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Boiling in micro-channels
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Abstract. Boiling heat transfer in micro-channels is a subject of intense academic and practical interest. Though many heat transfer
correlations have been proposed, most were empirically formulated from experimental data. However, hydrodynamic and thermal aspects of
boiling in micro-channels are not well understood. Moreover, there are only a few theoretical models that link the heat transfer mechanism
with flow regimes in micro-channels. Also, there are discrepancies between different sets of published results, and heat transfer coefficients
have either well exceeded, or fallen far below, those predicted for conventional channels. Here we consider these problems with regard to
micro-channels with hydraulic diameters ranging roughly from 5 pm to 500 pm, to gain a better understanding of the distinct properties
of the measurement techniques and uncertainties, the conditions under which the experimental results should be compared to analytical
or numerical predictions, boiling phenomenon, as well as different types of micro-channel heat sinks. Two-phase flow maps and heat
transfer prediction methods for vaporization in macro-channels are not applicable in micro-channels, because surface tension dominates
the phenomena, rather than gravity forces. The models of convection boiling should correlate the frequencies, sizes and velocities of the
bubbles and the coalescence processes, which control the flow pattern transitions, together with the heat flux and the mass flux. Therefore,
the vapour bubble size distribution must be taken into account. The flow pattern in parallel micro-channels is quite different from that in
a single micro-channel. At same values of heat and mass flux, different, time dependent, flow regimes occur in a given micro-channel.
At low vapour quality, heat flux causes a sudden release of energy into the vapour bubble, which grows rapidly and occupies the entire
channel cross section. The rapid bubble growth pushes the liquid-vapour interface on both caps of the vapour bubble, at the upstream and
the downstream ends, and leads to a reverse flow. We term this phenomenon as explosive boiling. One of the limiting operating conditions
with flow boiling is the critical heat flux (CHF). The CHF phenomenon is different from that observed in conventional size channels.
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1. Introduction heat transfer trends were identified: the heat transfer coeffi-
cient was independent of the heat flux, increased or decreased

To achieve higher heat dissipation rates for micro-electronic with heat flux.

and optical technologies, the fundamentals of two-phase heat
transfer in micro-channels are being studied ever more ex- An annular flow model was developed by Qu and Mu-
tensively. Micro-channel heat sinks are devices that provide —dawar [5] to predict the saturated flow boiling heat transfer
liquid or two-phase flow through parallel channels of diam- coeflicient. Laminar liquid and vapor flow, smooth interface,
eter less than, say, | mm. These systems are ideally suited and strong droplet entrainment and deposition effects were
for devices where high heat flux is dissipated from small sur- ~ incorporated into the model.
face area of high performance supercomputers, optical de- Kandlikar and Balasubramanian [6] presented the flow
vices, electric vehicles and advanced military avionics. The  boiling correlations to transition, laminar and deep laminar
hydraulic diameter of micro- channels, dp, is in the range  flows in micro-channels. The flow boiling correlations for
10-500 pum, the length, L, is in the range 10-15 mm. large diameter tubes were modified for flow boiling in micro-
Qu and Mudawar [1] presented and discussed experimen-  channels. It was concluded that boiling was more nucleate
tal results, which provide physical insight into the unique na-  dominant for low Reynolds numbers (Re;j 100) in micro- chan-
ture of saturated flow boiling heat transfer in a water-cooled nels. Thome et al. [7] proposed a new heat transfer model for
micro- channel heat sink. Contrary to macro- channel the heat  evaporation in the elongated- bubble regime in micro- chan-
transfer coefficient was shown to decrease with increasing nels. The model describes the transient variation in local heat
thermodynamic equilibrium quality. This unique trend was transfer coefficient during the sequential and cyclic passage of
attributed to appreciable droplet entrainment and onset of an-  a liquid slug, an evaporating elongated bubble and a vapour
nular flow regime. Such a trend was also reported by Hetsroni  slug. The time averaged local heat transfer coefficient calcu-
et al. [2]. On the other hand, Bertsch et al. [3] found that lated using this model was compared by Dupont et al. [8]
heat transfer coefficient first rises steeply as vapour quality to 1591 experimental data which cover tube diameters from
increases from a subcooled value, and again drops sharply 0.77 to 3.1 mm. The data were obtained for the following
with further increases in vapour quality. Agostini et al. [4]  seven fluids: R-11, R-12, R-113, R-123, R-134a, R-141b, and
presented experimental results on flow boiling of refrigerants ~ COy. The new model predicts 67% of the database to within
R236fa and R245fa in silicon heat sinks. Three significant +— 30%.
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Zhang et al. [9] proposed a correlation for flow boiling
heat transfer in mini-channels. However, the realistic predic-
tion of flow boiling heat transfer coefficients is possible only
for a set of experimental data selected by the authors of these
models. For example, the mean relative error of prediction
of recent experimental data presented by Agostini et al. [4]
by different investigations is: Thome et al. [7] +4%, Kand-
likar and Balasubramanian [6] —23%, Lee and Mudawar [10]
—609%, Zhang et al. [9] +35%.

