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a b s t r a c t

The effects of pressure on flow boiling instabilities in microchannels were experimentally studied. Exper-
iments were conducted using water in 223 lm hydraulic diameter microchannels with mass fluxes rang-
ing from 86 to 520 kg/m2 s and pressures ranging from 50 to 205 kPa. Onset of flow oscillation, critical
heat flux (CHF) conditions, local transient temperature measurements along with flow boiling visualiza-
tion were obtained and studied. System pressure was found to significantly affect flow instabilities. For
high pressure, it was observed that boiling instabilities were significantly delayed and CHF was extended
to high mass qualities. Local temperature measurements also revealed lower magnitudes and higher fre-
quencies of oscillations at high system pressures.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Flow boiling in microchannel heat sinks has received consider-
able attention in the last several years [1–5]. One of the major is-
sues hindering the practical realization of this cooling method is
flow instabilities and oscillations. Flow oscillations can temporally
affect flow rate, pressure drop and surface temperature, trigger
premature critical heat flux (CHF) condition, and cause structural
failure [6–16]. Developing knowledge about these deleterious phe-
nomena at the micro-scale and the conditions leading to their
appearance is an important fundamental task.

From the various instabilities encountered during flow boiling,
several modes appear to be important in microchannels: excursive
(and parallel channel) instability, compressible volume/pressure drop
instability, rapid bubble growth, and CHF conditions. As discussed by
Boure et al. [6], the occurrences of excursive and compressible vol-
ume instabilities are characteristic of the negative slope of the chan-
nel demand pressure drop–mass flux (Dp–G) curve for constant
heat flux (Fig. 1). If the absolute pressure drop–mass flux curve
slope of the pump (e.g., curve A in Fig. 1) is lower than the corre-
sponding channel demanded Dp–G curve (segment f–d in Fig. 1),
operating the system between points d and f will trigger excursive
and compressible volume instabilities, resulting in transition to CHF
condition. To mitigate the excursive instability, several steps can
be taken: installing inlet restrictors that modify the channel pres-
sure drop–mass flux curve to a positive slope for mass flux smaller
than point d in Fig. 1; using a pump with a stiff supply curve (e.g.,
curve B in Fig. 1); and reducing the negative slope of segment d–f.
ll rights reserved.

: +1 518 276 2623.
The rapid bubble growth instability is unique to micro-domains.
It refers to the process that starts when a spherical bubble grows
until it attains a size comparable to the channel hydraulic diame-
ter. The bubble then grows explosively in the longitudinal direc-
tion, downstream as well as upstream, causing flow reversal. This
flow oscillation is a result of two effects: the high liquid super-
heated temperature required initiating bubble nucleation, and
the elevated pressures generated during the rapid growth of the
bubble. The large disturbance caused by this bubble growth can
also prematurely trigger excursive instability by temporally reduc-
ing the mass flux to a value below the corresponding onset of flow
instability (OFI) (from c to c0 in Fig. 1).

In an effort to suppress boiling instabilities, several studies sug-
gested to place inlet restrictors at the channels inlet [17–19]. This,
however, comes with the penalty of increased pressure drop. Arti-
ficial boiling-enhanced cavities on the surface, which promote
nucleation of bubbles during boiling [20–22], have been shown
to moderate instabilities [23,24]. The system pressure, which has
been shown to be an important parameter controlling flow oscilla-
tion in conventional scale [6], has not been extensively studied at
the micro-scale. In this study, flow boiling experiments were con-
duct at different exit pressures to study pressure effect on flow
boiling instabilities in microchannels.

2. Device overview

The microchannel device consists of five parallel, 10,000 lm
long, 200 lm wide, and 250 lm deep microchannels spaced
200 lm apart. The microchannel sidewall encompasses an array
of 100 reentrant cavities spaced 100 lm apart (Fig. 2). An acute an-
gle connects the 7.5 lm mouth to each of the 50 lm inside diam-
eter reentrant body. In order to minimize ambient heat loss, an air
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Nomenclature

Ap platform area (heating surface area above the heater)
(m2)

