adaptive control or gain scheduling con-
trol schemes may serve as good candidates for advanced active
two-phase flow control of boiling microchannel systems.

Considering microchannel boiling mechanisms, poor nucleation
(i.e., caused by smooth walls) is an issue with silicon microchan-
nels, and this can cause some differences in respect to conventional
size channels made of metals. However, the basic physics of insta-
bilities will not change greatly assuming the same nucleation char-
acteristics; the fundamental equations associated with the
pressure drop–flowrate characteristic curves, instability criteria,
etc. are the same. While we would like to be able to include the ef-
fects of different nucleation characteristics, at this time we have
addressed only the main issues and have assumed that the effect
of nucleation is a secondary consideration. In future papers we
may be able to include this effect, but that will take significant time
and effort.
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