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a b s t r a c t

The static Ledinegg instability in horizontal microchannels under different flow conditions and fluids per-
tinent to electronics cooling was studied experimentally and numerically. Two fluids, water at sub-atmo-
spheric pressures and refrigerant HFE-7100, were examined for a range of heat fluxes, mass fluxes, and
channel hydraulic diameters. Numerical predictions from the developed pressure gradient model agree
well with results from the flow boiling experiments. The model was used to quantify the susceptibility
of the system to the Ledinegg instability. A parametric instability study was systematically conducted
with varying system pressure, heat flux, inlet subcooling, and channel size with and without inlet restric-
tor. Increasing system pressure and channel diameter, reducing parallel channel number and channel
length, and including an inlet restrictor can enhance the flow stability in microchannels.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Flow boiling instabilities have been a cause for great concern in
the design of conventional scale heat exchangers. The deleterious
effects of these phenomena on conventional systems are well doc-
umented and have been aggressively researched since the early
1960s [1]. Flow boiling oscillations modify the hydrodynamics of
the flow, introduce severe structural vibrations, generate acoustic
noise, and can jeopardize the structural integrity of the system.
But, most importantly, flow oscillations can lead to the premature
initiation of the critical heat flux condition [2–4], which, in turn,
will result in a very ineffective heat transfer process; for heat flux
controlled systems, elevated surface temperatures and possible
complete destruction of the devices (burnout) may occur.

Studies performed in the last decade by several independent
groups [5–12] strongly suggest that at the micro scale the phenom-
enon can be more noticeable than at the macro scale. These studies
identified several flow boiling instability modes in microchannels,
including rapid bubble growth, parallel channel instability, and up-
stream compressible flow instability. The parallel channel instabil-
ity is closely related to a well acknowledged and important static
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instability termed the flow excursion (or Ledinegg) instability.
While a single instability mode can be activated independently of
other modes, several modes can also be interlinked. For instance,
the rapid bubble growth instability can trigger early manifestation
of the parallel channel instability, which can cause early transition
to the critical heat flux condition [13].

By increasing the system pressure for flow boiling of water in
microchannels, Kuo and Peles [14] have shown that the resulting
decrease in the liquid-to-vapor density ratio, ql/qv, causes flow
instabilities to diminish. The reduction of the negative slope of
the pressure drop–mass flux curve of the two-phase mixture at
low ql/qv weakened the system’s susceptibility to the instability,
resulting in a much stabilized flow. This, in turn, mitigated the
premature critical heat flux condition induced by flow oscillations
and significantly increased the corresponding maximum heat flux
attainable of the system at elevated pressures (or low ql/qv). Like
ql/qv, surface tension is an important property at all length scales;
in microchannels it is especially important in dictating the well
documented rapid bubble growth instability, which is strongly
dependent on the bubble diameter-to-channel hydraulic diameter
ratio. Since the surface tension and especially the density ratio of
typical coolants like HFE-7100 are significantly lower than that of
water, at least under conditions pertinent to electronic cooling, it
can be hypothesized that flow instabilities are of less concern
when using coolants in microchannels. However, this has yet to
be shown.

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2009.09.008
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Nomenclatures

A cross-sectional area of one channel (m2)
Dh hydraulic diameter (m)
G mass flux (kg/m2 s)
H channel height (m)
L channel length (m)
MC microchannel
Nu Nusselt number
P pressure (kPa)
Po Poiseuille number
p perimeter (m)
q heating power (W)
h specific enthalpy (kJ/kg)
Re Reynolds number
S surface area of one channel (m2)
SP single-phase
T temperature (K)
Tin inlet temperature (K)
Tout outlet temperature (K)
Tsat saturation temperature (K)
W channel width (m)
cp specific heat (isobaric) (J/kg K)
_m mass flow rate (kg/s)

q00 heat flux (W/m2)

x vapor quality
z location (m)

Greek letters
l viscosity (Pa s)
q mass density (kg/m3)
a void fraction
/ two-phase multiplier
h inclination angle

Subscripts
a acceleration
f friction
l liquid phase
lo liquid only
v vapor phase
s system
in inlet
out outlet
sub subcool
sp single-phase
tp two-phase
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This paper reports on an experimental and numerical study of
Ledinegg instability in horizontal microchannels under conditions
and fluids pertinent to electronics cooling. Two fluids, water at
sub-atmospheric pressures (for low saturation temperatures) and
the refrigerant HFE-7100, were used with a range of heat fluxes,
mass fluxes, and channel hydraulic diameters. Flow conditions cor-
responded to single-phase, stable two-phase, and unstable two-
phase flow. The onset of flow instability (OFI) was determined,
and the slope of the pressure drop–mass flux curve was closely
examined to quantify the susceptibility of the system to the Ledin-
egg instability. Based on the demand curve slope derived from the
momentum equation, systematic parametric studies are given to
measure the instability’s susceptibility. Increased system pressure
stabilized the flow, and it was hypothesized that this had a signif-
icant effect on the improved stability of HFE-7100 compared to
water. Several studies [1,15] implicitly suggest that increasing
the number of parallel channels destabilized the flow. The effect
of heat flux, inlet temperature subcooling, and channel hydraulic
diameter were less conclusive, and they can destabilize or stabilize
the flow.
Fig. 1. Channel demand curve: pressure drop vs. mass flux for constant heat flux
(qualitative representation of Fig. 2 from Boure et al. [15]).
2. Background

As discussed by Bouré et al. [15] and Appendix A, flow boiling in
a channel is susceptible to static Ledinegg instability when the
slope of the demand pressure drop–mass flux curve becomes alge-
braically smaller than the loop supply pressure drop–mass flux
curve:

@ðDPÞ
@G

����
channel demand

6
@ðDPÞ
@G

����
pump supply

ð1Þ

To better understand this instability, consider the channel pressure
drop demand curve as a function of mass flux for constant heat flux
(Fig. 1). When the flow rate is large, the flow is liquid single-phase
(the right region of the curve). As the mass flux is continuously re-
duced while other conditions are unchanged, boiling will commence
at some pressure drop (designated as onset of nucleate boiling (ONB)
on the curve). Further reduction in the mass flux will gradually cause
vigorous boiling. Since frictional and accelerational pressure drops
tend to increase as the void fraction (and mass quality) increases,
a point can be reached in which the DP � G slope reaches a mini-
mum. This point is frequently termed the onset of flow instability
(OFI) (see, for instance, Kennedy et al. [16]). It should be noted that
the use of the term ‘‘instability” might be misleading since it does
not necessarily mean that the system will become unstable beyond
this point. It merely suggests that beyond this point any reduction in
the mass flux can cause the flow to become unstable if proper mea-
sures are not taken.

To maintain system stability, the pump supply curve needs to
be considered. If the slope of the pump supply curve (Curve A)
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has a smaller negative value compared to that of the demand
curve, the system is unstable. This situation occurs because the
pump cannot counteract even a small perturbation in mass flux
from the equilibrium condition (Point a), and a spontaneous shift
to a more stable flow condition will occur (e.g., from Point a to
Point b or Point c in Fig. 1). Such circumstances also can occur
when the supply curve has a constant pressure characteristic, i.e.,
when the flow is supplied between two constant pressure reser-
voirs. On the other hand, if the pump supply curve (Curve B) has
a greater negative slope than that of the demand curve, the system
is stable. This can be achieved, for instance, by installing a constant
displacement pump, which has an almost infinite slope (i.e., G is
fixed regardless of the pressure drop). For this reason most studies
performed on flow boiling typically use a constant displacement
pump instead of constant pressure drop reservoirs for forcing the
flow through the channel [1,15].

Maintaining the stability of the flow can also be achieved by
installing a throttling valve at the inlet of the channel, which can
moderate the negative slope of the demand curve if the added
pressure drop across the inlet restrictor is high enough, as shown
in Fig. 2. If the pressure drop curve of a throttling valve (Curve A)
is added to the demand curve of the channel (Curve B), the total
system pressure drop (i.e., the throttling valve together with the
channel) versus mass flux of the modified system is constructed
(Curve C). As can be seen, for example, at Point a, the slope of
the unmodified channel is negative and is susceptible to the Ledin-
egg instability. However, with the modified channel, the slope of
the curve at Point b is positive and, hence, the Ledinegg instability
is not possible. Thus, the system with the throttling valve is much
more resistant to the Ledinegg instability. Note that for this to hap-
pen the pressure drop of the throttling valve must be sufficiently
large so that the slope of the modified system can become positive.
One obvious consequence of utilizing a throttling valve is the in-
creased pressure drop required to deliver the flow through the
system.

It should be noted that the Ledinegg instability represents the
limiting condition for a large bank of parallel tubes between com-
mon headers, since any individual tube sees an essentially constant
pressure drop [15]. It follows that even if a constant displacement
pump is used, the effective supply curve of an individual channel
gradually loses its ability to withstand a Ledinegg instability with
an increasing number of parallel channels.
Fig. 2. The effect of installing inlet restrictor at the channel inlet. The OFI point is
shifted to the left with inlet restrictor.
3. Experimental studies

3.1. Experimental apparatus and procedures

The microchannel cold plate and the test assembly are schemat-
ically depicted in Fig. 3. As shown in Fig. 3(a) and (b), the micro-
channel cold plate with a metallic heater fabricated on the
bottom was attached on 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 microchannel cold plate can be found in a paper by Prasher
et al. [17]. Three different designs of horizontal microchannel cold
plates (Units I, II, and III) were tested in the current study. The
channel widths are 61, 165, and 330 lm, respectively, and the
channel length/diameter ratios are 150, 68, and 45. Dimensions
of microchannel cold plate are shown in Table 1, which are based
on SEM measurements. Fig. 3(c) shows the SEM picture of Unit I.

The experimental setup was constructed to measure flow rate,
pressure drop, and heat transfer characteristics of the microchan-
nel cold plate. Fig. 4 shows the schematic of the experimental set-
up. The working fluid was continuously drawn from a stainless
steel reservoir (fluid 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 microchannel cold plate in the main branch. Both
branches in the loop drained to a reservoir from which the pump
drew the working fluid.

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.

Two different working fluids were tested in the current study,
deionized (DI) water at a saturation pressure of 70 �C and HFE-
7100 at ambient pressure condition. HFE-7100 is a highly-wetting
refrigerant (methoxy-nonafluorobutane, C4F9OCH3) [18]. Thermo-
physical properties of water and HFE-7100 are compared in Table 2.

A thorough degassing was carried out before starting each test.
For water, the system pressure was first reduced to a preset level
by running the vacuum pump, while for HFE-7100, the system pres-
sure was maintained at atmospheric pressure. 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 fluid
inside the reservoir (fluid tank) slightly higher than the saturation
point to make sure the fluid boiled, and at the same time, the system
pump continuously circulated the fluid in the loop. The vacuum line
valve was opened periodically to evacuate the purged non-condens-
able gasses in the reservoir and to relieve the 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 3.

3.2. Experimental observations

Fig. 5 shows that for water the experimental pressure drop is
approximately V-shaped with respect to the mass flux. It can be
seen that in the single-phase regime (higher flow rate portion)



Fig. 3. (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 of Unit I.
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pressure drop is proportional to flow rate on the whole. As the flow
rate reduces the pressure drop decreases until a point when the
flow makes a transition to two-phase state and starts to increase.
Beyond the boiling incipience point, liquid in contact with the
channel walls gets superheated above the local saturation point
leading to phase change. Similar trends were observed by earlier
researchers like in Refs. [1,15]. The vaporized fluid leads to a rapid
increase of the pressure drop over that of single-phase flow, mainly
attributed to the accelerational (due to difference in the mass den-
sity of the liquid and vapor) and additional frictional losses of the
vapor/liquid mixture flow [15]. Experimental data in Fig. 5 also
show that in the single-phase region the pressure drop is lower



Table 1
Dimensions of the microchannel cold plates.