An important aspect of flow boiling in micro-channels is
the pressure fluctuations, because these fluctuations can lead
to instabilities in flow. Pressure fluctuations and corresponding
temperature oscillations are associated with boiling in micro-
channels to a greater extend than in conventional channels.
This is because the flow velocities are very low, and bubble
formation can cause a significant disruption of low-quality
flow. The periodic wetting and rewetting phenomena were ob-
served by Hetsroni et al. [2, 11-13], Zhang et al. [14], Steinke
and Kandlikar [15]. The explosive vaporization and significant
pressure drop fluctuations were observed by Hetsroni et al. [2,
12]. Flow pattern, observed in these studies and reported also
by Kandlikar [16], revealed a flow reversal in some channels
with expanding bubbles pushing the liquid- vapor interface in
both upstream and downstream directions. Lee et al. [17, 18]
studied experimentally bubble dynamics in a single trapezoid
micro-channel and in two parallel micro-channels with a hy-
draulic diameter of 41.3 ym. Bubble nucleation and growth in
parallel micro-channels were observed for some cases with the
wall temperature lower than the saturation temperature corre-
sponding to the system pressure. It was reported by Bergles
and Kandlikar [19] that CHF in micro-channels under con-
ditions of low mass flux and low quality may be a result of
instabilities rather than conventional dryout mechanism.

The main purpose of the present study is to highlight the
dynamics of vapour bubble, and heat transfer coefficient under
condition boiling regime in micro-channels.

2. Dynamics of vapor bubble

The bubble dynamics in a confined space, in particular in
micro-channels, is quite different from that in unconfined
still fluid. In micro-channels the bubble evolution depends
on a number of different factors such as existence of solid
walls restricting bubble expansion in the transversal direction,
a large gradient of the velocity and temperature field, etc.
Some of these problems were discussed by Kandlikar [16],
and Dhir [20]. A detailed experimental study of bubble dy-
namics in a single and two parallel micro-channels was per-
formed by Lee et al. [21] and Li et al. [22].

2.1. Dimensional analysis. Yarin et al. [23] presented the
functional equation for the rate of bubble growth as follows

dr

E = f(Q7hLGapImpGu/J'LaklmchudOad*aaa ATS7gat7U)7

(D
where dr/dt is the rate of bubble growth, ¢ is the time.
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Among the dimensional variables of the problem, five pa-
rameters which have independent dimensions may be cho-
sen, and then Eq. (1) may be written in dimensionless form.
Choosing parameters pr, cpr, U, ATs, d. and taking into
account the m-theorem, Eq. (1) can be represented as:

I = ¢(11;, s, ...I1y), 2)
where )
T q
II=— I =—
U, ! pLUCpLATS,
hra PG
I, = ——— II5 =
2 CpLATS, 3 va
k
I, = “_L7 — L :
pUd, preprUd,
do g
Ilg = — 11
6 d*a 7 pUQd*u
gd TU
Il = IIg = —
8 U2; 9 d* )
. _dr
T = i