As channel cross-section area (m2)
As,tot total channel cross-section area (m2)
cp specific heat (J/kg K)
D active nucleation site diameter (m)
Dd Bubble departure diameter (m)
G mass flux (kg/m2 s)
hlv latent heat of vaporization (J/kg)
hsp single-phase heat transfer coefficient (W/m2 �C)
I electrical current (Å)
kl thermal conductivity of the liquid (water) (W/m �C)
ks thermal conductivity of the substrate (silicon) (W/m �C)
L distance from the inlet of the microchannel (m)
L0 channel length (m)
P pressure (kPa)
P electrical power (W)
q00 heat flux (W/cm2)
q00eff effective heat flux (W/cm2)
_Q loss heat loss (W)
R electrical resistance (X)
T thickness of the silicon substrate (m)
T temperature (�C)
T1, T2, T3 local surface temperatures (�C)
Theater average heater temperature (�C)
Ts substrate temperature (�C)
Tsat saturation temperature (�C)

Tthermistor thermistor temperature (�C)
Tw channel wall temperature (�C)
DTin,sub liquid inlet subcooled temperature (�C)
DTsub bulk liquid subcooled temperature (�C)
DTw wall superheat (�C)
V electrical voltage (V)
x mass quality

Greek letters
dt thermal boundary layer thickness (m)
/ contact angle (�)
q density (m3/s)
r surface tension (N/m)

Subscripts
eff effective
e exit
f fluid
l liquid
max maximum
min minimum
sat saturation
sp single-phase
sub subcooled
v vapor
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gap is formed on the two ends of the side walls, and an inlet and an
exit manifolds are etched on the thin silicon substrate (�200 lm).
A pyrex cover seals the device from the top and allows flow visu-
alization. Fig. 3a depicts a schematic model of the backside of the
device. Three thermistors, 10 lm wide and 300 lm long (Fig. 3b),
are located 3400 lm, 6700 lm, and 10,000 lm downstream the
channel inlet together with electrical connecting vias. On top of
the thermistors, a 1 lm silicon oxide layer is deposited for electri-
cal insulation. A heater is then formed on top of the oxide layer to
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Fig. 1. Mass flux dependence of pressure drop for microchannel and external pump.
deliver the heating power and also serves as an additional therm-
istor to measure the average temperature of the entire microchan-
nel area.

3. Device fabrication, experimental apparatus, and procedures

3.1. Microchannel fabrication method

The micro-electro-mechanical system (MEMS) device was
micromachined on a polished double-sided n-type h100i single
crystal silicon wafer employing techniques adapted from inte-
grated circuit (IC) manufacturing. A 1 lm thick high-quality oxide
film was deposited on both sides of the silicon wafer to shield the
bare wafer surface during processing and to serve as an electrical
insulator. A layer of 150 Å thick titanium was deposited by a CVC
601 sputter deposition system and patterned on the backside of
the wafer to form the thermistors. Vias of 0.2 lm aluminum con-
taining 1% silicon and 4% copper was subsequently formed in order
to create electrical connections to the thermistors. Following, a
1 lm thick plasma enhanced chemical vapor deposition (PECVD)
oxide was deposited to insulate the thermistors and the vias from
the lower layer. The heater was then formed on top of the oxide
layer by CVC sputtering deposition. A 70 Å thick layer of titanium
was initially deposited to enhance adhesion characteristics and
was followed by sputtering a 1 lm thick layer of Al–1%Si–4%Cu.
Subsequent photolithography and concomitant wet bench process-
ing created the heater on the backside of the wafer. Another 1 lm
thick PECVD oxide was deposited to protect the back side features
during further processing.

Next, the microchannels were formed on the top side of the wa-
fer. The wafer was taken through a photolithography step and a
reactive ion etching (RIE) oxide removal process to mask certain
areas on the wafer, which were not to be etched during the deep
reactive ion etching (DRIE) process. The wafer was consequently



Fig. 2. (a) A SEM image, (b) a CAD model of the microchannel and the reentrant cavities.
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etched in the DRIE process, and silicon was removed from places
not protected by the photoresist/oxide mask with a characteristic
sidewall roughness �0.3 lm. A profilometer and a scanning elec-
tron microscope (SEM) were employed to measure and record var-
ious dimensions of the device.

