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Abstract

The steady increase in internal heat production of cost and high performance electronic components has
lead researchers to seek improved ways to remove the heat generated. Single-phase liquid flow has been
considered as a potential solution for solving this cooling problem. However, when considering that any
solution needs to be of low cost and low mass fluxes and yet retain low temperature gradients across the
electronic components, it seems that two-phase boiling flow is preferred. Surfactant solutions have been
introduced in connection with enhancement of the boiling processes. We investigated the effects of surfac-
tant solution flows through a micro-channel heat sink. The experimental setup included a high-speed IR
radiometer and a CCD camera that were used to characterize the test module. The module consisted of inlet
and outlet manifolds that distributed surfactant solutions through an array of 26 parallel micro-channels.
The experimental results have shown that there exists an optimal solution concentration and mass flux for
enhancing heat removal. Surfactant solution boiling flows were also found to stabilize the maximum and
average surface temperatures for a wide range of applied heat fluxes. In addition, the use of surfactant solu-
tions at low mass fluxes has led to CHF enhancement when compared to regular water flows. In the last
part of this work, possible explanations for the observed non-ionic surfactant effects are presented.
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1. Introduction

Micro-channel heat exchangers are devices, which enable liquid flow through parallel channels
having a hydraulic diameter of 10–1000 lm. These devices are ideally suited for high heat flux dis-
sipation from small surface areas in a broad range of high performance electronics, power devices,
electric vehicles and advanced military avionics. Air is the most affordable working fluid, and re-
mains the most widely used coolant for most applications. However, the poor thermal transport
properties of air greatly limits its cooling potential to relatively low heat flux devices. Better results
are possible with fluorochemical liquids, while the most demanding cooling situations are typically
managed with water. Superior performances require a change-of-phase (boiling) of the liquid
coolant.

Numerous correlations have been proposed in the literature for heat transfer, based on exper-
imental investigations on liquid and gas flow in micro-channels. Sobhan and Garimella (2001)
presented a comprehensive review of these investigations in the past decade.

Experimental studies have shown a departure from the conventional theory for heat transfer.
Choi et al. (1991) found that the measured Nusselt number in laminar flows exhibits a Reynolds
number dependence, in contrast to the conventional prediction for fully developed laminar flows,
in which the Nusselt number is constant. The heat transfer at forced convection in channels with a
cross-section of 0.6 · 0.7 mm was experimentally investigated by Peng and Wang (1993). They
showed that the dependence of the Nusselt number on the Reynolds number exhibited an unusual
tendency. Weisberg et al. (1992) and Bowers and Mudawar (1994), also noted that the behavior of
fluid flow and heat transfer in micro-channels without phase change is substantially different from
that which typically occurs in conventionally sized channels. Wang and Peng (1994) reported sin-
gle-phase heat transfer coefficients in six rectangular channels having 0.31 < dh < 0.75 mm for
water and methanol. The Nusselt numbers were only 35% of those predicted by the Dittus–Boe-
tler equation. However, Webb and Zhang (1998) found that their experimental results were ade-
quately predicted by the commonly accepted correlations for single-phase flow in multiple tubes
having hydraulic diameters between 0.96 and 2.1 mm. Wu and Little (1984) measured the flow
and heat transfer characteristics for the flow of nitrogen gas in heat exchangers. The Nusselt num-
bers for laminar flow (Re < 600) were lower than those predicted by correlations. Peng and
Peterson (1995) showed a strong effect of geometric configuration (aspect ratio and the ratio of
the hydraulic diameter to the center-to-center distance of the micro-channels) on the heat transfer
and flow characteristics in single-phase laminar flow. Zhang et al. (2002a) showed that addition of
minute or high amounts of Triton X-100 surfactants to de-ionized water flowing through a 44 lm
hydraulic diameter channel did not increase the single-phase heat transfer coefficient compared to
regular de-ionized water.

Some authors provide experimental and numerical results for water flow in micro-channels in
agreement with predicted values for the friction factor and Nusselt number. The experimental and
numerical study of pressure drop and heat transfer in a single-phase micro-channel heat sink
carried out by Qu and Mudawar (2002a,b) demonstrated that the conventional Navier–Stokes
and energy equations can adequately predict the fluid flow and heat transfer characteristics of
micro-channel heat sinks.

New questions have arisen in microscale flow and heat transfer. These problems have been con-
sidered in several review papers by Gad-el-Hak (1999), Mehendale et al. (1999) and Palm (2001).
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The review by Gad-el-Hak (1999) focused on the physics related to the breakdown of the N–S
equations. Mehendale et al. (1999) thought that since the heat transfer coefficients were based
on the inlet and/or outlet fluid temperatures, not the bulk temperatures in almost all studies, com-
parison of conventional correlations is problematic. Palm (2001) also suggested several possible
explanations for the variations of microscale single-phase heat transfer from the conventional
theory, including surface roughness effects and entrance effects.

One drawbackof a single-phasemicro-channel heat exchanger is a relatively high temperature rise
along the micro-channels compared to that for traditional heat sinks. Furthermore, the fluid flow
rate might not be evenly distributed between the parallel micro-channels (Hetsroni et al., 2001a);
therefore large spanwise gradients may occur as well. The gradients mentioned produce thermal
stresses in elements and packages due to the differences in the coefficient of thermal expansion, thus
undermining the devices� reliability. The same gradient undermines electrical reliability as well be-
cause of the dependence of an electronic component�s mean time between failure (MTBF) on a com-
ponent�s temperature. These are two of the key reasons for seeking a nearly isothermal heat sink.