Parameters Unit I Unit II Unit III

Number of channels 100 40 25
Channel width (W, lm) 61 165 340
Channel height (H, lm) 272 330 335
Channel length (L, mm) 15 15 15
Hydraulic diameter (Dh, lm) 100 220 337
Fin thickness (t, lm) 39 90 80
Eff. cross-sectional area (Across, mm2) 1.66 2.18 2.85
MC region width (D, mm) 10 10 10
MC region length (L, mm) 15 15 15
Plenum size (mm2) 4 � 10 4 � 10 4 � 10
Inlet/outlet hole size (g, mm) 1 1 1
Inlet/outlet plenum size (R, mm) 4 4 4
Cold plate width (D0 , mm) 16 16 16
Cold plate length (L0 , mm) 27 27 27

Table 2
Thermo-physical properties of HFE-7100 and water.

Properties HFE-7100 Water

Boiling point (1 atm), �C 61 100
Critical temperature, �C 195.3 374
Critical pressure, MPa 2.23 22.06
Heat capacity, kJ/kg K 1.17 4.18
Latent heat at saturation (1 atm), kJ/kg 111.6 2261
Density (at 45 �C), kg/m3 1450 990
Thermal conductivity (liq. at 40 �C), W/m K 0.06 0.6
Viscosity (liq. at 40 �C), lPa s �450 �650
Surface tension, N/m (70 �C) 0.0136 0.065

Table 3
Uncertainties of different variables.

Measurement Uncertainties

Flow rate ±0.25 ml/min
Absolute pressure transducer ±500 Pa
Differential pressure transducer ±180 Pa
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for higher power. This is due to increase in the average liquid tem-
perature which in turn reduces the viscosity of the liquid. In the
two-phase region, higher heat power vaporizes more liquid, thus
the overall fluid flow is of higher void fraction, resulting in greater
density change and larger frictional pressure loss through micro-
channels. Therefore, the overall pressure drop increases with the
heat inputs, as observed in each subplot of Fig. 5.

Although the general trend is same, the total pressure drop
keeps increasing as the flow rate reduces in two-phase flow regime
and it increases with the flow rate in subcooled liquid regime, dif-
ferent pressure-drop slopes can be observed by comparing
Fig. 5(a)–(c). For the smaller channels of Unit I, the pressure drop-
mass flux characteristic curve in two-phase region is much steeper,
which suggests that Unit I should be more susceptible to flow insta-
bility at mass fluxes smaller than at OFI. However, the mass flux at
OFI for Unit I is lower than for Unit III (Fig. 5), which is in agreement
with earlier study for water in macrochannels [28] that suggests
that the mass flow at OFI for fixed power input would increase
when the ratio L/Dh decreases. In addition, the experimental flow
temperature measurements from the horizontal microchannel heat
sink (Unit I) are included in Fig. 6 to provide enough information for
subsequent modeling and analysis. The error bound after OFI point
(negative slope region) in Figs. 5 and 6 represents the self-sustained
periodic fluctuations in the pressure drop and temperature with re-
spect to time. This is mainly caused by dynamic two-phase flow
instability (well-known pressure-drop flow oscillations). All the
Fig. 4. Schematic of
above experiments are limited to the common fluid – water. When
the coolant HFE-7100 is used as the working fluid in microchannels,
the pressure drop–flow rate characteristic curve even in Unit I be-
comes much more flat, as depicted in Fig. 7, during single-phase
and flow boiling regimes. By comparing the experimental results
in Figs. 5(a) and 7, it is observed that the HFE-7100 can transition
to annular boiling flow at much higher mass flow rate under the
same heat input, because in microchannels bubbly flow corre-
sponding to nucleate boiling is more likely to occur with a low sur-
face tension coolant, such as HFE-7100.
4. Theoretical modeling

The discussion in Section 2 and experimental results in Section 3
have shown that the pressure drop can, and often does, have a local
minimum at mass fluxes lower than the onset of nucleate boiling.
With the reduction of mass flow rate, following boiling incipience,
the frictional and accelerational pressure drops can increase more
rapidly with increasing void fraction than decrease due to de-
creases in the mass flux. Hence, the pressure drop increases with
decreasing mass flux.
flow loop setup.
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Fig. 5. Comparison of water experimental data with different number of parallel
channels. (a) Unit I (100 parallel channels), (b) Unit II (40 parallel channels), and (c)
Unit III (25 parallel channels) (lines used for clarity).
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Fig. 6. Experimental outlet temperature measurements of microchannel heat sink
(Unit I) at different heat inputs (error bar: temperature fluctuation).
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Fig. 7. Experimental pressure drop–mass flux characteristics for HFE-7100 in Unit I
with 100 channels, Dh ¼ 100 lm; L ¼ 15 mm, at different heat inputs and reduced
pressure �0.045 (error bar: pressure drop fluctuation).
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As mentioned earlier, the susceptibility of flow boiling systems
to the Ledinegg instability can be examined through the pressure
drop–mass flux demand curve at a fixed heat flux. Any discussion
about this flow instability should be resolved through knowledge
of the curve. Therefore, it is essential to model and analyze the
above experimental two-phase flow characteristics for potential
flow instability studies; some preliminary discussions on mass, en-
ergy and momentum conservation principles are included in
Appendix A. Single-phase pressure drop model is initially dis-
cussed in Section 4.1, followed by the two-phase flow characteris-
tics in Section 4.2, where particular interest is focused on the
pressure-drop slope at lower mass fluxes.