The wafer was flipped, and the backside was then processed to
create an inlet, outlet, side air gap, and pressure port taps for the
transducers. Photolithography steps followed by a buffered oxide
etch (BOE) (6:1) oxide removal process was carried out to create
a pattern mask. The wafer was then etched-through in a DRIE pro-
cess to create the fluidic ports. Thereafter, electrical contacts/pads
were opened on the backside of the wafer by performing another
round of photolithography and RIE processing. Finally, the pro-
cessed wafer was stripped of any remaining resist or oxide layers
and anodically bonded to a 1 mm thick polished Pyrex (glass) wa-
fer to form a sealed device. After successful completion of the
bonding process, the processed stack was die-sawed to separate
the devices from the parent wafer.

3.2. Experimental test rig

The setup, shown in Fig. 4, consists of three primary subsystems:
the flow loop section, instrumentation, and a data acquisition sys-
tem. The test section houses the MEMS microchannel devices and
its fluidic and thermal packaging module. The microchannel device
is mounted on the fluidic packaging module through miniature ‘‘o-
rings” to ensure a complete leak-free system. The fluidic packaging
delivers the working fluid and access to the pressure transducers.
The external electrical connections to the thermistors and the hea-
ter were achieved from beneath through spring-loaded probe pins,
which connected the thermistors and the heater to electrical pads
residing away from the main microchannel body.

The main flow loop includes the microchannel device, a pulse-
less gear pump, a reservoir, which consists of a deaerator unit and
a heating element to control the inlet temperature, a flow meter,
and a dissolved oxygen meter. The test section heater is connected
to a power supply with an adjustable DC current to provide power
to the device. The thermistors output signals are recorded by the
National Instrument data acquisition system. Simultaneously, the
inlet pressure and test section pressure drop are collected, and
the boiling process in the microchannels is recorded by a Phantom
V4.2 high-speed camera (maximum frame rate of 90,000 frames/s,
and 2 ls exposure time) mounted over a Leica DMLM microscope.
Calibration of the heater and the thermistors is performed prior
to the experiment by placing the device in an oven and establishing
the resistance–temperature curve for each individual sensor.



Fig. 3. CAD models of (a) the heater and the thermistors on the back side of the micro-device, (b) a single thermistor.

Fig. 4. Experiment setup.

274 C.-J. Kuo, Y. Peles / International Journal of Heat and Mass Transfer 52 (2009) 271–280
3.3. Experimental procedures and data reduction

The deionized water was first degassed until the oxide concen-
tration level dropped below 3 ppm. Then, the system pressure was
set up to a desired value. The water flow rate was fixed, and exper-
iments were conducted after steady conditions were reached with
exit pressure and ambient room temperature (�22 �C). The electri-
cal resistances of the thermistors were also measured at room tem-
perature. During the experiment, voltage was applied in 0.5 V
increments to the test section heater, and the resistance data for



Fig. 5. Substrate temperature as a function of effective heat flux for (a) p = 50 kPa,
(b) p = 101 kPa, and (c) p = 205 kPa.
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the heater and the thermistors were recorded once steady state
was reached. The procedure was repeated for different flow rates.

To estimate heat losses, electrical power was applied to the test
section after evacuating the water from the test loop. Once the
temperature of the test section became steady, the temperature
difference between the ambient and test section was recorded
with the corresponding power. The plot of power versus tempera-
ture difference was used to calculate the heat loss ð _Q lossÞ associated
with each experimental data point.

Data obtained from the voltage, current, and pressure measure-
ments were used to calculate the surface temperatures, heat flux,
and CHF conditions. The electrical input power, P, and heater resis-
tance, R, respectively, were determined by the measured voltage, V,
and current, I, with:

P ¼ V � I ð1Þ

and

R ¼ V=I ð2Þ

The electrical resistance–temperature calibration curve of the hea-
ter and the thermistors were used for determining the average hea-
ter temperature, Theater, and the thermistor temperature for each
local position, Tthermistor. The substrate temperature, Ts, and the local
surface temperatures (T1, T2, T3) at the base of the microchannels
were then calculated as:

Ts ¼ Theater �
ðP � _Q lossÞt

ksAp
ð3Þ

T1; T2; T3 ¼ Tthermistor �
ðP � _Q lossÞt

ksAp
ð4Þ

where t, ks, and Ap, are the substrate thickness, thermal conductivity
of silicon, and the platform area, respectively. The effective heat
flux, q00eff , was defined as:

q00eff ¼
P � _Q loss

Ap
ð5Þ

The local mass quality at a distance L from the inlet was obtained
by:

x ¼ ðP �
_Q lossÞðL=L0Þ � GAs;totcpDT in;sub

GAs;tothlv
ð6Þ

where L0, G, DTin,sub, and As,tot are the total channel length, mass
flux, liquid inlet subcooled temperature, and the total channel
cross-section area (As,tot = 5As for the current device), respectively.