Analysis of experimental data presented by Lee et al. [21]
revealed that the parameters II3 — Iy did not change signif-
icantly, and the parameter Il depends mainly on the wall
access temperature, ATg = Ty — Ts. We assumed that
Il ~ const. Thus, one can consider II; as the dimension-
less parameter that determines the rate of bubble growth in

the linear regime:

g, 3)

dt
2.2. Experimental data. Single micro-channel. Data by Lee
et al. [21] and Li et al. [22] contain the results related to bub-
ble dynamics in a single micro-channel.
In the range of IT; = 0.00791 — 0.0260 linear behaviour
of the bubble radius was observed, when II; > 0.0260 expo-
nential bubble growth took place (Fig. 1).

Behavior of bubble
radius with time
Linear

0.0079 0.026  0.034 717
1

Fig. 1. Behaviour of bubble change of radius vs. time. The values of
I1, were calculated from experimental data
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2.3. Parallel micro-channels. The bubble dynamics under
conditions corresponding to flow in two parallel trapezoidal
micro-channels with hydraulic diameter 47.7 pm was studied
by Li et al. [22]. The bubbles in two parallel micro-channels
generally grow in a similar way to that in a single micro-
channel. The authors also reported the presence of two-phase
flow instability.

Hetsroni et al. [11] studied bubble growth in 26 parallel
horizontal triangular micro-channels of dj, = 103 pum and
length of 10 mm. Temporal variation of bubble size is shown
in Fig. 2. Figures 2a, b show the variation of bubble size in
the streamwise direction L, and in the spanwise direction
L,, respectively.
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Fig. 2. Temporal variation of vapour bubble size: a) streamwise di-
rection, L, b) spanwise direction, L,. Urs = 0.046 m/s, ¢ =
8 x 10* w/m®

The observed ratio f = L, /Ly, is quite different from
that reported for subcooled flow boiling of water in tubes of
17-22 mm inner diameter. Prodanovic et al. [24] reported that
this ratio was typically around 0.8 for experiments at 1.05-
3 bar.
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2.4. Bubble velocity. Figure 3 shows the velocity of the
displacement of the bubble tail in the streamwise direction
U, (m/s) versus the bubble lifetime ¢, at fixed conditions as
described above, i.e., ¢ = 8 x 10* W/m?, Urg = 0.046 m/s.
One may conclude that the velocity of bubble displacement
varies, depending on the range of lifetime. In region A of the
boiling process, during the period of about 0.005 s from the
appearance of the first bubble, ONB, the bubble velocity is
equal to the superficial liquid velocity. It should be noted that
the term ONB, known as the onset of nucleate boiling, was
borrowed from the terminology of subcooled flow boiling in
larger tubes. Region B is characterized by a sharp increase
in the bubble velocity, namely the bubble is accelerated in
the streamwise flow direction. Figure 3 shows that in this re-
gion the bubble velocity increases about threefold, during a
time interval of about 0.003 s. After the time when U, reach-
es maximum value it remains constant, as shown in Fig. 3,
region C.
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3.354 0366 0368 037 0372 0374 0376 0378 038 0382 0384

t, s
Fig. 3. The velocity of bubble displacement. Urs = 0.046 m/s,
g = 80 kW/m?

Such a behaviour agrees with results reported by Agos-
tini et al. [25]. The collision of elongated bubble has been
studied by Revellin et al. [26] along adiabatic glass micro-
channels of 509 and 709 um internal diameters for refriger-
ant R-134 a. A model for the collision of elongated bubbles
in micro-channels was proposed to predict the bubble length
distribution at the exit of the micro-evaporator.

In micro-channels, bubbles cause a significant volume
change (relative to the channel size). As a result, pressure
fluctuations were observed. The temporal behaviour of the
pressure drop is shown in Fig. 4.

