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Abstract

An experimental investigation is performed to study the control of dissolved gases and their effect on heat transfer
and pressure drop during the flow of water in a microchannel. An apparatus is developed to deliver water with different
levels of dissolved air for use in heat transfer experiments. Six parallel microchannels, each having a hydraulic diameter
of 207 um, are fabricated in copper. During the flow boiling studies with water in these microchannels, nucleation was
observed at a surface temperature of 90.5 °C for the dissolved oxygen content of 8.0 parts per million (ppm) at a
pressure of 1 atm with untreated de-ionized water. For the dissolved oxygen contents of 5.4 and 1.8 ppm, nucleation is
not observed until the surface temperature reached 100 °C at a pressure of 1 atm. A slight reduction in heat transfer is
noted as the bubbles begin to nucleate in the 8.0 ppm case due to the formation of an insulating bubble layer on the
heater surface. Previous investigators for flow boiling in large diameter channels did not observe such behavior. Further
downstream, the heat transfer is observed to increase due to bubble activity. This result is in agreement with previous

studies.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Dissolved gases are present in water at different levels
depending on the temperature, solubility, and exposure
history. The presence of dissolved gases can serve to
enhance or hinder a process. It is important to realize
that their presence could impact the heat transfer and
pressure drop behavior. This effect should be carefully
monitored while generating heat transfer data for pure
water.

The amount or solubility of a gas in a fluid can be
determined using thermodynamic and ideal gas laws. In
addition, Raoult’s law provides a simple method to
determine the concentration of a species dissolved in a
liquid. The law relates the activity of the fluid to the
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partial pressures. The activity can be assumed to be one
when the activity of the components are very close to
each other, such as air and water mixtures. If the tem-
perature in the system is above any of the mixture
components’ critical temperatures an expression using
Henry’s law is valid. In the most general form, Henry’s
law expresses the equilibrium amount of dissolved gas in
a liquid at a given temperature as follows.

CA:H*PA (1)

where Cy is the mole fraction of the dissolved gas in the
liquid, A is the Henry’s law constant specific for each
gas and temperature dependent, and P, is the partial
pressure of the dissolved gas at equilibrium above the
liquid. There are several different values for Henry’s law
constants, depending upon the reference used. The
availability of these different measures of dissolved gas
concentration has caused some difficulty in comparing
available literature.
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Nomenclature

A area (m?) Greek symbols

C concentration (ppm) o Bunsen coefficient (ml/100 ml solvent)

d channel depth (m) o aspect ratio parameter used in fRe calc

Dy hydraulic diameter (m) (=d/w)

f friction factor A difference

G mass flux (kg/m?s) ATimtp log mean temperature difference (°C)

h heat transfer coefficient (W/m? K) u viscosity (N s/m?)

h average heat transfer coefficient (W/m? K) p density (kg/m?)

H Henry’s law constant Subscripts

k thermal conductivity (W/m K) A species A

[ length (m) avg average

] mass flow rate (kg/s) cp constant property

Nu Nusselt number (= hDy, /k¢) off effective

Nu average Nusselt number f fuid

P pressure (kPa) g gas

q heat transfer (W) H heat flux

q’ heat flux (W/m?) m mean

Re Reynolds number (= G Dy, /) s surface

T temperature (°C) sat saturation

vV volume (m?) T temperature

w channel width (m) TS test section

X vapor mass fraction at outlet w wall

However, there is one attractive method used in 5.0E-02 — A
chemistry and is presented in [1]. The use of the Bunsen A '
absorption coefficient o« can simplify and provide a \ — T Oxygen by air
comparable measure of dissolved gases. The coefficient, _ 4.08-024—N = = = Nitrogen
shown in Eq. (2), is a volume fraction with respect to Q , \ — - Oxygen pure
standard temperature and pressure (STP) and partial 5 3.0E-021 \,
pressure. E \ \\

o N ~
_ Ves(STP) 1 S 20E02 NN S~
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where V,s(STP) is the volume of the dissolved gas of 1.0E-02+ T =2 —
interest at STP, Viowen: 18 the volume of the solvent at 7 ~— _ L
STP, and P, is the partial pressure of the solvent. Both 0.0E+001 T T

the volume of the gas of interest and the volume of the
solvent are reduced to volumes at STP. This fraction is
then multiplied by the reciprocal of the partial pressure
of the dissolved gas of interest. Therefore, the concen-
tration of the gas of interest can be determined knowing
the partial pressure of the gas and the volume of the
solvent.