The uncertainties of the measured values are obtained from the
manufacturers’ specification sheets, while the uncertainties of the
derived parameters are calculated using the method developed by
Kline and McClintock [25]. Uncertainty in the mass flux (G), heat
flux (q00), temperature (T), and mass quality (x) are estimated to
be ±2%, ±1%, ±1%, and ±3%, respectively.

4. Results and discussion

4.1. Boiling trend and the effect of system pressure

Fig. 5 shows the substrate temperature, Ts, as a function of the
effective heat flux for exit pressures 50 kPa, 101 kPa, and 205 kPa
and mass flux ranging from 86 kg/m2 s to 520 kg/m2 s. For all pres-
sures, single-phase liquid flow existed at low heat fluxes followed
by onset of nucleate boiling (ONB), and at a certain threshold heat
flux, the CHF condition was triggered in which a small increase of
heat flux resulted in an abrupt rise of the substrate temperature.
ONB was evident by a radical change in the q00eff —Ts slope. Flow visu-
alization of vapor bubble forming on the channel wall confirmed
that the ONB corresponded to this slope change. For pe = 50 kPa,
the boiling initiated with rapid bubble formation, resulting in rigor-
ous flow oscillation, which lead to CHF condition immediately after
ONB. This premature CHF is evident from the sharp increase of the
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substrate temperature (Fig. 5a). On the other hand, for pe = 101 kPa
and 205 kPa, a stable boiling region was established after ONB, and
Fig. 6. Exit qualities at (a) ONB, (b) OFO, and (c) CHF for different mass fluxes at
different system pressures.
was maintained until the heat flux reached a condition where boil-
ing instability commenced with considerable temperature fluctua-
tions. The onset of flow oscillation (OFO) was marked and defined
as the conditions corresponding to a substrate temperature fluctu-
ation greater than 5% of Tsat (in �C). As the heat flux further in-
creased, so did the magnitude of the flow oscillation.

Flow boiling in channels is strongly affected by the mass flux
(G), the mass quality (x), the channel exit pressure (pe), the channel
hydraulic diameter (dh), the channel length (L0), the number of
(parallel) channels (N), and the fluid properties [26]. Therefore, on-
set of boiling instability of water in a given heat sink (i.e., fixed dh,
L0, and N), can be expressed as:

q00OFO ¼ f ðG; xe;peÞ ð7Þ

where xe is the exit mass quality.
Comparisons of the exit qualities at ONB, OFO, and CHF as a

function of mass flux are depicted in Fig. 6. The corresponding exit
qualities at OFO and CHF for pe = 205 kPa are significantly higher
than for pe = 50 and 101 kPa. The exit qualities at ONB for pe = 50 k-
Pa are much higher than for the higher pressures and rigorous flow
oscillation was initiate immediately after boiling inception.
Although the exit qualities at OFO for pe = 50 and 101 kPa are fairly
similar, the magnitude of oscillation for pe = 50 kPa following OFO
was much larger than for pe = 101 kPa. This significant larger mag-
nitude of oscillation for pe = 50 kPa resulted in very early transition
to CHF (Fig. 6c). The reduced flow oscillations and the correspond-
ing increase in CHF is very distinct for pe = 205 kPa. There are sev-
eral possible causes for this strong pressure effect. The system
pressure can modify several important independent variables per-
tinent to flow boiling: the vapor density (qv), the surface tension
(r), and the latent heat of vaporization (hlv). For the pressure range
of the current study, the surface tension and the latent heat of
vaporization vary moderately (5–10%) with the saturation pressure
(or temperature), but the vapor density varies by a factor of four.
Therefore, the effects of r and hlv seem to be secondary in deter-
mining the dominant parameters controlling boiling instability.
Eq. (7) can thus, be rewritten as:

q00OFO ¼ f ðG; xe;qvÞ ð8Þ

For higher system pressures at a given mass quality, the dimin-
ishing liquid-to-vapor density ratio reduces the void fraction in the
channel. Since density wave oscillations are closely related to the
Fig. 7. Active mouth diameter as a function of wall superheat for different exit
pressures based on Hsu’s criteria [27].