The pressure spike introduces a disruption in the flow.
Depending on the local conditions, the excess pressure inside
the bubble may overcome the inertia of the incoming liquid
and the pressure in the inlet manifold, and cause a reverse
flow of varying intensity, depending on the local conditions.
There are two ways to reduce the flow instabilities: reduce the
local liquid superheat at the ONB and introduce a pressure
drop element at the entrance of each channel, Kandlikar [27].
Kakac and Bon [28] reported that density-wave oscillations
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were observed also in conventional size channels. Introduc-
tion of additional pressure drop at the inlet (small diameter
orifices were employed for this purpose) stabilized the system.
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Fig. 4. Pressure drop fluctuations. Uzs = 0.14 m/s, ¢ = 220 kW/m?

Simultaneous visualizations and measurements were done
by Wang et al. [29] to investigate effects of inlet/outlet config-
urations on flow boiling instabilities in parallel micro-channels
having a length of 30 mm and a hydraulic diameter of 186 pm.
It was found that nearly steady flow boiling existed in the par-
allel micro-channels through an inlet restriction.

3. Heat transfer

The heat transfer coefficient of boiling flow through a hor-
izontal rectangular channel with low aspect ratio (0.02-0.1)
was studied by Lee and Lee [30]. The detail experimental
study of flow boiling heat transfer in two-phase heat sinks
was performed by Qu and Mudawar [5]. It was shown that
the saturated flow boiling heat transfer coefficient in a micro-
channel heat sink is a strong function of mass velocity and
depends only weakly on the heat flux. This result, as well
as the results by Lee and Lee [30], indicates that the domi-
nant mechanism for water micro-channel heat sinks is forced
convective boiling but not nucleate boiling.

Heat transfer characteristics for saturated boiling were
considered by Yen et al. [31]. From this study of convec-
tive boiling of HCFC123 and FC72 in micro-tubes with inner
diameter 190, 300 and 510 pum one can see that in the saturat-
ed boiling regime, the heat transfer coefficient monotonically
decreased with increasing vapour quality, but is independent
of mass flux.

The convective and nucleate boiling heat transfer coef-
ficient was the subject of experiments by Grohmann [32].
The measurements were performed in micro-tubes of 250
and 500 pm in diameter. Nucleate boiling metastable flow
regimes were observed. Heat transfer characteristics at the nu-
cleate and convective boiling in micro-channels with different
cross-sections were studied by Yen et al. [33].

Several popular macro-channel correlations, and recent-
ly recommended small-channel correlations, were examined
by Lee and Mudawar [34]. Predictions were adjusted for the
three-sided wall heating and rectangular geometry.
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Experiments by Lee and Mudawar [34] reveal the range
of parameters at which heat transfer is controlled by nucle-
ate boiling or annular film evaporation. The first of these
processes occurs only at low qualities (z < 0.05) corre-
sponding to very low heat fluxes; the second one at moderate
(0.05 < x < 0.55) or high (z > 0.55) qualities that corre-
spond to higher heat fluxes. New correlations were suggested
by Lee and Mudawar [34]. They are based on the Martinelli
parameter X and account for micro-channel effects not rep-
resented in the prior correlations.

The work by Steinke and Kandlikar [15] focused on
obtaining heat transfer data during flow boiling in micro-
channels. An experimental investigation was performed for
flow boiling using water in six parallel, horizontal micro-
channels with a hydraulic diameter of 207 pum. The ranges
of parameters are: mass flux from 157 to 1782 kg/m?s, heat
flux from 5 to 930 kW/m?, inlet temperature of 22°C, quality
from sub-cooled to 1.0, and atmospheric pressure at the exit.

hip = 0.6683C0 %2(1 — z)*® foh +

)
+1058B0%7(1 — 2)°8F - hp,
05 /1 _ 2\08
wo-(5) (=) o
PL x
q
Bo = 6
= Ghic (6)

where Co is the convection number given in Eq. (5), Bo is
the boiling number given in Eq. (6), f2 is the multiplier, iy,
is the heat transfer coefficient with all liquid flow, and z is the
quality. The F' number for water is 1.0 and the f5 is multiplier
is 1.0 for micro-channel flow.