The Bunsen absorption coefficient for several gases of
interest in water is shown in Fig. 1 [1]. It can be seen that
the Bunsen absorption coefficient of air in water reaches
an asymptote around 80 °C and is nearly constant
approaching saturation temperature at 1 atm. Therefore
with a fixed volume of solvent (water), the amount of
dissolved air is directly dependent upon the partial
pressure of air.

0 10 20 30 40 50 60 70 80 90 100
Temperature (°C)

Fig. 1. Bunsen absorption coefficient of dissolved gases of
interest in water.

The amount of a gas dissolved in the liquid is pro-
portional to the partial pressure of the gas. To determine
the amount of oxygen dissolved in water, the partial
pressure of oxygen in air is needed. The mole fraction of
oxygen in air is 0.21. Using Eq. (2), the resulting con-
centration of oxygen dissolved in water at 1 atm is 8.52
mg of oxygen per mg of water, or parts per million
(ppm). However, the percentage of oxygen in the dis-



M.E. Steinke, S.G. Kandlikar | International Journal of Heat and Mass Transfer 47 (2004) 1925-1935 1927

solved air is approximately 34% by volume and varies
according to temperature as seen in [1].

In measuring the dissolved gas concentrations, it is
very difficult to manufacture an ion selective electrode
that measures air concentration. Therefore, an ion
selective electrode that measures the concentration of
oxygen is generally used to determine the amount of
dissolved oxygen in the water. The present work will
report the dissolved air content in terms of the dissolved
oxygen content in the water.

The solubility of air decreases with an increase in
water temperature. This behavior results in gas desorp-
tion as the water is heated. Natural cavities present on
the heater surface act as nucleation sites for the gas
bubbles to form and grow, evaporating some of the
water as well. Apparent nucleate boiling is thus initiated
at temperatures lower than the saturation temperature
of the pure water. The desorption of dissolved gases
appears to be similar to the onset of nucleate boiling in
subcooled water flow.

There are several experimental and analytical papers
investigating the effect of dissolved gases upon heat
transfer characteristics. Several of these papers along
with some important details are presented in Table 1.
The majority of papers studied pool boiling and only
seven papers present experimental studies for flow
boiling. All of the researchers reported that an increase
in the dissolved gas content enhances the heat transfer
performance. In addition, several researchers reported
that the superheat or the boiling incipience temperature
is reduced with an increase in dissolved gas concentra-
tion.

Behar et al. [2] experimentally studied the effect of
dissolved air in water in a tube. They indicate that the
heat transfer improves with dissolved gas content due to
the nucleation phenomena. The increase in heat transfer
continues well into saturated boiling. At high heat fluxes
under fully developed pool boiling conditions, the
influence of dissolved gases diminishes and the two
curves for pure and gassy cases merge. The effect is very
prominent for organic liquids, which can dissolve up to
ten times more air than in water. Another interesting
fact noted by Behar et al. [2] was that the pressure drop
did not increase in forced convection until the beginning
of the vaporization region, when the wall temperature
reached T,,. This means the heat transfer enhancement
could be achieved without a pressure drop penalty as far
as the wall temperature was below the saturation tem-
perature of water corresponding to the total system
pressure.

An exhaustive study of dissolved gas effects on sub-
cooled flow boiling of fluorocarbons in a 12.7 mm tube
was presented by Murphy and Bergles [4]. They pre-
sented equations for predicting the onset of nucleation
by considering the partial pressure of the dissolved
gases. At higher heat fluxes, they noted that the differ-

ence between the gassy and degassed liquids diminished
and the two boiling curves merged.