A two-phase micro-channel heat exchanger, which may achieve a uniform temperature profile
of the heated surface, is an alternative method for decreasing temperature variations. Various as-
pects of change-of-phase heat transfer in micro-channels have been investigated recently by Peng
and Wang (1998), Peng et al. (1998), Hetsroni et al. (2002a), Zhang et al. (2002a,b), Kandlikar
(2002), Warrier et al. (2002), Qu and Mudawar (2003).

Hetsroni et al. (2002a) conducted experiments on flow boiling of a dielectric fluid Vertrel XF in
a micro-channel heat exchanger. The heat exchanger had 21 parallel micro-channels with a base of
250 lm. The cooling fluid made it possible to maintain the temperature on the heated surface in
the range 323–333 K with a heat flux up to 36 W/cm2. The heat transfer coefficient was shown to
increase with increasing thermodynamic equilibrium quality. Warrier et al. (2002) and Qu and
Mudawar (2003) also observed an increase in the heat transfer coefficient with increasing thermo-
dynamic equilibrium quality. Warrier et al. (2002) studied both single- phase forced convection,
subcooled and saturated boiling in rectangular channels of a hydraulic diameter of 750 lm using
FC-84 as the test fluid. In the range of vapor quality from 0.03 to 0.55, new correlations were pro-
posed. Qu and Mudawar (2003) carried out experiments in a two-phase micro-channel heat sink
containing 21 parallel channels having a 231 · 173 lm cross-section. The results revealed that the
dominant heat transfer mechanism is forced convective boiling corresponding to annular flow. On
the basis of a critical literature review and the work conducted by Kandlikar (2002), the following
conclusions can be drawn: the heat transfer rate in multi-channel heat exchangers is different from
that in single-channel heat exchangers. The effect of the inlet and outlet conditions, that is, mani-
folds material and their connection to parallel micro-channels was not studied.

It was shown by Hetsroni et al. (2001b, 2002b) that addition of minute amounts of surfactant
additives to water significantly decreased the bubble size during pool boiling experiments. Under
these conditions, the heat transfer coefficient increased in saturated boiling of surfactants com-
pared to that in pure water. The surface tension force is important and might affect flow patterns
and heat transfer in micro-channel heat exchangers. One study performed by Zhang et al. (2002a)
revealed this phenomenon, yet their results did not show any potential improvement in heat trans-
fer using Triton X-100 surfactant solutions. However, the intentional increase in surface cavities
in a 72.5 lm hydraulic diameter micro-channel did improve the boiling heat transfer coefficient,
which kept surface temperature stable under a wide range of applied heat fluxes.
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In the present study, the working fluids were water and surfactant solutions that are safe in
terms of environmental impact. Specifically, flow boiling at low values of mass fluxes was studied
because it facilitated understanding of processes in micro-channel heat exchangers—utilizing
small size pumps with small liquid flow rates. This paper emphasizes a number of points that seem
to be of vital importance to the safety of industrial heat exchangers with small diameter channels
and compares the performance of micro-channel heat exchangers using water as the working fluid
to those using surfactant solutions. In addition, we aimed to determine the effect of dissolved gas
on nucleation characteristics. Parallel triangular channels with common inlet and outlet manifolds
were used. The experimental study is based on systematic observations and measurements by
infrared radiometry and high-speed video images.
2. Experimental setup

We studied the heat transfer characteristics of single- and two-phase flows in a micro-channel
heat sink (MCHS) for both water and surfactant solutions. The experimental facility was designed
and constructed as illustrated schematically in Fig. 1.

2.1. Fluid flow system

The flow system contained a few elements: an entrance tank with a tap-regulated exit. A mini
gear pump, producing flow rates up to 0.042 kg/s at a maximum pressure up to 145 kPa, at a con-
Fig. 1. Schematic side view of the experimental facility. 1—inlet tank, 2—mini-gear-pump, 3—rotameter, 4—test
module, 5—exit tank, 6—inlet thermocouple, 7—inlet pressure gauge, 8—outlet thermocouple, 9—outlet pressure
gauge, 10—high speed IR camera, 11—microscope, 12—high speed CCD camera, 13—external light source.
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stant flow rate. A tubing of a 4.0 mm inner diameter delivered the pumped fluid into the test
module and out to the exit tank. The experiments were performed in an open loop; therefore,
the outlet pressure was close to atmospheric.

2.2. Test module

The micro-channel heat sink included two main components—test module and power supply
unit. The test module consisted of inlet and outlet manifolds that were joined to the test
chip and distributed the flow into and out of 26 parallel micro-channels. The Stainless Steel
416 ‘‘L’’ shaped manifolds are shown in Fig. 2. The tested chip with the heater is shown
in Fig. 3. It was fabricated with a square shape 15 · 15 mm and 500 lm thick silicon h100i
wafer, which was later bonded to a 530 lm thick Pyrex cover. On one side of the silicon
wafer, 26 micro-channels were etched, with triangular shaped cross-sections, with a base
e = 210 lm and a base angle of 54.7�. To prevent random local surface oxidation, the micro-
channels were further treated to create a thin cover of silicon-oxide (a wetting surface). On the
other side of the silicon wafer, a 9 lm thick aluminum heater was deposited. To enable solder-
ing of connecting cables, a 1 lm copper layer was further deposited on the resistor pads. Given
the deposition production process of the heater layers, most of the heat produced within the
heater was transferred to the silicon chip with a very low thermal resistance and the rest to the
surrounding by radiation and natural convection. The deposited serpentine pattern design al-
lowed uniform heating over an area of 10 · 10 mm. The Pyrex cover was anodically bonded to
the silicon chip, in order to seal the channels and enable fluid flow. The cover was transparent
to 300–800 nm wavelengths and therefore enabled high-speed visualization of the two-phase flow
regimes. The test chip was connected to the inlet and outlet manifolds by means of a specially
mixed glue that was adjusted to the materials surface properties and expansion coefficients. In
order to apply desired heat fluxes, the heater was connected to the power supply unit. The electric
current and voltage were stabilized and measured with an accuracy of 0.01 A and 0.1 V,
respectively.
Fig. 2. Test module system.