The empirical correlation obtained by Steinke and Kand-
likar [15] predicts a heat transfer coefficient about twice higher
than that measured by Qu and Mudawar [5] during flow boil-
ing of water (x < 0.15) and during flow boiling of R-134a
(x = 0.4-0.8). This correlation also overpredicts the exper-
imental data obtained by Yen et al. [31] during convective
boiling of HCFC123 and FC72 in d = 190 pm tubes in the
range of z = 0.4-0.9.

3.1. Critical heat flux of flow boiling. Zhang et al. [35]
proposed a correlation for CHF under condition of saturated

boiling:
7\ 231 0.3617 —9-295
We+0.0119 <—> (”—G> 1 x
dp PL

<£> ~0.311 - (p_L>o.17o L
dp PL ’
@)

where Bo = qcrit/(hreG) is the boiling number, We =

Bo=0.0352

(G2dy,)/(opr) is the Weber number, q...;; is the critical heat
flux, hp ¢ is the latent heat of vaporization, G is the mass flux,
Zin 1S the thermodynamic equilibrium quality at the inlet, pg
and py, are the densities of saturated vapor and liquid, respec-
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tively, d;, is the hydraulic diameter, L is the heated length,
and o is the surface tension.

Hall and Mudawar [36] provided a comprehensive review
of the current state of knowledge of subcooled CHF for water
flow boiling in channels, and proposed a statistical correlation
with five parameters based on almost all available subcooled
CHF databases in the literature:

Bo = CiWe(pr/pa)*[1 = Calpr/pc) > win]
1 4+4C1CaWe2(pr/pa) e (L/dp)

®)

where the Weber number We = G2dy,/(pro), C1 = 0.0722,
Cy = 0.312, C3 = 0.644, Cy = 0.900, and C5 = 0.724. The
correlation was developed using a total of 4860 data points
and predicted CHF with a rms error of 14.3% in the follow-
ing parametric ranges: 0.1 < Py < 20 MPa, 0.25 < dj <
15.0 mm, 2 < L/d;, < 200, 300 < G < 30000 kg/m? s,
2.00 < x;pn, < 0.00, and 1.00 < zyyr < 1.00.

A theoretical model for the prediction of the critical heat
flux of refrigerants flowing in heated, round micro-channels
has been developed by Revellin and Thome [26]. The model
is based on the two-phase conservation equations and includes
the effect of the height of the interfacial waves of the annular
film. Validation has been performed by comparing the model
with experimental results presented by Wojtan et al. [37], Qu
and Mudawar [38], Bowers and Mudawar [39], Lazareck and
Black [40]. More than 96% of the data for water and R-113,
R-134a, R245fa were predicted within £20%.

3.2. Explosive boiling of water in parallel micro-channels.
The thermo-hydrodynamic processes of boiling in a micro-
channel heat sink were subject to a number of experimental
investigations performed during the last decade. Periodic wet-
ting and rewetting phenomena were observed by Hetsroni et
al. [11, 12], Zhang et al. [14], Steinke and Kandlikar [15],
and Kandlikar and Balasubramanian [6].

3.3. Quasi-periodic boiling in a certain single micro-
channel of a heat sink. The main parameters that affect the
explosive boiling oscillations (EBO) in an individual channel
of a heat sink such as hydraulic diameter, mass flux, and heat
flux were studied by Hetsroni et al. [11-13].

3.4. Period between successive events. Figure 5 shows the
dependence of the dimensionless period of phase transforma-
tions (i.e., the time between bubble venting), t*, on boiling
number Bo (t* = t/Udy, Bo = q/Ghrg, where t is the
period between successive events, U is the mean velocity of
single-phase flow in the micro-channel, dj is the hydraulic
diameter of the channel, ¢ is heat flux, m is mass flux, hpq
is the latent heat of vaporization). The dependence of ¢* on
Bo can be approximated, with a standard deviation of 16%, by

t* = 0.000030 Bo? 9)
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3.5. The initial thickness of the liquid film. The term ini-
tial liquid film thickness is defined as the average thickness of
fluid, evenly distributed during the period ¢, over the surface
of the circular micro-channel, after venting of the elongated
bubble.