Muller-Steinhagen et al. [6] conducted a detailed
experimental study on the effect of various gases on
water and heptane in a 14.7 mm annulus gap. Their
results were similar to those obtained by earlier inves-
tigators. They noted that the effect of dissolved gases
was relatively small in water.

Chao et al. [7] experimentally studied the effect of air
and water in two channels with a hydraulic diameter of
3.9 and 6.3 mm. They report that the heat transfer
enhancement following nucleation was as high as 15—
20%. Adams et al. [12] experimentally studied the effect
of dissolved gases on the flow of water in a channel with
a hydraulic diameter of 0.76 mm. They noted an increase
in the heat transfer rate due to early gas bubble nucle-
ation. In addition, they reported a dependence of heat
transfer coefficient enhancement upon the fluid velocity.

The presence of dissolved gases enhances the heat
transfer over a pure fluid case in both pool and flow
boiling. However, there is still a need to investigate the
effect of dissolved gases over a wider range of mass
fluxes, heat fluxes, and channel sizes. The smallest
channel size reported in Table 1 is 0.76 mm. This size
would be considered as a minichannel under the classi-
fications presented by Kandlikar and Grande [20]. In
their classification, a microchannel has a diameter less
than 200 um. There are presently no studies available for
the dissolved gas effect on flow boiling in microchannels.
The present work is performed to begin to provide
experimental data for dissolved gas effect upon flow
boiling in microchannels.

2. Objectives of the present work

The present work focuses on developing a technique
to generate water with the desired level of dissolved air
content. In addition, another goal is determining the
effect of the dissolved gas on nucleation characteristics,
heat transfer and pressure drop during flow boiling in
microchannels.

3. Experimental setup

The experimental setup for the flow loop is designed
to deliver a constant mass flow rate of water to a hori-
zontal microchannel test section. The water system
delivers de-ionized water with different levels of dis-
solved air content. Fig. 2 shows the schematic of the
water delivery system that includes a pressure chamber,
flat plate heat exchanger, throttling needle valve, flow
meter, test section, and a condensate collection con-
tainer. Two different methods are used to pressurize the
chambers. The first method is for the gas-saturated case



Table 1
Previous works involving dissolved gas experiments

Author, year Type/setup Fluids C Piotal q’ G Comments
(ppm)* (atm) (kWm™) (kgm~s™")
Behar et al. [2], Flow/tube Water, air - 1 1-1000 NR ONB influenced by Cg; organic fluids
1966 can support a much higher Cg than
water
Torikai et al. [3], Pool/wire Water, air 0.5-9 0.05-1 NR - Shows effect of dissolved gas on pooling
1970 boiling superheats; as Cg increases 7
decreases
Murphy and Flowltube R-113, air 0-167 2 1-315 517 Presence of dissolved gas reduces super-
Bergles [4], 1972 heat in lower heat flux region
Muller-Steinhagen Flow/annulus Heptane, N, NR 1-8 8-400 106-712 Method of pressurization influences heat
et al. [5],1986 transfer coefficient; N, pressurized hep-
tane shows A enhancement
Muller-Steinhagen Flow/annulus Water, NR 1-8 0.8-375 202-761 Shows presence of dissolved gases en-
et al. [6], 1987 C,H¢He, hances 4; at higher ¢” curves begin to
N,, Ar, CO,, converge to pure fluid curve
C;Hg
Chao et al. [7], Flow/channel Water, air NR 1 17-125 Not reported Dissolved gasses enhance /; in pseudo-
1994 subcooled boiling region enhancement is
20-50%
You et al. [8], 1995 Pool/wire FC-72, air 17, 214, 480 148-167 1-160 - Only high Cg enhances #; CHF increases
with increasing Cg
Jeschar et al. [9], Pool/rod Water, CO,, 0-619, 0-9 NR 1-2000 - High Cg stabilize thin film boiling;
1996 (03 higher Cg decreases Leidenfrost temper-
ature
O’Connor et al. Pool/p-porous FC-72, air 17-1320 1-3 1-500 - Incipient and nucleate boiling superheats
[10], 1996 surface decrease with increase in Cg; suggest two
regions on boiling curve—dissolved gas
and pure fluid
Hong et al. [11], Pool/wire FC-72, air 0-340 NR 1-1000 - Heater size and Cg effects amount of
1997 enhancement; enhancement decreases
with increasing ¢” and heater size
Adams et al. [12], Flow/channel Water, air NR 6-9 500-2500 1998-8352 h is higher for air-saturated than for fully
1999 degassed; at higher heat fluxes enhance-
ment is reduced
Adams et al. [13], Flow/channel Water, air NR 6 500-2500 1998-8352 Dissolved air increased 4 by as much as
1999 17%. h enhancement increased w/
increasing ¢” and decreasing velocity
Hong et al. [14], Pool/wire FC-72, air, 65, 34, 2057 1-116 1-800 - Dissolved gasses enhance /; same effect
1999 He, CO, with other gasses; as Cg increases CHF
increases
Kubo et al. [15], Pool/reentrant FC-72, air 17-257 NR 1-190 - Boiling incipience decreases with
1999 cavities increasing Cg
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Below T,—dissolved gas enhances