4.1. Single-phase pressure drop

During single-phase experiments, the flow was kept laminar.
The pressure drop for laminar fully-developed single-phase flow
across a microchannel can be written as a function of the mass flux
(kg/m2 s), G, according to [19]

dPf

dz
¼ 4s

Dh
¼ 2f � G2

q � Dh
ð2Þ
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The friction factor is

f ¼ Po
ReDh

¼ Po � l
G � Dh

ð3Þ

where l the dynamic viscosity and ReDh
� GDh=l is the channel

Reynolds number. Po is the Poiseuille number, which depends on
the flow-channel geometry. For a rectangular channel with a short
side a, a long side b, and the channel aspect ratio, ac = a/b, the
Poiseuille number is, Po¼24 � ð1�1:3553acþ1:9467a2

c �1:7012a3
cþ

0:9564a4
c �0:2537a5

c Þ; as given by [24]. Entrance (developing flow)
effects can be included, but its impact on the total pressure drop
is very small. Therefore, according to Eqs. (2) and (3), in the sin-
gle-phase regime, the pressure drop is related to the size of the
microchannel roughly by DP � D�2

h at a given mass flux. Eqs. (2)
and (3) suggest that in the laminar regime, the pressure drop across
a microchannel is linearly proportional to the mass flow rate and
kinematic viscosity (l/q). Experimental data in Figs. 8 and 9 show
that pressure drop in the single-phase regime is directly propor-
tional to G and is lower for higher heat transfer rates because of
reduced liquid viscosity with increased wall temperatures.

4.2. Two-phase pressure drop

Following boiling inception, the pressure drop (DPtotal) in the
channel can be divided into two regions: one for liquid single-
phase flow that starts at the inlet, and one for flow boiling, i.e.,

DPtotal ¼ DPsp þ DPtp ð4Þ

where DPsp is the single-phase pressure drop and DPtp is the two-
phase pressure drop. If boiling inception is assumed to occur at
x = 0, the single-phase pressure drop can be obtained using Eq.
(2) in conjunction with an energy balance. While there have been
several successful attempts to develop two-phase frictional pres-
sure drop models in microchannels, the well established semi-
empirical correlation of Lockhart–Martinelli [20] has shown to hold
at the micro scale [21–24], provided the correlation’s C-factor (see
Eq. (7)) is properly modified to account for scale effects. The pres-
sure drop for diabatic two-phase flow is comprised of frictional,
accelerational, and gravitational pressure drops and is expressed
as follows [26]:
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gravitational pressure drop

ð5Þ

where the last gravitational term is neglected in this paper for hor-
izontal channels, Ltp is the length of two-phase flow region, flo is the
friction factor, and vl and vv are the specific liquid and gas volumes,
respectively. x0 and a0 are the exit quality and void fraction, respec-
tively. /2

lo is the two-phase frictional multiplier defined as

/2
lo ¼
ðdP=dzjf Þtp
ðdP=dzjf Þlo

ð6Þ

(dP/dz|f)tp is the frictional pressure drop gradient of the two-phase
mixture and (dP/dz|f)lo is the single-phase pressure gradient assum-
ing the total flow (liquid plus vapor) considered as liquid. The Lock-
hart–Martinelli correlation also uses a slightly different two-phase
multiplier defined as

/2
l ¼
ðdP=dzjf Þtp
ðdP=dzjf Þl

¼ 1þ Cð1� e�319Dh Þ
X

þ 1
X2 ð7Þ

where

/2
lo ¼ /2

l ð1� xÞ2 fl

flo
; X ¼

ðdP=dzjf Þl
ðdP=dzjf Þv

ð8Þ

Here (dP/dz|f)l and (dP/dz|f)v are the single-phase pressure gradients
assuming the liquid phase and gas phase to flow alone in the chan-
nel, respectively. fl is the friction factor for the liquid flowing alone
in the channel. The constant C is an empirically defined factor,
which depends on the flow regime (laminar, turbulent, or a combi-
nation of the two) and flow morphology (e.g., bubbly, intermittent,
etc.) among other parameters. Conventional scale studies suggest
that for liquid laminar and vapor laminar flows, the value of the
constant C is 5 [21–24], which is used in this microchannel fluid
flow study. Based on previous minichannels and microchannels re-
sults [21–23], Kandlikar [24] suggested to modify the C-factor of the
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Fig. 10a. Experimental and calculated relative pressure ratios at 30 and 45 W for
water.
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two-phase multiplier, /2
l , in diminishing length scales according to

Eq. (7). And the void fraction for annular flow is given by the follow-
ing correlation [25]:

a ¼ 1� 1ffiffiffiffiffiffi
/2

l

q ð9Þ

Integrating with respect to quality the two-phase multiplier, /2
lo,

in Eq. (5), yields the explicit pressure drop function:

DP ¼ 2Po � ll � G � ðL� zsÞ
ql � D

2
h � x0

x0 �
x2

0

2
þ x2

0

2c
þ 5� 5 expð�319DhÞ

8
ffiffiffi
c
p

�

� arcsinð2x0 � 1Þ þ p
2

h i
þ 5� 5 expð�319DhÞ

16
ffiffiffi
c
p

� sin½2 arcsinð2x0 � 1Þ�
�
þ 2Po � ll � G � zs

ql � D
2
h

þ G2

ql

x2
0

a0

ql

qv
þ ð1� x0Þ2

1� a0
� 1

" #
ð10Þ

where c ¼ ll
lv

qv
ql
; X2 ¼ c 1�x0

x0

	 

; a0 ¼ 1� 1þ 5�5 expð�319DhÞ

X þ 1
X2

	 
�1=2
,

and zs is the location for boiling incipience. The right hand side is
the summation of the two-phase frictional pressure drop (first
term), the single-phase frictional pressure drop (second term),
and the accelerational pressure drop (third term).