Fig. 3. Test chip with heater. (a) Cross-section; (b) heater (all dimensions are in mm).
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2.3. Measurement systems

The temperature of the working fluid was measured at the entrance and exit of the test module
by 0.3 mm T-type thermocouples with an accuracy of 0.5 �C. The thermocouples were calibrated
at an increment of 0.1 �C using a standard calibration table. The inlet and the outlet of the test
section were connected to junctions made of glass. The tip of the thermocouple was placed on
the axis of the junction. The thermocouple was insulated from the walls of the junction and we
measured the temperature of the liquid or liquid–steam mixture. Pressures were measured, at
the inlet and the outlet of the micro-heat sink using pressure transducers. The transducer output
voltage was linearly calibrated to kPa units. The data were collected by a digital data collecting
system. The overall accuracy of the system was ±0.1% of the input signal for the pressure trans-
ducers and of ±1.2 �C for T-type thermocouples with 0.3 �C increments. A sensitive rotameter
with an accuracy of 2% was used to measure and control the fluid flow rate. The rotameter
was separately calibrated for each type of fluid that was pumped through the experimental system.
2.4. Infrared radiometer

To study the temperature field of the resistor that simulated the heat produced by the electronic
transistors, a high-speed focal plane array radiometer containing 75 kpixels was utilized. The mea-
surement resolution was of 0.03 �C with a standard measurement accuracy of ±2 �C for the range



D. Klein et al. / International Journal of Multiphase Flow 31 (2005) 393–415 399
of 0–100 �C and of ±2% above 100 �C. In an isolated laboratory environment using an appropri-
ate black body, improved calibration and non-uniformity-correction are possible; therefore an
accuracy of ±1 �C could be achieved. Using a microscopic lens and a reduced array size, IR mea-
surements can be taken up to 800 Hz with a 30 lm spatial resolution. The heater was coated with
a thin layer of black diffusive paint, with an emission coefficient of e � 0.96. The determination of
the emission coefficient was conducted through the method described in detail by Hetsroni et al.
(2003).

2.5. Flow visualization apparatus

A microscope with a zoom ability up to 40· was connected to an external lighting arrangement.
An additional camera joint was assembled to connect a high-speed camera to the microscope. The
high-speed camera with a maximum frame rate of 10,000 fps, was used to visualize the two-phase
flow regimes in the micro-channels. Care was taken to minimize the thermal effects due to illumi-
nating light. The test module was properly shielded from the illuminating light except for the
tested micro-channels. The filter between the light source and the micro-channels was placed to
reduce the thermal radiation, and the illumination time was reduced to a minimum (about 5 s)
to prevent heating of the module. The flow pattern images were obtained at a spatial resolution
of 5.3 lm. The frame rate ranged from 250 to 1000 fps, depending on the heat flux and mass flow
rate.

2.6. Surfactant properties

The surfactant used in the present study was of the alkyl poly glycosides (APG) type. They are
non-ionic surfactants, which are not toxic, especially in minute quantities. Only at high concen-
trations, they have to be considered as irritating to the skin and eyes (Karlheinz et al., 1996). Dur-
ing the production procedure of medium and long APGs chains, the insoluble dodecanol and
tetradecanol chains are chemically treated to create water-soluble surfactants. Fig. 4 shows the
dependence of shear viscosity of APG solutions for different mass concentrations, on shear rate
at the temperature T = 60 �C. A non-Newtonian fluid behavior is revealed for surfactant solution
concentrations of up to 600 ppm.

Karlheinz et al. (1996) attribute the difference in shear rate for APG surfactants in comparison
to water, to steric hindrances during the shearing of rod-like micelles, which are formed even at
very low concentrations and overlap one another in space.

Fig. 5 shows the effect of APG additives on the dynamic and the static surface tension for dif-
ferent mass concentrations, measured at 75 and 95 �C. The dashed lines represent the surface ten-
sion value for pure water at 75 �C and 95 �C. Solid points represent the APG data at 75 �C and
the hollow points represent the APG data at 95 �C. Note that an increase in concentration de-
creases surface tension down to a value of 31 mN/m, compared to 59.9 mN/m for pure water.

As in the case reported by Karlheinz et al. (1996) for titanium oxide surfaces, the adsorption of
non-ionic surfactants to silicon oxide (silica) surfaces is believed to occur due to the hydrogen
bonding of the APG hydroxyl groups with the oxygen atoms of the silicon oxide surface. In con-
tinuance, molecules of APG are further adsorbed one to another due to interaction of alkyl
chains.



Fig. 4. Shear viscosity of APG surfactant solutions at 60 �C. (By permission Y. Zhang and J.L. Zakin).