Fig. 8. Bubble departure diameter, Dd, as a function of local mass quality, x, for
different pressure and mass flux.
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void fraction response to disturbances, reduction of the void frac-
tion stabilizes the flow. The decrease of void fraction reduces the
Fig. 9. Transient temperature at different locations in the microchannel for (a) p = 1
two-phase flow friction and momentum pressure drop in the chan-
nel and extends the metastable boiling region (segment b–d in
Fig. 1) to higher mass quality [6], which in turn delays the excursive
instability. Reducing the void fraction in the channel also moder-
ates the two-phase flow pressure drop - mass flux slope of the neg-
ative slope segment (modifying segment d–e to segment d–e0 in
Fig. 1) and alleviates the tendency of excursive/compressible volume
instability to be triggered.

Another instability that can be moderated at high system pres-
sure is the rapid bubble growth. If the liquid superheat temperature
is reduced, so does the violent explosive characteristic during the
rapid bubble growth. This in turn prevents premature transition
from the stable region (segment b–d in Fig. 1) to the unstable region
of the pressure drop–mass flux curve (segment d–f in Fig. 1). The ef-
fect of pressure on the superheat temperature required for the on-
set of boiling can be evaluated using Hsu’s model [27]:

fDc;max;Dc;ming ¼
dtC2

2C1

DTw

DTw þ DTsub

� 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 8C1rTsatðDTw þ DTsubÞ

qvhlvdtðDTwÞ2

s" #
ð9Þ

where Dc,max and Dc,min are the maximum and minimum diameters
of active nucleation sites, respectively. C1 and C2 are constants de-
01 kPa, G = 303 kg/m2 s, xe = 0.02 and (b) p = 205 kPa, G = 303 kg/m2 s, xe = 0.08.
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fined as: C1 = 1 + cos/, C2 = sin/. The wall superheat and bulk liquid
subcooled temperature are DTw = Tw � Tsat and DTsub = Tsat � Tf,
respectively. Assuming linear temperature profile in the liquid
boundary layer [28]:

dt ¼
kl

hsp
ð10Þ

For Nu = 5.5 (thermal and hydraulic fully developed flow),
dt � 40 lm. Fig. 7 shows the size of active nucleation sites as a func-
tion of wall superheat for different exit pressures with contact angle
/ = 57� and DTsub = 0 �C. The artificial reentrant cavity mouth diam-
eter (7.5 lm) is also shown in the figure. The wall superheat re-
quired activating nucleation sites decreases with increasing exit
pressure, and a wider range of nucleation site is activated. As dis-
cussed earlier and in Kuo and Peles [24], it follows that the rapid
bubble growth, and consequently the premature transition to
excursive instability, is suppressed with increasing pressure.

The effect of the violent growth of a vapor bubble on the global
flow field in a channel is also related to the bubble departure diam-
eter (Dd). Smaller bubbles tend to result in lower magnitude of flow
oscillations, and their effect on the main flow is less significant.
Bubble departure diameter was obtained from the high speed
images captured during the visualization study. Fig. 8 shows the
bubble departure diameter as a function of local mass quality (x)
for different system pressures for G = 230 kg/m2 s and G = 303 kg/
Fig. 10. (a) Magnitude of flow oscillation as a function of local mass qualit
m2 s. The results of the present study concur with conventional
scale results, which suggest that the bubble departure diameter
diminishes with increasing pressure [29–39]. The diminishing bub-
ble departure diameter can be a result of the reduced wall super-
heat required for bubble nucleation, as discuss above, or a result
of increasing vapor density. The results shown in Fig. 8 provide
some quantitative visualization evidence that the bubble growth
process affects the global flow (and pressure) field more signifi-
cantly at lower pressures. It also supports the argument discussed
earlier that at low pressures the rapid bubble growth instability ele-
vates and its high magnitude of oscillation causes premature tran-
sition to the negative slope segment of the pressure–mass flow rate
curve (excursive instability). Without inlet restrictors [17], a transi-
tion to the unstable region (segment d–f in Fig. 1) results in rapid
and possibly immediate transition to premature CHF condition
upon boiling inception. For higher pressures (pe = 205 kPa), the
low superheat temperature during the phase change process mod-
erates the rapid bubble growth and eliminates early boiling instabil-
ity. It also forms a gradual and well-distributed boiling process,
which reduces the flow oscillation and enhances the CHF.