Taking the derivative of the pressure drop with respect to the
mass flux, G, yields the following expression:

@ðDPÞ
@G

¼ 2Po � ll � ðL� zsÞ
ql � D

2
h � x0

x0 �
x2

0

2
þ x2

0

2c
þ 5� 5 expð�319DhÞ

8
ffiffiffi
c
p

�

� arcsinð2x0 � 1Þ þ p
2

h i
þ 5� 5 expð�319DhÞ

16
ffiffiffi
c
p

� sin 2 arcsinð2x0 � 1Þ½ �
�
þ 2Po � ll � zs

ql � D
2
h

þ 2G
ql

x2
0

a0

ql

qv
þ ð1� x0Þ2

1� a0
� 1

" #
ð11Þ

Since the pressure drop gradient o(DP)/oG can be explicitly cal-
culated, the analytical model can be used to evaluate flow stability.
However, the analytical model assumes a constant system pressure
[26], while the pressure drop during the experiments varied by up
to 50% of the system exit pressure as calculated from the numerical
model (see discussion below) and shown in Figs. 10a and 10b. To
elucidate this large system pressure excursion on the model pre-
diction, two different pressure/temperature methods were used
to calculate the fluid properties in Eqs. (10) and (11):

Case 1 : Ps¼
PinþPout

2
; Ts¼

TinþTout

2
; ql¼qðPs;TsÞ; ll¼lðPs;TsÞ

Case 2 : Ps¼Pin; Ts¼
TinþTsatðPinÞ

2
; ql¼qðPs;TsÞ; ll¼lðPs;TsÞ

where Tin and Tout are the experimental temperature measurements
at the channel inlet and exit, respectively. In Case 1, both inlet/exit
experimental conditions were used to obtain the pressure and tem-
perature, while in Case 2 only the inlet pressure was used. For Case
2, this resulted in large deviations between the analytical and
experimental data as shown in Figs. 8 and 9, while Case 1 showed
good agreement between the experimental data and the numerical
prediction. However, it is not practical to use both inlet and outlet
operating conditions for model prediction, and more generally, only
one-side pressure and temperature data are used to predict the
other, as used in Case 2. As seen from Figs. 8 and 9, the predictions
for Case 2 are with larger modeling error even in single-phase re-
gion, which is caused by the relative large pressure change along
the microchannel. Therefore, because of the significant pressure
drop, fluid properties like density and viscosity also change greatly
in microchannels. It follows that fixed mean fluid properties are no
longer good assumptions in analytical model calculations (10) and
(11) for microchannels, a big difference between conventional and
micro scale two-phase flow modeling methods is expected.

For improved accuracy, it is desirable to account for the changes
of the system pressure in the pressure drop model. Unfortunately,
with a variable system pressure, the derivative of the explicit pres-
sure drop function is not readily obtained due to fluid property
changes along the length. Therefore, a numerical method was
developed, and, for simplicity, a one-dimensional pressure gradi-
ent model was used. Since constant heat flux boundary conditions
are considered here, the enthalpy distribution along the channel is
linear as discussed in Appendix A and Eq. (27); that is, for any loca-
tion (z 2 [0, L])

hz ¼ hin þ
q00 � S � z
G � A � L ð12Þ

where S is the surface area and A is the cross-sectional area.
Thus, the pressure gradient for the two-phase flow [1,25,26] can

be calculated by
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dP
dz

� �
tp

¼ dPf

dz

� �
l

/2
l þ

d
dz

G2ð1�xÞ2

qlð1�aÞ þ
G2x2

qva

 !
þ½qvaþqlð1�aÞ�g sinh

ð13Þ

where the terms on the right hand side accounts for friction, accel-
eration, and gravitation (absent for horizontal channels), respec-
tively. The momentum equation (13) is a simplified form of the
well-known drift-flux model in steady state [1]. The two-phase
multiplier /2

l is given in Eq. (7), and a given in Eq. (9). The gradient
of Eq. (13) is a spatial ordinary differential equation and can be
solved numerically by using a commercial toolbox such as Matlab�.
The numerical model also provided detailed predictions of the pres-
sure distribution in the channel as shown in Fig. 11, where different
boiling conditions correspond to different mass fluxes but similar
heat fluxes.

Although the above numerical model (13) can predict the spa-
tial pressure distribution along the channel, the pressure drop–
mass flow rate slope under different operating conditions is the
main concern for two-phase flow instability studies. For a given
working fluid, the flow characteristics usually depends on system
pressure, mass flux, inlet subcooling, heat flux, and channel size.
When studying the individual effects, one may fix other attributes;
then imposing reasonable positive and negative perturbations on
mass flux G, those are, G+ and G�, based on the numerical model
(13), one can calculate the corresponding pressure drop, DPþ and
DP�. Thus, the numerical pressure drop–mass flux slope can be ob-
tained by

@ðDPÞ
@G

¼ DPþ � DP�

Gþ � G�
ð14Þ

which will be used in the subsequent parametric instability studies.
To validate the numerical model, the model results were com-

pared to the experimental data at similar conditions. The agree-
ment between the experiments and the modeling results was
assessed using a mean absolute error (MAE):

MAE ¼ 1
M

X jDPmod � DPexpj
DPexp

� 100% ð15Þ

As shown in Figs. 8 and 9, for single-phase flow both models follow
very closely the experimental results. During water flow boiling, the
measured pressure drop fluctuations were relatively large due to
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heat input for water.
periodic dynamic flow instabilities. Within these fluctuations the
numerical model successfully predicted the mean experimental re-
sults (Fig. 10a) as evidenced by the small MAE at heat flux of 45 W
(MAE = 9.0%) and at 30 W (MAE = 7.8%), while the MAE for the ana-
lytical model (10) in Case 2 is about 15%. As discussed earlier, the
two-phase pressure drop, DPtp, consists of the frictional pressure
drop, DPf , and the accelerational pressure drop, DPa. As shown in
Fig. 10b, the accelerational pressure drop is only a small fraction
of the total pressure drop (less than 3%) and, thus, was neglected.
5. Results and discussion