Fig. 5. Surface tension of the APG solutions. Concentration and solution temperature (�C): C = 100 ppm—m 75,n 95;
C = 300 ppm—j 75, h 95. (By permission Y. Zhang and J.L. Zakin).
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3. Experimental procedure

The experiments were performed using de-ionized water and surfactant solutions. Proper stir-
ring and heating of the de-ionized water with minute amounts of 50% concentrated APG surfac-
tant produced the required solution. In continuation, the solution was diluted to create 100–
300 ppm surfactant solutions, to be used in the experiments.

The working liquid was pumped through the test module at relatively low mass fluxes varying
from 39 to 173 kg/m2 s and the applied heat flux was varied from 1 to 50 W/cm2. At low mass
fluxes combined with low heat fluxes, steady state conditions were achieved within 15–30 min.
For high heat fluxes, at which two-phase steam–liquid flow took place, the time to achieve the
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steady state was less than 5 min. For the normal testing procedure, the pump was turned on, the
flow rate and the electric power to the heater were adjusted to a desired level and the temperatures
were measured at steady state conditions.
4. Results and analysis

The fluid was pumped from the entrance tank towards the tested MCHS module. As the flow
progressed, it first passed through the inlet manifold of a 4 mm inner diameter. Due to relatively
high axially conducted heat, fluid pre-warming occurred within the inlet manifold and additional
warming occurred within the outlet manifold. Furthermore, as shown in Fig. 6, because of the
particular manifold design and pressure drops an uneven liquid distribution in the parallel
micro-channels can be observed. The arrows in Fig. 6 illustrate the velocity decrease of the enter-
ing fluid, in the longitudinal direction. For single-phase flow, under constant and uniform heat
flux conditions, different velocity distribution leads to spanwise temperature gradients. Fig. 7a
and c shows a typical temperature field on the heater using single-phase flow. The fluid flows from
the top to the bottom, the heat flux is qon = 16.2 W/cm2 and the mass flux is _m ¼ 116:2 kg/m2 s. In
this figure, the arrows qualitatively show the inlet and outlet velocities through various micro-
channels and the square marked region of 10 · 10 mm shows the heated area to which we re-
stricted the thermal image analysis. Fig. 7b shows the temperature distribution along lines 1, 2
and 3 marked in Fig. 7a. We also measured the temperature distribution in the flow direction
(Fig. 7d) along lines 4 and 5 shown in Fig. 7c. Fig. 7e shows the measured temperature histogram
for which a mean temperature of 79.5 �C and a standard deviation of 12.7 �C were calculated. The
heat losses due to conduction, convection and radiation, as estimated for each flow regime, were
in the range of 10–17%, depending on the flow rate and heat flux. For example, at mass flux
_m ¼ 84:9 kg/m2 s, heat flux qon � 9.9 W/cm2 the heat losses from the Pyrex cover were 1%, from
the heater 1.2%, from the inlet manifold 3%, from the outlet manifold 11%. Fig. 8 shows a typical
heater temperature map for two-phase surfactant solution boiling flow. At a mass flux of
_m ¼ 57:2 kg/m2 s and heat flux qon � 24.3 W/cm2 a mean temperature of 105.6 �C was measured
and a standard deviation of 2.9 �C was calculated. Note the relatively small temperature gradient
Fig. 6. Schematic of the flow in the inlet manifold.



Fig. 7. Typical temperature field, profiles and histogram of the heater surface for single-phase flows.

Fig. 8. Typical temperature field and histogram of the heater surface for two-phase flows.
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in Fig. 8 compared to the one observed in Fig. 7. At the last stage of the flow, the outlet manifold
funnelled the fluid to the outlet tubing, into the exit accumulation tank.
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4.1. Single-phase flow

In Fig. 9 and Table 1, the maximum temperatures on the heater, T s;max, are presented versus the
applied heat flux, qon, for single-phase de-ionized water and 100 ppm APG surfactant solution
flows. The solid points in Fig. 9 (including marks) connected by continuous lines represent
the data for de-ionized water and the hollow (including > marks) points connected by dashed
lines represent the data for 100 ppm APG surfactant solution. The experiments were conducted
at various mass fluxes, _m, which were calculated for the micro-channel array cross-section that
included 26 micro-channels of a 108 lm hydraulic diameter each. For both water and surfactant
solution, at given values of mass flux, the maximum temperature on the heater increased linearly
with increasing heat flux. For both water and surfactant solution, Ts,max was almost the same. In
contrast to turbulent flows in macro-tubes (Aguliar et al., 1999), the APG surfactant additives do
not seem to affect the heat transfer.

Table 1 shows a comparison between maximum heater temperature at the initiation of two-
phase flows for de-ionized water and 100 ppm APG solution. The initiation of two-phase flows
was visually detected and the measurement of the temperatures at the heater was performed
Fig. 9. Dependence of maximum heater temperature on the heat flux for single-phase flows. De-ionized water—j 37.9,

� 57.7, m 84.9, r 116.2, 172.3. APG solution—h 39.4, � 57.2, 4 83.3, � 117.6, > 171.2 (kg/m2s).

Table 1
A comparison between maximum heater temperature at the initiation of two-phase flow of de-ionized water and
100 ppm APG solution flows

De-ionized water APG-100 ppm, surfactant solution

Mass flux (kg/m2 s) qon (W/cm2) Ts,max (�C) Mass flux (kg/m2 s) qon (W/cm2) Ts,max (�C)

37.9 5.2 81.6 39.4 7.7 107.3
57.7 8.2 91.6 57.2 9.3 101.4
84.9 9.9 81.9 83.3 15.9 116.6
116.2 16.2 96.6 117.6 23.2 120.3
172.3 21.0 91.6 171.2 32.3 121.1
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simultaneously. As can be seen in Table 1, APG solution single phase is maintained until signifi-
cantly higher surface temperatures are reached.