Pool/droplet Water, CO, 1077 NR

Cui et al. [16],

vaporization; dissolved CO, suppress
heterogeneous bubble formation during

impact

2000

Dissolved gas reduced boiling incipience
temperature; at high heat fluxes

enhancement is decreased

1-500
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17-283
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Honda et al. [17],
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Overall effect of dissolved gas is small; as

1-800

0.3-2

NR

FC-72, air

Pool/p-porous

flat

Rainey et al. [18],

Cg increases more of nucleate boiling

curve is enhanced

2003

Overall effect of dissolved gas is small; as

NR 0.3-2 1-1600

FC-72, air

Pool/p-porous

pin fin

Rainey et al. [19],

Cg increases more of nucleate boiling

curve is enhanced

2003

For details see present paper

20-293 375

1-2

Water, air 1.8-8.0

Flow/p-channel

Steinke and Kan-

dlikar
[present work],

2003
* As calculated from authors data.

in which a PVC chamber is pressurized using air and a
separated membrane. In the second method used for the
reduced levels of dissolved air, a pressure cooker is used
as the vessel which can be pressurized by heating the
water. The degassing procedure used to reduce the dis-
solved gas content is explained in a later section.

The test section consists of six parallel flow micro-
channels machined into the copper substrate. Using a
microscopic vision system, the channel depth and width
are measured at six distinct locations along the channel
length. These measurements are used to determine the
average dimensions of the channels as: 214 um width by
200 pm depth and 57.15 mm length. All of the measured
values fall within *5% of the average values. The
channels are separated by 600 pm.

The temperature and heat flux in the channels are
obtained with two layers of thermocouples located in the
copper substrate. The closest thermocouple layer is 3.18
mm from the microchannel wall, and the second layer is
6.35 mm away from the microchannel wall. The first
thermocouple is located 6.35 mm from the microchannel
inlet in the flow direction. The subsequent thermocou-
ples are located 19.05, 25.4, 38.1, 44.45, and 57.15 mm
from the inlet, respectively.

The test section is a combination of three layers and
is shown in Fig. 3. The top layer is made of Lexan, an
optically clear polycarbonate material. The water inlet
and outlet plenums are machined into the polycarbonate
layer to eliminate heat transfer in the inlet and outlet
manifolds. The second layer is a copper block that is the
substrate for the horizontally orientated microchannels.
The copper is an electrolytic tough pitch alloy number
C11000 with 99.9% copper and 0.04% oxygen (by
weight) and a thermal conductivity of 388 W/m K at 20
°C. The third piece is a laminate of epoxy and paper
called Phenolic. The Phenolic has a very low thermal
conductivity and acts as an insulator on the lower sur-
face of the copper plate. It is also used to secure the
microchannel test section with the help of 10 mounting
screws. A cartridge heater embedded in the copper sec-
tion is used to provide the electric input power. All of
the outer surfaces are fully insulated with high temper-
ature insulation to minimize heat losses.