As discussed earlier, the susceptibility of flow boiling systems to
the Ledinegg instability can be examined through the pressure
drop–mass flux demand curve at a fixed heat flux. Therefore,
two-phase pressure drop characteristics are initially discussed in
this section, with particular interest on the gradient of the slope
at lower mass fluxes, which is presented in Section 5.1. Since a
throttling valve can alleviate instabilities, we also quantitatively
examine its effect on the pressure drop demand curve and provide
some guidelines to properly size a valve to mitigate instabilities.
Section 5.2 is, therefore, devoted to the discussion of throttling
valves and their effects on system stability.

5.1. Susceptibility to the Ledinegg instability

The susceptibility of the system to the Ledinegg instability can
be assessed by considering the negative segment of the pressure
drop–mass flux gradient. As the pressure drop–mass flux slope be-
comes steeper, the system is more likely to exhibit flow instability
and, possibly, a premature critical heat flux condition can occur. It
is important to acknowledge that the local minima of the pressure
drop–mass flux curve does not necessarily correspond to a transi-
tion to unstable flow. This will occur only if the supply curve has a
zero slope (i.e., constant pressure drop). As explained in the Back-
ground Section, for a system with a constant displacement pump
(i.e., constant total mass flow rate) and finite number of parallel
channels, the slope is neither zero nor infinite. There are several
factors that affect the curve’s slope, including heat flux, system
pressure, mass quality, and channel hydraulic diameter. This can
be expressed as follows:

dðDPÞ
dG

¼ funcðPsat;G;DTsub;i; q00;Dh; L; type of fluidÞ ð16Þ

The significance of each effect listed above is discussed below.

5.1.1. Effect of type of fluid
Fig. 7 shows the experimental pressure drop–mass flux curve

for HFE-7100. When comparing this figure and Figs. 8 and 9, it is
evident that the shape of the HFE-7100 curve is notably different
from that of water. There are two primary causes for these differ-
ences, namely different flow patterns and different reduced pres-
sures (P/Pc) at which experiments were conducted. Flow patterns
affect the void fraction and the slip velocity, which, in turn, affect
the pressure drop characteristics. Experimental studies have
shown that in microchannels bubbly flow corresponding to nucle-
ate boiling is more likely to occur with a low surface tension cool-
ant, such as HFE-7100. Conversely, flow boiling of water is much
more likely to result in annular flow in which slip velocities can
be significant. However, different flow patterns cannot explain
the marked deviation between the trends of the two fluids, espe-
cially because at high mass quality, flow patterns of the HFE-
7100 will eventually transition to annular flow. It appears that
the system pressure had a marked effect on the total pressure
drop–mass flux slope and, more importantly, on its gradient. In
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other words, the effect of type of fluid is merely a system pressure
(or density) effect. The effect of system pressure is, therefore,
examined below.

5.1.2. Effect of saturation pressure
Fig. 12 depicts the pressure drop and the pressure drop gradient

of water as a function of channel exit pressure obtained from the
numerical modeling. Since the results were obtained while keeping
the inlet subcooiling and heat flux fixed, the saturated two-phase
region for all cases shown in the figure is similar (i.e., the two-
phase length is similar for all cases). As the system pressure in-
creases, the pressure drop decreases, and, more importantly for
the discussion here, the slope of the demand curve, @ðDPÞ=@G, be-
comes less negative; Therefore, the system becomes less suscepti-
ble to the Ledinegg instability. From the three terms comprising
the pressure drop in two-phase flow (i.e., frictional, accelerational,
and gravitational pressure drops), two tend to diminish with
increasing system pressure, namely accelerational and frictional.
As the system pressure increases, the density of the vapor in-
creases, and to maintain a constant mass flux, its velocity de-
creases. Lower velocities will mitigate increasing momentum
and, as a result, will moderate acceleration. However, it should
be noted that accelerational pressure drop was not significant in
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the present study, as shown in Figs. 10a and 10b, which suggests
that the improved stability at elevated pressures arises from
friction.

The increased pressure drop with decreasing mass flux at con-
stant heat flux, as shown in Figs. 8 and 9 and schematically in
Fig. 1, is primarily a result of much higher kinematic viscosity of
vapor than that of liquid. For lower mass flux and fixed heat load,
more vapor is generated and the two-phase region expands; thus,
the overall pressure drop increases, and the pressure drop versus
mass flux characteristic curve shifts to the right. The effect of sys-
tem pressure on the two-phase frictional pressure drop can be as-
sessed by examining the ratio of single-phase pressure drop of the
liquid phase to that of the vapor phase. This can be done through
the Martinelli parameter, X. A low Martinelli parameter is indica-
tive of increased frictional pressure drop of vapor flow relative to
liquid flow. As apparent from Eq. (7), the two-phase frictional pres-
sure drop depends on the Martinelli parameter, such that lower X
will correspond to higher two-phase pressure drop. From Eq. (2) it
is evident that for laminar flow the ratio depends only on the mass
quality and the ratio of the kinematic viscosities of the vapor, mv,
and liquid, ml, phases. Fig. 13 shows this ratio for a mass quality
of x = 0.5 as a function of saturated temperature, which is directly
related to the saturation pressure. As the saturated temperature in-
creases so does the saturation pressure such that higher tempera-
tures in Fig. 13 correspond to higher system pressures. As the
system pressure increases, the difference between the liquid and
vapor viscosities diminishes, and the increased pressure drop with
increasing mass quality is not as marked. This, in turn, tends to re-
duce or eliminate the negative pressure drop–mass flux slope, and,
therefore, alleviates the Ledinegg instability. For many applica-
tions, such as electronics cooling, fluid temperatures below 80 �C
are desired. For these temperatures the saturation liquid–vapor
kinematic viscosities ratio for HFE-7100 is much lower than for
water. The improved stability of the HFE-7100 compared to water
is primarily attributed to the much lower viscosity ratios at the
reduced pressures examined in this study for HFE-7100.
5.1.3. Effect of number of channels
As shown in Fig. 5, Units II and III have fewer parallel channels