4.2. Two-phase flow

The solubility of dissolved gases in liquids decreases with an increase in the liquid temperature.
This causes a release of dissolved gases as the liquid temperature is raised, resulting in an early
heterogeneous nucleation at temperatures levels well below the saturation temperature. The effect
of secluded nucleation and motion of bubbles due to dissolved gases seems to disappear quickly at
higher temperatures as fully developed boiling conditions are approached. The experimental
observations show that the premature two-phase flow structure in de-ionized water flows does
not occur in all micro-channels, but rather at locations that exceed surface temperatures of
80 �C, because in these channels the velocity of the liquid is low. This phenomenon was observed
by Zhang et al. (2002a) in experiments on water flowing through a 113 lm hydraulic diameter
micro-channel and also for water flows in macro-tubes as mentioned by Kandlikar and Bulut
(2003). An experimental investigation was performed by Steinke and Kandlikar (2004) to study
the control of dissolved gases and their effect on heat transfer and pressure drop during the flow
of water in six parallel micro-channels of a 200 lm hydraulic diameter and a 57.15 mm length. It
was shown that beyond a certain heat flux and surface temperature, fully developed boiling ensues
and all heat transfer coefficients for different dissolved gas cases collapse to a single curve.

Typical images of nucleation activity in the presence of dissolved gases (small separated and
elongated bubbles in water flows) are shown in Fig. 10a–c. The flow moved from the top to
the bottom, and the field of view is 1.3 · 1.0 mm. The heat flux in Fig. 10a is qon = 7.5 W/cm2

and the mass flux is _m ¼ 80:0 kg/m2 s. The heat flux in Fig. 10b and c is qon = 4.9 W/cm2 and
the mass flux is _m ¼ 58:2 kg/m2 s.

At low mass fluxes and moderate heat fluxes, bubbles that originate from desorption of dis-
solved gases may fill the micro-channels in which they are accumulated. As can be seen in Fig.
9, this phenomenon does not significantly affect the single-phase heat transfer. The behavior
may be explained by simultaneous production of a small number of air bubbles in different chan-
nels, in response to which, the liquid correlates its flow velocity through the nearby channels.
Thus, the linear trend of wall temperature rise at steady state conditions was maintained up to
higher surface temperatures.
Fig. 10. (a,b) Typical images of nucleation activity in the presence of dissolved gases, (c) is an enlargement of the third
micro-channel from the left in (b).
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For APG surfactant solution, no gas bubbles were observed. Moreover, the two-phase boiling
flow regime was abruptly initiated at heater surface temperatures higher than 120 �C.

Fig. 11 shows the maximum heater temperature versus the applied heat flux for both single- and
two-phase flows of water and surfactant solution. The continuous lines connecting the solid points
and the dashed lines connecting the hollow points describe the data for water and APG surfactant
solution, respectively. The data points marked by a circles represent the maximum heat flux
achieved for each value of mass flux. With the intention of obtaining the entire boiling curve,
the power applied to the test module was increased by small increments, while the total fluid flow
rate through the heat sink was maintained at a constant level. As shown in Fig. 8 presented by
Jiang et al. (1999), for increasing power supply, a sharp increase of surface temperatures is ex-
pected between 100 and 150 �C. In order to avoid the sharp increase (onset of CHF), resulting
in chip burnout, our experiments did not exceed the maximum temperature at the heater of
Tmax = 130 �C. It can be seen that at relatively low mass fluxes (up to about 83 kg/m2 s), the ini-
tiation of a two-phase boiling flow significantly decreases the slope of the boiling curve for both
water and surfactant solution. The boiling curve plateau may be associated with the saturated
boiling state, where bubbles are formed at higher rates and coalesce to form fluctuating annular
flows. These flow regimes lead to increased heat transfer coefficients and surface temperature do
not increase with increasing power supply until onset of CHF is approached. Similar results were
presented by Zhang et al. (2002a) and Lee et al. (2003) for water flow in a 113 and 24 lm hydraulic
diameter micro-channels, respectively. Nevertheless, the experiments performed by Jiang et al.
(1999, 2001) and Zhang et al. (2002a) did not reveal such a phenomenon for water flow in
micro-channels with a hydraulic diameter of 40–80 lm. The plateau was also not observed in
the experiments of Zhang et al. (2002a) with Triton X-100 surfactant conducted in the 44 lm
hydraulic diameter micro-channel, implying that reduced surface tension does not lead to satu-
rated nucleate boiling in micro-channels. The aforementioned results suggest that the boiling
curve plateau may not be solely associated with the hydraulic diameter or static surface tension.
Therefore, parameters such as surface materials, surface treatments, surface roughness and dy-
namic surface tension and contact angle need to be considered as well.
Fig. 11. Dependence of maximum heater temperature on heat flux for single- and two-phase flows. De-ionized water—
j 37.9, � 57.7, m 84.9, r 116.2, 172.3. APG solution—h 39.4, � 57.2, 4 83.3, � 117.6, > 171.2 (kg/m2s).
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Moreover, the results brought in this report, as well as other reports found by the authors,
agree with Stephan (1992) who stated that for boiling water at 1 bar the critical bubble diameter
is on the order of 150 lm. The highest pressure measured in our experiments was about 1.15 bar
and even at excess temperatures as high as 30 �C no phase-change bubbles could be observed.