4.2. Transient thermal–hydraulic characteristic

Fig. 9 shows the local transient temperature at different loca-
tions in the microchannel for pe = 101 kPa, G = 303 kg/m2 s,
y. (b) Frequency of flow oscillation as a function of exit mass quality.
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xe = 0.02 (Fig. 9a) and pe = 205 kPa, G = 303 kg/m2 s, xe = 0.08
(Fig. 9b). As discussed by Kuo and Peles [24], for unstable boiling
in microchannels at atmospheric pressure, the characteristic ther-
mal–hydraulic cycle can be divided into three distinct stages: bub-
ble nucleation (stage A), vapor filling/dryout (stage B), and post
dryout/upstream flooding (stage C). Local transient temperature
measurements showed a similar cycle for pe = 205 kPa (Fig. 9b).
However, a relatively stable upstream temperature (T1 and T2)
was observed, which is believed to be caused by the suppression
of the rapid bubble growth and the more consistent bubble genera-
tion at pe = 205 kPa. As a result, the tendency of the flow to propa-
gate upstream is alleviated and stable thermal–hydraulic
conditions are more likely to exist.

To further evaluate the nature of flow boiling instabilities for
pe = 101 and 205 kPa, the magnitudes and frequencies of T2 oscilla-
tions are shown in Fig. 10 as a function of mass quality for different
mass fluxes. Much smaller oscillation magnitudes were observed
for pe = 205 kPa than for pe = 101 kPa. For the same hydraulic con-
dition, the magnitude of oscillation increases with mass quality, as
a direct result of the increased void fraction. Frequencies from 0.4
to 1 Hz for pe = 205 kPa and 0.1–0.4 Hz for pe = 101 kPa were ob-
served – at the macro-scale, typical frequency of pressure drop
instability is �0.1 Hz and of density wave instability is �1 Hz. As
the mass quality/heat flux increases in the microchannel, a longer
time period is needed to dissipate the heat during the transient cy-
cle, which results in reduced frequency of oscillation. This is espe-
cially significant for pe = 205 kPa. Pressure drop oscillation is a
compound phenomenon of static instability (flow excursion) and
dynamic instability (density wave) [6]. For conventional scale sys-
tem, pressure drop/compressible volume instability often encounters
or combines with density wave instability. While pressure drop
instability frequently results in large oscillation magnitudes of flow
rate, pressure drop, and wall temperature, Saha et al. [40] argued
that density wave instability does not trigger appreciable magnitude
of wall temperature oscillation in the two-phase region. The small
magnitudes and higher frequencies of oscillation for pe = 205 kPa
suggest that boiling instability mechanism for the higher pressure
is density wave instability rather than pressure drop instability. Addi-
tionally, it is suggested by Stenning et al. [41] that for low mass
flow rates, density wave instability (high frequency), and not pres-
sure drop instability (low frequency), prevails. This is also observed
in the current microchannels as higher frequency was more nota-
ble at low mass fluxes for both system pressures (Fig. 10b).

5. Conclusion

The current paper reports on pressure effect on flow boiling
instabilities in microchannels. Various boiling instability modes
previously identified in macro- and microchannels (i.e., excursive,
compressible volume, rapid bubble growth, and density wave instabil-
ities) were examined. OFO, CHF condition, bubble departure diam-
eter, and local temperature measurements at different pressures
were acquired and compared. The main conclusions drawn from
the study are:

1. The increase of system pressure at a given mass quality reduces
the void fraction and the momentum pressure drop across the
channel. This in turn, contains and delays the excursive/com-
pressible volume instability.

2. For high pressure, the low superheat needed to activate bubble
nucleation during flow boiling inhibits rapid bubble growth
instability and prevents hasty transition to CHF condition.

3. Flow visualization revealed smaller bubble departure diameters
at high system pressure. The reduction of bubble departure
diameter is an indicative of reduced rapid bubble growth
oscillation.
4. Local transient temperature measurements showed lower mag-
nitudes and higher frequencies of oscillations at high system
pressure. The higher frequencies may be linked to density wave
instability and can result in low temperature oscillation
magnitude.
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