than Unit I, and the range of mass flux with negative slope for
pressure drop vs. mass flux (in the regime of Ledinegg instability)
is higher for channels with larger hydraulic diameter, as seen
from the experimental data. For example, in the power range of
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40–45 W, the negative slope regime for Unit I (100 channels)
ranges from G = 38.43–75.48 kg/m2 s, i.e., range is �37 kg/m2 s
whereas for Unit II (40 channels) and Unit III (25 channels) the
range is 115 and 85 kg/m2 s. Therefore, Units with fewer channels
have a wider range of mass fluxes with more flat two-phase flow
characteristics (less negative pressure drop–mass flux slope), so
the system is less susceptible to the Ledinegg instability.

As discussed in the Background Section, for a system with a
constant displacement pump (e.g., the present experiment) fewer
parallel channels improve the stability of the flow. This can be bet-
ter understood by considering two orthogonal systems: a system
with a single channel, and a system with an infinite number of par-
allel channels. Since the pump will supply a fixed mass flow rate
regardless of the pressure drop, the supply curve of the single

channel system is such that @ðDPÞ
@G

���
supply

! �1, and, therefore, the

following inequality is always true:

@ðDPÞ
@G

����
demand

>
@ðDPÞ
@G

����
supply

ð17Þ

As discussed by Bouré et al. [15], such systems are unconditionally
stable. When this inequality holds, the pump will be able to coun-
teract any temporary change in the mass flow rate.

For a system with an infinite number of channels (and assuming
no initial flow maldistribution) any significant mass flux change in
an individual channel does not affect the total flow rate in any
meaningful way. Therefore, the pressure drop between the inlet
and outlet headers will not vary in response to a large change in
the flow rate of an individual channel. This suggests that for the

individual channel, the following relation holds: @ðDPÞ
@G

���
supply

! 0.

Therefore, when the pressure drop–mass flux slope becomes neg-
ative the system will be unstable. For a practical system with a
finite number of channels, the use of a single constant supply
pump to provide the flow rate for all channels does not uncondi-
tionally mitigate the Ledinegg instability. It should be noticed that
Ref. [27] presented some experimental studies on boiling flow
instability between two parallel microchannels. It has been shown
that the flow mal-distribution may still happen even when the po-
sitive displacement pump is used and when the stabilizing condi-
tion (17) for single channel is satisfied.

5.1.4. Heat flux effect
Fig. 14 depicts the pressure drop and @ðDPÞ=@G as a function of

heat flux. With all independent variables (i.e., mass flux, system
pressure, inlet subcooling, channel length, hydraulic diameter,
etc.) fixed, except for the heat flux, the channel segment occupied
by two-phase flow increases with increasing heat flux. This is evi-
dent when considering the first law of thermodynamic for an open
system in which flow boiling occupies only the channel segment
corresponding to x P 0:

q00pDLSP ¼ G
D2

4
cPDTSub ð18Þ

LSP correspond to the channel length occupied by liquid single-
phase flow. In Fig. 1, for a fixed mass flux, the operating conditions
on the pressure drop–mass flux curve will be further to the left of
the OFI for higher heat fluxes. Since the slope o(DP)/oG depends
on the position along the pressure drop–mass flux curve it will af-
fect the stability of the system. The slope tends to decrease fairly
rapidly following onset of flow instability (in the vicinity of OFI),
but this decline gradually moderates when the two-phase region
occupies a considerable portion of the channel (e.g., Point a in the
figure), and eventually the trend reverses, such that the slope begins
to increase. Eventually, the pressure drop mass flux will reach a lo-
cal maximum, signifying the transition to superheated vapor flow.
5.1.5. Inlet subcooling effect
Inlet subcooling and heat flux effects are interrelated; increased

subcooling has an effect similar to that of decreased heat flux and
vice versa. This implies that o(DP)/oG will have a local minimum
(Fig. 15), such that the system will initially become more suscepti-
ble to the Ledinegg instability with decreased subcooling at high
subcooling (for conditions near the OFI), and, eventually, become
more stable at low subcooling (when the flow is primarily vapor).

5.1.6. Channel size effect
As shown in Fig. 16 and similar to the inlet subcooling, the

channel hydraulic diameter is interlinked with the heat flux, such
that decreased channel diameter tends to have an effect similar
to that with decreased heat flux or increasing subcooling. This
can be better understood when considering Eq. (18). It is evident
that with decreased channel size, the two-phase region is in-
creased. However, as implied by Eq. (8), the two-phase multiplier,
/2

l , depends on the hydraulic diameter, such that the overall effect
of decreasing diameter is somewhat different than decreasing the
heat flux or increasing subcooling. Moreover, the effect of channel
length is depicted in Fig. 17, which shows the system is more sus-
ceptible to the Ledinegg instability with the increased channel
length. These trends are similar to the effect of heat flux since
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the overall heat transfer rate is a product of heat flux, channel
length, and channel perimeter (p), q ¼ q00 � L � p.
5.2. Inlet restriction effect

An inlet restrictor can be characterized by the following pres-
sure drop model:

DPr ¼ Kr
_m2

qinA2
r

¼ Kr
G2

r

qin
ð19Þ

where qin is the inlet density, _m is the mass flow across the restric-
tor, and Kr is the discharge coefficient. The cross-sectional area of
the inlet restrictor can be expressed as Ar = b�A, where A is the over-
all cross-sectional area of the channel and b 2 [0, 1]. It follows that
the restrictor mass flux is Gr = G/b, where the channel mass flux is G.
Usually, the inlet restrictor pressure drop is several times the chan-
nel pressure drop, and can also be expressed as DPr ¼ c � DPc , where
DPc is the pressure drop from Eq. (13) between inlet pressure and
exit pressure. Fig. 18 depicts the pressure drop of a channel with
c = 8 in comparison to a channel without an inlet restrictor. It is evi-
dent that the pressure drop–mass flux characteristic curves in-
creases the flow stability by moving the mass flux at OFI and
reducing the pressure drop–mass flux slope at mass fluxes lower
than OFI compared to a channel with no inlet restrictor. This, of
course, comes at the expense of higher pressure drops of the chan-
nel with inlet restrictors.
6. Conclusions

An experimental, numerical, and analytical study has been con-
ducted to examine the Ledinegg instability in microchannels. The
effects of system pressure, type of fluid, number of parallel chan-
nels, heat flux, inlet subcooling, and channel hydraulic diameter
on flow instabilities were studied. The main conclusions are:

(1) System pressure is an important parameter controlling static
flow instability: higher pressures will improve a flow boiling
system’s stability. This has important implications when
using flow boiling of water for electronics cooling. Since a
low saturation temperature is desired to enable boiling of
water at low surface temperatures, water can only be con-
sidered for electronics cooling if operated at low pressures.
The low reduced pressure required for these types of appli-
cations suggests that flow boiling instabilities will be a
major problem if water is used.
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(2) For cooling electronic equipment, the use of a coolant with a
high reduced pressure (e.g., HFE-7100) can help alleviate
static flow instabilities.

(3) Reducing the number of parallel channels improves the sta-
tic stability of the flow.

(4) At low sub-atmospheric pressures, pressure drop in many
applications can be a large fraction of the system pressure.
Thus, for flow boiling, this can translate to a large variation
in saturation temperature along the channel. For operating
conditions that are pertinent to many low temperature
applications, such as the ones investigated in this study,
ignoring such a variation while using the Lockhart–Martinel-
li model will lead to large deviations from experimental
results.

(5) The effects of heat flux, inlet temperature subcooling, and
channel hydraulic diameter on the stability of the flow gen-
erally depend on the mass quality. For low mass qualities,
near the onset of flow instability, reduced inlet subcooling,
increased heat flux and reduced channel diameter tend to
destabilize the flow. The opposite occurs at high mass
qualities.

The Ledinegg instability is known as a static two-phase flow insta-
bility. It is usually coupled with other dynamic flow instabilities
(e.g., the pressure-drop and density-wave instabilities). As men-
tioned in the above microchannel experimental observations, the
pressure drop fluctuates greatly in the two-phase region, which
is assumed to be the result of dynamic instabilities. In microchan-
nels, the length/diameter ratio is usually much larger than that in
conventional-scale channels, so the inherent compressibility in
microchannel heat sinks is relatively greater; thus, self-sustained
pressure-drop oscillations may be easily excited and observed.
Quantitative modeling, analysis, and suppression of dynamic flow
instabilities in microchannels are our next research endeavor.
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Appendix A

Consider the one-dimentional homogeneous momentum bal-
ance of a microchannel heat exchanger

@ _m
@t
þ @ðPAÞ

@z
þ 1

A
@

@z
_m2

q

� �
þ Fvisc ¼ 0 ð20Þ

where the mass flow rate _m ¼ GA, G is the mass flux and A is the
cross-sectional flow area. By dividing A on both sides of (21), one
may get

@G
@t
¼ � @P

@z
� @

@z
G2

q

 !
� Fvisc ð21Þ

If the heat exchanger is assumed to be lumped along the flow path
from 0 to L, then

dG
dt
¼ Pin � Pout

L
þ 1

L
G2

qin
� G2

qout

 !
� DPf

L
¼ DPS � DPD

L
ð22Þ
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where DPS = Pin � Pout is the external supply pressure drop, and the
internal demand pressure drop DPD includes both the accelerational
and frictional pressure drops,

DPD ¼ DPa þ DPf ; DPa ¼
G2

qout
� G2

qin
; DPf ¼

Z L

0
Fvisc dz: ð23Þ

For boiling flow, qout < qin, so an accelerational pressure drop,
DPa > 0, does exist; alternatively for the condensing flow, DPa < 0.
For single-phase liquid flow, the fluid density changes only slightly,
qout 	 qin, and, thus, the acceleration pressure drop is negligible.

Suppose that the lumped flow system (19) is maintained at an
equilibrium mass flux G*, then the linearized system with a small
mass flux perturbation, dG, reads

L
dðdGÞ

dt
¼ @ðDPSÞ

@G
� @ðDPDÞ

@G

� �
� dG ð24Þ

Henec, it can be concluded that the flow system is unstable if
@ðDPSÞ
@G P @ðDPDÞ

@G . A similar approach using the spatial momentum bal-
ance will result in the same conclusions.

For a microchannel heat exchanger, one-dimentional mass and
energy balances can be used to characterize the fluid mass and
heat transport,

@ðqAÞ
@t

þ @
_m

@z
¼ 0 ð25Þ

@ðqAuÞ
@t

þ @ð
_mhÞ
@z

¼ q
L

ð26Þ

where u is the specific internal energy, h the specific enthalpy, and q
the heat input. In steady state, the mass flow rate is kept constant
along the channel, then the energy balance equation (26) becomes

@h
@z
¼ q

_mL
¼ q00 � S

G � A � L ð27Þ

where S and A are the surface and cross-sectional areas, respec-
tively. Eq. (27) means that for constant heat flux q00, the local enthal-
py change linearly with the channel flow path.
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