Fig. 11 also shows that among the tested mass fluxes there may be found an optimum value of
mass flux that produced maximal increase in the heat removal ability of surfactant in comparison
to de-ionized water flow. This optimal flux was about 57 kg/cm2 s. Table 2 shows the maximum
temperature gradients, DT = Tmax � Tmin, on the heater for water and 100 ppm APG surfactant
solution at mass fluxes _m ¼ 57–58 kg/m2 s and _m ¼ 172–173 kg/m2 s, respectively. One can see
that at _m ¼ 57–58 kg/m2 s and qon = 18.4 W/cm2 the maximum gradient is DT = 22.1 K for water
flow. For the surfactant solution, it is 20.5 K at the same mass flux, but at higher heat flux, qon =
24.3 W/cm2 (the temperature map for this case can be seen in Fig. 8). For _m ¼ 172–173 kg/m2 s,
the results are about the same for water and surfactant flows.

Fig. 12 shows boiling curves for two mass fluxes. The continuous lines connecting the solid
points and the dashed lines connecting the hollow points describe the data for water and
100 ppm APG surfactant solution, respectively. Arrows in Fig. 12 emphasize the onset of CHF
(Bowers and Mudawar, 1994). This figure shows that for boiling flow of water at mass flux
_m ¼ 57–58 kg/m2 s and heat flux q = 18 W/cm2, the mean temperature on the heater is
Tmean = 110 �C. For flow boiling of the surfactant and the same mean temperature at the heater,
Table 2
Overall heater temperature gradients for two-phase de-ionized water and 100 ppm APG surfactant solution flows

De-ionized water APG 100 ppm solution

Mass flux (kg/m2 s) qon (W/cm2) DT (K) Mass flux (kg/m2 s) qon (W/cm2) DT (K)

57.7 18.4 22.1 57.2 24.3 20.5
172.3 32.1 59.5 171.2 32.3 59.9

Fig. 12. Dependence of the mean heater temperature on heat flux for single- and two-phase flows. De-ionized water—j

57.7, m 172.3. APG solution—h 57.2, 4 171.2 (kg/m2s).



Fig. 13. Effect of solution concentration on the boiling curve. APG solution—� 37.9,0; 39.4,100; 37.9,150;
39.7,300 (kg/m2s, ppm).
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the heat flux is q = 28 W/cm2, that is, the heat transfer coefficient increases about 1.6-fold. This
effect vanishes at mass flux _m ¼ 172–173 kg/m2 s as does the onset of CHF.

Fig. 13 shows a comparison between five various experiments conducted with surfactant solu-
tions at different concentrations. The mass flux, _m, was about 38 kg/m2 s. The continuous lines
connecting the �r�, � �, � � and � � points represent experiments performed using de-ionized water
(0 ppm), and 100, 150 and 300 ppm surfactant solutions, respectively. It can be observed that the
use of 150 ppm surfactant solution flow yields the best results compared to de-ionized water flow.
The maximum heat flux for the 300 ppm surfactant solution is less than that for the 150 ppm solu-
tion. These results show that there is an optimal of surfactant solution concentration that causes a
considerable increase in two-phase flow heat transfer.

Fig. 14 shows the mean temperature on the heater, Ts,mean, versus the applied power. The re-
sults obtained by Jiang et al. (2002) and Wang et al. (2002) for experimental data of an array
Fig. 14. Dependence of heater mean temperature on applied power. (j) A—water, Jiang et al. (2002), 41.5 (kg/m2s); (�)
B—water present results, 37.9 (kg/m2s); (�) C—APG solution, present results, 39.4 (kg/m2s). (m) D—water, Jiang et al.
(2002), 83.1 (kg/m2s); (�) E—water, present results, 57.7 (kg/m2s); (�) F—APG solution, present results, 57.2 (kg/m2s).
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of 40 silicon-etched micro-channels, with a hydraulic diameter of about 100 lm are also shown for
comparison. The comparison shows that in the present study the maximum heat fluxes removed
by water and surfactant solutions were higher than those reported by Jiang et al. (2002). Note that
at about the same value of mass flux, the average surface temperature in the present study was
significantly lower than that reported by Jiang et al. (2002).

4.3. Two-phase flow regimes

The bubble growth mechanism seems to be restricted by the channel size. For water flows, with
dissolved gases, the two-phase flow regime begins at about 80 �C, because of air accumulation and
release in some nucleation sites. If the liquid mass flux is relatively high, the bubble slides along
the surface of the micro-channel and does not fill up the channel. Finally, the bubble moves with
the bulk flow. A non-dimensional parameter q� ¼ qon= _mtothLG, where qon is heat flux, _m is mass
flux and hLG is latent heat of vaporization, denotes the ratio between the applied heat flux to
the maximum possible removable heat by a phase change at a given mass flux. Fig. 15 shows a
simple two-phase flow regime map determined by flow visualization for the presently studied
MCHS. The Rein parameter is based on the inner diameter of the manifold and flow velocity
in the inner manifold. For relatively low values of q*, the removed bubbles are of a small diameter;
therefore, the overall flow disturbance is not meaningful. This kind of flow is characterized as
Bubbly flow:single (SBF), rapid (RBF) and multiple rapid bubble flow (MRBF)—see Fig. 10.
At medium values of q*, the surface temperatures rise above the saturation value at the local pres-
sure, and the bubbles created are the result of a phase change. The bubbles are now produced at
an increased rate and size and, therefore may partially fill the micro-channel volume. At this flow
regime, the fluid flow pressure is equal or higher than the local pressure generated within the chan-
nels; therefore, a fluctuating two-phase interface is observed—see Fig. 16, arrow a. Fig. 16 was
obtained under a heat flux of 5.7 W/cm2 at a 46.7 kg/m2 s mass flux. The black color inside the
channel in these figures represents the water phase and the white color represents vapor phase.
The flow regime shown in Fig. 16 (arrow a) is characterized as quasi-stable flow (QSF). When
vapor fills nearly the whole micro-channel, the flow is characterized as partial unsteady annular
Fig. 15. Two-phase flow regime map.