The pressure drop for the microchannel was mea-
sured between the inlet and exit plenum locations. The
pressure drop was used to calculate the friction factor
for the microchannels, after accounting for the entrance
region, area changes, bends, and exit losses.

Images of nucleation activity are recorded using a
high-speed, microscopic image acquisition system. The
captured images are used to determine the onset of
nucleate boiling. A high-speed, digital CCD camera with
a long distance microscope lens was used to gather the
images. It is capable of recording at 8000 frames per
second. However, the majority of the images are re-
corded at 1000 fps.
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Fig. 2. Fluid delivery system.
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Fig. 3. Microchannel test section.

The uncertainty of the experimental data was deter-
mined. The accuracy of the instruments is reported as:
T =+0.1 °C, AP =+68.9 Pa, Volts = +0.05 V, [ =
0.005 A. The bias and precision errors were estimated,
and the resulting uncertainty for the heat transfer coef-
ficient is 8.6% at 5 kW/m? K and for the friction factor is
7.2% at 0.105.

4. Experimental procedure

The experimental procedures for preparing de-ion-
ized water with different levels of air content are de-
scribed in this section. There are several different air
concentrations used in the present work. As stated pre-
viously, the concentration of oxygen in the water will be
used as the metric for the dissolved air concentration
and will be reported. The concentration of oxygen
studied included 8.0, 5.4, and 1.8 ppm.

There are a few steps in preparing water for the gas-
saturated water case. The measured oxygen concentra-
tion for this case is 8.0 ppm. First, the de-ionized water
is filtered and added to the PVC pressure chamber.
Secondly, the water in the chamber is isolated from the
air used to pressurize the chamber by a membrane. The
experiments can begin when the pressure of the water
reaches 2 atm absolute pressure.

The procedure for preparing the other concentration
cases is described next. First, the same 8 MQ de-ionized
water is added to a pressure chamber. The pressure
chamber for these cases is a commercially available
pressure cooker equipped with different deadweights for
different pressure settings above the atmospheric pres-
sure. Once the desired pressure is attained as the cooker
is heated, the deadweight is suddenly removed and the
chamber is allowed to blow down and return to atmo-
spheric pressure. A vigorous boiling occurs within the
chamber during depressurization. The air dissolved in
the water is forced out of the chamber along with the
steam. Replacing the deadweight and heating once again
pressurizes the cooker to provide flow. The 0.3 atm
deadweight and one blown down yielded an oxygen
concentration of 5.4 ppm. The 1 atm deadweight and
two blown downs yielded an oxygen concentration of
1.8 ppm.

Two different deadweights corresponding to 0.34 and
1 atm are used on the pressure cooker while it is heated
to supply pressurized water to the test section. After the
above degassing procedure, the water is degassed to a
saturation temperature of 108 and 121 °C, respectively.
The remaining dissolved air will not desorb from the
water as long as the heater surfaces stays below the
respective degassing temperatures. Steam continually
escapes from the chamber when the deadweight is again
applied. This step ensures that air does not enter the
chamber and come into contact with the water.
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Initially, a series of experiments are performed to
establish the heat loss characteristics of the test section.
The water is completely removed from the test section
during these runs. Power is applied and the test section is
allowed to reach a steady state. The heat loss is plotted
against the temperature difference between the test sec-
tion and the ambient air. The slope of this plot is used to
determine the lost power for a given test section oper-
ating temperature.

The experiment can begin once the water is prepared
as previously described. In both cases, water is drawn
from the bottom of the pressure vessel and passes
through a flat plate heat exchanger to adjust the water
inlet temperature to the test section. A variable area flow
meter is used to measure the flow rate. LabVIEW is used
to monitor the thermocouples measuring temperature.
The flow is started in the channel and the cartridge
heater is powered. The mass flow rate is held constant
while the input power is varied through the desired
range. The resulting thermal performance was recorded
in terms of water flow rate, inlet and outlet water tem-
peratures, 12 temperatures inside the copper block and
the inlet and exit pressures.