The average liquid thickness 4, can be calculated as:

d=qt/prLhLG. (10

Figure 6 shows the dependence of the dimensionless ini-
tial liquid thickness of water and ethanol §*, on the boiling
number Bo, where 6* = §U/v, U is the mean velocity of
single-phase flow in the micro-channel, and v is the kine-
matic viscosity of the liquid at saturation temperature. The
dependence of 6* on Bo can be approximated, with a stan-
dard deviation of 18%, by:

8% = 0.00015 Bo~ 3. (11)
3.0
25 Y
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Fig. 6. Dependence of the dimensionless initial film thickness on

the boiling number: circles (o) represent d;, = 100 pum, water, tri-

angles (A) represent dp, = 130 pm, water, diamonds (4) represent
dr, = 220 pm, water, star (x) represents dp = 220 um, ethanol

The initial thickness of the liquid film is a key parameter
of the explosive boiling. The term initial liquid film thickness
is defined as the average thickness of fluid, evenly distributed
during period ¢, over the surface of the circular micro-channel,
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after venting of the elongated bubble. This surface is locat-
ed downstream of the ONB and may be characterized by the
heated length and hydraulic diameter. This point may be dis-
cussed in some detail with regard to the beginning of the
critical heat flux (CHF) regime. The variation of the initial
thickness of the film of water versus the heat flux is depicted
in Fig. 7. For explosive boiling the film thickness decreas-
es with increasing heat flux from 125 to 270 kW/m? from
about 8 to 3 um. This range of values is on the same order of
magnitude as those given by Moriyama and Inoue [41] and
by Thome et al. [7] for R-113 in small spaces (100—400 pm).
Decreasing liquid film thickness with increasing heat flux is
a distinct feature of dryout during explosive boiling. Under
the conditions at which the instantaneous temperature of the
heater surface exceeds 125°C, the value of  was in the range
of 3-0.6 um. This value may be considered as minimum ini-
tial film thickness. If the liquid film reached the minimum
initial film thickness d,,i,, CHF regime occurred. According
to Thome et al. [7] Omin is assumed to be on the same or-
der of magnitude as the surface roughness. The values of the
minimum initial film thickness calculated by Thome et al. [7]
for R-113 at saturation temperature 47.2°C was in the range
of 1.5-3.5 pym.
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Fig. 7. The variation of the initial film thickness for water versus heat
flux: circles (o) represent d;, = 100 pum, water, triangles (A) repre-
sent dp, = 130 pum, water, diamonds (4) represent dp, = 220 pm,
water

3.6. System that contains a number of parallel micro-
channels. Hetsroni et al. [11-13] also studied the effect of
EBO in individual channels on the average characteristics of
the whole heat sink: total pressure drop and temperature fluc-
tuations on the heater, and the heat transfer coefficient. The
high-frequency oscillations in individual micro-channels are
superimposed and lead to total low-frequency pressure drop
and temperature oscillations of the system.

Fluctuation of pressure drop, fluid and heated wall
temperatures. The experimental investigations of boiling in-
stability in parallel micro-channels were carried out by si-
multaneous measurements of temporal variations of pressure
drop, fluid and heater temperatures. The channel-to-channel
interactions may affect pressure drop between the inlet and
the outlet manifold as well as associated temperature of the
fluid in the outlet manifold and heater temperature. Figure 8
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illustrates this phenomenon for pressure drop in the heat sink
that contains 13 micro-channels of d;, = 220 um at mass
flux G = 93.3 kg/m?s and heat flux ¢ = 200 kW/m?. The
temporal behaviour of the pressure drop in the whole boil-
ing system is shown in Fig. 8a. The considerable oscillations
were caused by the flow pattern alternation, that is, by the
liquid/two-phase alternating flow in the micro-channels. The
pressure drop FFT is presented in Fig. 8b. Under condition of
the given experiment, the period of pressure drop fluctuation
is about ¢ = 0.36 s.

a)

2.0

AMMAMIA

1.0 : 1

AP, kPa

o
=

35

30

25

20

15 4

10

Power spectral density, Pa’/ Hz

0 T T T T
0 1 2 3 4 5

Frequency, Hz

Fig. 8. Time variation of pressure drop at ¢ = 200 kW/m?: a) pres-
sure drop fluctuations, b) pressure drop amplitude spectrum