Fig. 16. Typical two-phase flows taken by the high-speed camera. Arrows a and b show respectively QSF and PUAF
flow regimes.
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flow (PUAF) and shown in Fig. 16 (arrow b). In this flow regime, a thin liquid film is always pres-
ent on the micro-channel surfaces. The ‘‘Partial’’ expression refers to the nature of the fluctuating
regime. Fig. 17 was obtained under a heat flux of 15.5 W/cm2 at a 116.5 kg/m2 s mass flux. In
these figures, the black color inside the channels represents moving vapor flow and the white color
represents an evaporating water phase. The difference between the colors associated with the fluid
and vapor phases in Figs. 16 and 17 is due to different illumination directions. At the highest val-
ues of q*, the flow regime is characterized as partial steam or droplet-steam flow (PSF). In this
Fig. 17. Partial steam flow regime image taken by the high-speed camera. Arrows c and d show PSF flow regime.
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flow regime, the vapor phase is in contact with the micro-channel surface while the liquid phase
can usually be observed evaporating at the center of the micro-channel, as could be seen in Fig. 17
(arrows c and d). If at this point the channels are kept long enough without water, due to a
massive phase change activity in a large number of micro-channels, the heat transfer coefficient
decreases considerably resulting in a sharp temperature rise—CHF. The two-phase flow regimes
discussed in the present study are in general agreement with the observations reported by Zhang
et al. (2002a) and Qu and Mudawar (2002c).

It should be noted that because of the ill-distributed flow between the different micro-channels,
various flow regimes co-existed in different channels. Therefore, the overall flow regime map in
Fig. 15 for this specific MCHS could be divided into three parts—bubbly flow, mixed flow (includ-
ing rapid bubbly and quasi-stable flows) and annular/droplet-steam flow.

In contrast to water flow, the two-phase flow regime using surfactant solution flow is initiated
at higher surface temperatures. The addition of small amounts of surfactants changes the fluid
two-phase flow regimes by eliminating the bubbly regime and abruptly beginning the two-phase
flow regimes at moderate to high heat fluxes. No other meaningful difference in flow regimes was
observed.
5. Discussion

In order to elucidate the boiling characteristics of water with surfactant additives, several dif-
ferent mechanisms have been postulated in the literature. These have focused on the role of addi-
tives in altering interfacial properties of the solution, including equilibrium surface tension,
dynamic surface tension, Marangoni convection, and the surfactant�s ionic nature and molecular
weight.

5.1. Effect of surfactants on boiling enhancement

Wasekar and Manglik (2002) presented the results of a study that investigates the dependence
of nucleate boiling heat transfer coefficients of aqueous surfactant solutions on the additives�
molecular weight and ionic nature. Two anionic (SDS and SLES) and two non-ionic (Triton
X-100 and Triton X-305) surfactants were used in various concentrations. The boiling perfor-
mance, characterized by an early onset of nucleate boiling, was significantly enhanced, and the
maximum enhancement increased with decreasing surfactant molecular weight, M. The heat
transfer coefficient, normalized by dynamic surface tension, h*, scales as h* �Mn with n = �0.5
and n = 0 for anionics and non-ionics, respectively. It should be noted that the dependence
h* �Mn was determined only for the four surfactants considered by Wasekar andManglik (2002).

Criteria for nucleate boiling enhancement by surfactant additives were proposed by Yang and
Maa (2003). As the first criterion, it was postulated that the surfactant should be soluble in water.
As the second criterion, it was postulated that the surfactant should depress the equilibrium sur-
face tension of water significantly. As the third criterion, it was postulated that the surfactant
should not depress the equilibrium contact angle significantly. According to Yang and Maa
(2003), boiling heat transfer by addition of a surfactant is enhanced by the depression of the equi-
librium surface tension but suppressed by the depression of the equilibrium contact angle.
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Sher and Hetsroni (2002) developed a model of nucleate pool boiling with surfactant addi-
tives. Solid–vapor, solid–liquid and liquid–vapor surface tensions were postulated to be surfac-
tant diffusion controlled, and expressions for them were derived. Using these expressions the
boiling curve was obtained as a function of surfactant bulk concentration. The model was com-
pared to experimental boiling curves obtained by Hetsroni et al. (2001a,b) for pool boiling of
cationic surfactant. Comparison between theoretical and experimental results shows a good
agreement.

By using thermodynamic considerations, Carey (1992) showed that by lowering the surface ten-
sion of a liquid in contact with a solid surface, the number of active heterogeneous nucleation sites
is raised, the nucleation rate is increased and the bubble size is reduced. It is believed that this
combination increases the heat removal ability by amplifying liquid phase change. Consequently,
as can be observed in Figs. 10–12, the use of surfactant solution, has kept surface temperature at a
nearly constant level over a wide range of applied heat fluxes. This phenomenon could be com-
pared to the effect of ‘‘enhanced surface’’ as reported by Zhang et al. (2002a).