The images are acquired after the system has reached
steady state to detect nucleation in the flow channel. A
microscopic lens with lower magnification is used view
all six channels. This was used to determine channel
interactions and to locate nucleation sites. Once the
entire channel is imaged, the microscopic lens with
higher resolution is used to gather detailed images of
specific features and events.

5. Data analysis

The method of analysis for the data obtained during
the experiments is described in this section. The surface
temperature is determined using the two rows of
embedded thermocouples that are located at different
depths from the microchannel surface. The surface
temperatures are calculated using the heat flux value
obtained from the thermocouple measurements. The log
mean temperature difference method was used to cal-
culate the average heat transfer coefficient as given by
Eq. (3). The average heat transfer coefficient is found
using Eq. (4).

ATivtp = (% _1Ti)<_ (TS)_ L) (3)

L=T;

Ti—T,

7 qrs

h=—"7+7"— 4
A x ATq LMTD ( )
The present microchannels are heated from three

sides. The thermal conductivity of the Lexan cover plate

is very small compared to the copper substrate. The

amount of heat that flows through the cover plate is
negligible. Therefore, the Lexan cover plate can be
considered to be adiabatic.

The heat transfer surface area used for the calcula-
tion is found using the channel dimensions measure-
ments described earlier. The average Nusselt number is
calculated from Eq. (5).

— hDy

The theoretical value of the Nusselt number for the case
of constant wall temperature and for constant heat flux
is given by Egs. (6) and (7), respectively [21].

Nur = 7.541(1 — 2.61a" + 4972 — 5.119x"
+2.702" — 0.5480") (6)

Nugy = 8.235(1 — 2.04210" + 3.0853¢" — 2.4765a"
+1.0578x"" — 0.1861x") (7)

where o* is the aspect ratio. Based upon the present
geometry, the values of Nut and Nuy are 2.969 and 3.616
respectively. The variation of the fluid properties due to
the variation in the temperature cause some variation in
predicted Nusselt numbers. The Nusselt Number is
corrected for temperature dependent properties using
Eq. (8) [21].
n
= () ®)
Uep Hm

where, Nu is the corrected Nusselt number, Nu, is the
constant property solution, p, is the viscosity of the
fluid at the wall temperature, and y,, is the viscosity of
the fluid at the mean temperature. The exponent # is
equal to —0.14 for a laminar, fully developed, and
heating flow. The experimental value of the average
constant property Nusselt number was around 2.0.
There are a few reasons for the discrepancy. The heat
transfer coefficients based upon the log mean tempera-
ture difference is used in the Nusselt number calcula-
tions. Unfortunately, the difference in temperature
between the outlet water temperature and the surface
temperature is on the order of 0.1 °C. This very small AT
is on the same order of magnitude as the experimental
uncertainty. Therefore, the Nusselt numbers cannot be
reliably calculated. This highlights the difficulty in
obtaining accurate single-phase heat transfer data in
highly efficient microchannels. In addition, the test sec-
tion was heated from the three sides, while the predicted
value from Eq. (5) corresponds to uniform temperature
on all four sides.

The overall pressure drop is adjusted for entrance
and exit losses to determine the frictional pressure
drop in the microchannels. There are losses due to
the contraction from the larger inlet plenum into the
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microchannels and the expansion from the microchan-
nels into the larger exit plenum. The Fanning friction
factor for laminar flow is determined from the correla-
tion from Shah and London [21] and is given in Eq. (9).

fRe =24(1 — 1.35534" + 1.94670" — 1.70120"
+0.95640" — 0.25370") (9)

For the microchannel geometry, the fRe product is
found to be 14.25. For liquids in laminar flow, a com-
mon methodology is to apply the viscosity correction
factor as given Eq. (10)

0.58
S (ﬂ_w) (10)
Jo Hm

There is no experimental study available confirming the
above relationship for single-phase flow in microchan-
nels. Since these are empirically derived relations, they
need to be verified for microchannels, although they are
expected to be valid as no additional mechanisms of heat
or momentum transfer are introduced. Specifically, the
effect of temperature on the friction factor described by
Eq. (10) needs to be validated. Also, the Nusselt number
is expected to be somewhat different for the present case
of three sided heating in the microchannel.

6. Results

Experiments are performed to obtain the effect of
dissolved gas on heat transfer and pressure drop for
microchannel flows. The mass flux is held constant and
the heat flux was varied for each data set. The flow is in
the laminar range with a Reynolds number of 150, cal-
culated based upon inlet saturation conditions for all-
liquid flow. The heat flux ranged from 20 to 293 kW/m?.

The flow visualization system was used to determine
the incipience of boiling in the microchannels. The vi-
sion system was also used to ensure that the flow dis-
tribution in each of the microchannels is similar. The
nucleation and flow of bubbles was observed and mea-
sured to ensure a reasonably uniform distribution of
flow in the microchannels. Fig. 4 shows the nucleation
and growth of a bubble in the microchannel. A single
channel is shown and the flow is from left to right. The
bubble nucleates in the channel in the first frame (Fig.
4a). The second frame shows the bubble beginning to
grow. As the bubble grows it begins to slide along
the surface of the microchannel (Fig. 4(b)—(d)). Finally,
the bubble reaches departure diameter and moves in the
bulk flow.

A plot of heat flux vs. the wall temperature near the
exit of the channel is shown in Fig. 5. The transition
from the single-phase to two-phase is seen as a marked
change in slope. Nucleation occurs at a lower surface

Fig. 4. Nucleation and bubble growth in microchannel. Flow is
from left to right, single channel shown. Bubble diameter: (a) 67
pm and (e) 160 pm. For: G = 347 kg/m?’s, ¢, = 41.7 kW/m?,
x =0.002, At =1ms, C = 1.8 ppm.

temperature than the saturation temperature. Following
early nucleation, a reduction in heat flux is seen for the
8.0 ppm case. Nucleation was detected at a surface
temperature of 90.5 °C. The desorption of the dissolved
air forms bubbles of air and a limited amount of water
vapor to form on the nucleation sites. As a result, the
nucleation site becomes active at a surface temperature
below that of the saturation temperature.

Fig. 6 shows the average heat transfer coefficient vs.
heat flux for the three different levels of dissolved air.
The heat transfer coefficient of the 8.0 ppm case first
decreases before the saturation temperature and then
increases above the 5.4 and 1.8 ppm cases beyond the
saturation temperature. Such a decrease was not re-
ported by earlier investigators for large diameter chan-
nels, but is consistently observed in the present work.
The effect of gas content is seen in the 8.0 ppm case by a
reduction in heat transfer coefficient, as nucleation oc-
curs. The boiling incipience occurs at a surface temper-
ature of 90.5 °C for the 8.0 ppm case. The dissolved air is
now coming out of water at this point and forms an
insulating layer of bubbles containing air—water vapor
mixture. This layer is believed to be responsible for the
decrease in heat transfer coefficient observed in Fig. 6.
As the surface temperature of the channel approaches
the saturation temperature, the 8.0 ppm case heat
transfer coefficient increases above the degassed cases.
Beyond a certain heat flux and surface temperature, fully



M.E. Steinke, S.G. Kandlikar | International Journal of Heat and Mass Transfer 47 (2004) 1925-1935 1933

350
0cC =8.0 ppm
300? &C =54 ppm
_ 250+ AC=18ppm
N
£ 200+
E :
< E
~ 150+
=U' E
100+ &
[ X5
F o
50? o
F om
Of——
20 40 60 80 100
Ts (°C)

Fig. 5. Heat flux vs. exit surface temperature. For: C = 8.0, 5.4,
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Fig. 6. Heat transfer coefficient vs. heat flux. For: C = 8.0, 5.4,
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developed boiling ensues and all of the heat transfer
coefficients for different dissolved gas cases collapse on a
single curve. This behavior is in agreement with previous
investigators results.