The present study shows that under conditions of boiling flow at low mass fluxes addition of
surfactants leads to an increase in heat transfer compared to that of water. This phenomenon
may be explained using Yang and Maa (2003), Sher and Hetsroni (2002) or Carey (1992) models.
However, with increasing flow velocity, a large velocity difference between the two phases serves
to destabilize the interface. In this case the body force plays a more important role than surface
tension and at the same mass flux heat transfer for surfactant solutions does not differ from that of
water.

5.2. Effect of surfactant concentration on the heat transfer

The influence of surface tension on boiling heat transfer is neither simple nor direct. The surface
tension of a rapidly extending interface in surfactant solution may be different from the static value,
because the surfactant component cannot diffuse to the absorber promptly. This may result in an
interfacial flow driven by the surface tension gradient Dr (known as the Marangoni flow). The
effect of surfactant concentration on the Marangoni convection around vapor bubbles has been
numerically investigated by Wasekar and Manglik (2001). The model consists of an adiabatic,
rigid, hemispherical bubble on a downward facing constant temperature heated wall, in a fluid pool
with an initial uniform temperature gradient. It was shown that the resulting concentration gradi-
ents promote flows, which act in the same direction as temperature gradient induced flows, thereby
enhancing the convection significantly. Flow boiling experiments in aqueous surfactant solutions
of concentration C = 300 ppm conducted in the present study did not show heat transfer enhance-
ment compared to those of concentration C = 100 ppm. In order that this result can be explained,
other heat transfer mechanisms should be proposed for boiling in surfactant solutions.

We consider a fluid zone of thickness d across which the surface tension difference is Dr. The
Marangoni number Ma = Drd/qvk is the parameter that affects the heat transfer (where q is
the density, v is the kinematic viscosity and k is the thermal diffusivity of the solution). The
Marangoni number can be read as boiling heat transfer by addition of a surfactant and is
enhanced by the depression of equilibrium tension, r, but suppressed by the increasing kinematic
viscosity, v. These two effects counterbalance each other depending on the concentration and
result in different degrees of boiling enhancement.
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From the physical and engineering design point of view, it is desirable that surfactant effects on
boiling heat transfer can be generalized. At present, however, only tentative criteria for a given
surfactant are available. We are still far from a systematic theory on the enhancement of boiling
heat transfer caused by surfactant additives.

5.3. Effect of surfactant adsorbance on surfaces on the boiling process

The dissolved molecules of the surfactant solution are responsible for the lowering of surface
tension, by being adsorbed on the phase-change interface. However, by hydrogen bonding of
the APG hydroxyl groups with the oxygen atoms of the silicon oxide surface, as in the case re-
ported by Karlheinz et al. (1996) for titanium oxide surfaces, the molecules are adsorbed on
the micro-channel surfaces, forming a thin layer. This layer is believed to firmly cover nucleation
sites; therefore, direct liquid–surface contact is not possible. As a result relatively elevated heat
fluxes over the surface are removed through the surfactant thin layer by single-phase convection,
until the layer breaks down. The described phenomenon effect is observed by the absence of a
nucleate boiling mechanism until elevated surface temperatures are reached as shown in Table
1 and Fig. 8, for surfactant solution flows. This effect may be positively exploited in micro-channel
heat sinks, when the boiling process is not desired because of hydraulic instabilities. With the
breakdown of a surfactant layer, the liquid contact at nucleation sites is made possible and the
initiation of boiling regime is abrupt. A careful observation of the boiling process inside the outlet
collector revealed that the boiling process has begun inside the outlet collector even though it was
not observed within the micro-channels. These observations lead us to conclude that contrary to
the micro-channels surfaces, the manifolds� inner surface was not covered in the same way by the
surfactant molecules. It is believed that the surfactant absorbance to a non-polished metal surface
is of a different nature than that of a silica-covered surface; therefore, nucleation sites were acti-
vated at different temperatures/heat fluxes on the inner face of the outlet collector.
6. Conclusions

The study was focused on the effects of APG surfactants on heat transfer of a single-phase and
boiling flows in micro-channels. The results were compared to heat transfer in water flow under
similar conditions. For single-phase flow, no significant difference was observed between heat
transfer in water and surfactant solutions at various mass concentrations. It was shown that water
flows with dissolved gasses might induce premature nucleation processes at surface temperatures
as low as 80 �C. However, the introduction of surfactants to water eliminates the separated bubble
flow regimes. Single-phase flows were observed at elevated surface temperatures (as high as
120 �C), at which quasi-stable boiling flow was abruptly initiated. This effect may be associated
with the adsorbance of surfactant molecules to the silica surfaces of the micro-channels.

For boiling flow of surfactant solutions, the optimal value of mass flux was found at which the
heat transfer enhancement reached its maximum. The experiments have also revealed that at low
mass fluxes, an optimal mass concentration of APG additives may be found, for which a two-
phase flow heat transfer significantly increases. The phenomenon may be connected to the
Marangoni effect.
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These findings lead to the conclusion that the use of surfactants should be considered as a
method for improving two-phase boiling flow heat transfer. Further effort should also be invested
on revealing proper surfactant additives and performing experiments of surfactant solutions flow-
ing through a various micro-channel heat-sink configurations.
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