The heat loss for each data point is determined from
the calibration tests conducted prior to tests. The actual
heat transferred into the test section is used in deter-
mining the exit quality. The heat transfer coefficient vs.
exit quality is shown in Fig. 7. The exit quality ranges
from —0.12 to 0.12. Table 2 presents the observed
nucleation surface temperature for each of the oxygen
concentration levels. It shows that for the reduced levels
of dissolved air, the incipience of boiling occurs very
close to the saturation temperature. However, the high
concentration level of 8.0 ppm has the boiling incipience
at 90.5 °C. The reduction in boiling incipience temper-
ature is consistent with previous works.
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Fig. 7. Heat transfer coefficient vs. exit quality. For: C = 8.0,
5.4, and 1.8 ppm; G = 380 kg/m’s; 2.0x 10* <¢" <3.5x10° W/
m?, —0.1 < x < 0.1.

Table 2
Observed surface temperatures for different levels of dissolved
air

O, concentration (ppm) Ty (°C)
1.8 99.9
5.4 99.7
8.0 90.5

The adiabatic friction factor for laminar flow is first
determined experimentally to provide validity of the test
section and measurement techniques. The adiabatic
friction factor for the microchannel is shown in Fig. 8.
The adiabatic friction factor is in good agreement with
the predicted friction factor. The experimental data is
generally within 10% of the predicted value.

The diabatic pressure drop was measured during all
of the heat transfer experiments. The measured pressure
was taken across the length of the microchannel as the
fluid entered and exited the microchannel. The diabatic
friction factor is further corrected using Eq. (10) to
obtain the constant property friction factors, as shown
in Fig. 9. Only the all-liquid, single-phase flow friction
factors are correlated. The increasing friction factors
seen on the right side of the graph are due to two-phase
flow.

The experimentally determined f values using the
property correction factor for single-phase flow under
diabatic condition are in good agreement with the pre-
dicted values prior to nucleation. With the onset of
nucleation, the friction factors are seen to increase. This
behavior was found consistently in all experiments. The
presence of a bubble boundary layer attached to the wall
is believed to cause this effect for the 8.0 ppm case. The
two-phase flow shows an increase in f, as expected,
above the single-phase values. The two-phase friction
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factor is not correlated because of the small number of
data points in this region.

7. Conclusions

An experimental investigation is conducted to study
the effect of dissolved gas on nucleation heat transfer
and pressure drop during flow boiling of water in mi-
crochannels. The heat transfer characteristics are inves-
tigated for three levels of dissolved air content in the
water. The adiabatic and diabatic friction factors for
laminar flow in 207 pm hydraulic diameter, parallel
microchannels are studied as a function of dissolved gas
content. The following conclusions are drawn from the
present study.

1. An apparatus and procedure to deliver de-ionized
water with controlled levels of dissolved air has been

developed. The unit is able to deliver water with con-
trolled amounts of dissolved gases in the range of
1.8-8.0 ppm of dissolved oxygen content.

2. The boiling incipience surface temperatures varied

for the three different levels of dissolved air. The dis-
solved air concentrations for the 1.8 and 5.4 ppm
cases begins nucleation at a surface temperature very
close to saturation temperature at 1 atm. However,
the 8.0 ppm case has nucleation beginning at a sur-
face temperature of 90.5 °C. This result agrees with
previous investigators works.

3. There is a slight decrease in heat transfer coefficient

for the 8.0 ppm case after the boiling incipience wall
temperatures are achieved. The desorption of the dis-
solved air is believed to form an insulating layer of
bubbles on the heater surface. This result was not re-
ported by previous investigators in large diameter
channels. When the surface temperature reaches the
local liquid saturation temperature, the heat transfer
coefficient experiences an enhancement over the 5.4
and 1.8 ppm cases. At higher heat fluxes, all three
cases collapse on the same curve. This result also
agrees with the observations of previous investigators.

4. The adiabatic single-phase friction factor for laminar

flow of water in microchannels is accurately described
by the established relationship for large (conven-
tional) diameter channels. The diabatic friction fac-
tors can be accurately predicted using the property
ratio correction factors used for large diameter (con-
ventional) channels.
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