The pressure drop fluctuation provides an insight into the
temperature behaviour of the fluid in the outlet manifold. The
pressure drop fluctuation frequency represents the oscillations
in the system. Figure 9a, b shows the time variation and
FFT of the fluctuation component of the fluid temperature.
In Fig. 9a one can observe that the average fluid temperature
at the outlet manifold is less than the saturation temperature.
This results in the fact that only single liquid comes to the
outlet manifold through some of the parallel micro-channels.

The time variation of the mean and maximum heater tem-
perature is presented in Fig. 10. The mean heater temperature
(i.e., the average temperature of the whole heater) changed in
the range of ATy, = 10 K. The maximum heater temperature
changed in the range of AT}, = 6 K. Comparison between
Figs. 8 and 9, shows that the time period (frequency) is the
same for the pressure drop and the fluid temperature at the
outlet manifold, and the mean and maximum heater temper-
ature fluctuations. It also allows one to conclude that these
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fluctuations are in phase. When the heat flux is increased,
at constant value of mass flux, the oscillation amplitudes of
the pressure drop, the fluid and the heater temperatures also
increase.
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Fig. 10. Time variation of average and maximum heater temperature
at ¢ = 200 kW/m?

3.7. Average heat transfer coefficient. In the range of qual-
ity x = 0.01-0.08 it was observed that at the same boiling
number and inlet temperature, an increase in diameter shifts
the ONB further from the inlet. The region of the local dry-
out decreases and the average heated surface temperature de-
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creases as well. Under this condition the heat transfer coef-
ficient increases with increased hydraulic diameter. In order
to take into account the effect of surface tension and micro-
channel hydraulic diameter, we have applied the Eotvos num-
ber Eo = g(prpc)ds /o. Figure 11 shows the dependence of
the Nu/Eo on the boiling number Bo, where Nu = hdy, /kr,
is the Nusselt number, A is the heat transfer coefficient, and
kr is the thermal conductivity of fluid. All fluid properties
are taken at the saturation temperature. This dependence can
be approximated, with a standard deviation of 18%, by the
relation:

Nu/FEo = 0.030 Bo'”. (12)

¥
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Fig. 11. The dependence of Nu/Fo on the Bo: circles (0) represent

dr, = 100 pum, water, triangles (A) represent dp, = 130 um, water,

diamonds () represent dp, = 220 pm, water, star (x) represents
dp, = 220 pm, ethanol
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4. Conclusions

4.1. Bubble dynamics in a confined space. Dimensional
analysis shows that the variation of the bubble radius with
time depends on the parameter Il = ¢/(prUcpr ATs). In the
range of II = 0.0079-0.026, linear behaviour was observed,
and when II > 0.026 exponential bubble growth took place.

Heat transfer in two-phase flow boiling. The extent to
which an incoming liquid will be vaporized is a design vari-
able that depends on the intended application. In micro-scale
refrigeration systems, the change in vapour quality may be
substantial, on the order of 0.8 for example. In electronics
cooling applications, the equilibrium vapour quality may re-
main at 0, or be very small; in those designs, the aim is to
capture the high-heat transfer coeflicients of subcooled flow
boiling, without the added complexities of net vapour gener-
ation (e.g., the need to incorporate a condenser). The distinc-
tion between low and high-quality outflow affects heat transfer
coeflicients. Experiments by Lee and Mudawar [34] revealed
the range of parameters at which heat transfer was controlled
by nucleate boiling or annular film evaporation. The first of
these processes occurred only at low qualities (x < 0.05), the
second one at moderate (0.05 < x < 0.55) or high (x > 0.55)
qualities. New correlations were suggested by Lee and Mu-
dawar [34]. They are based on the Martinelli parameter and
may be used for two-phase flow boiling of water and refrig-
erant R-134a.
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4.2. Critical Heat Flux. Several thousand CHF points have
been reported in the boiling literature of the past 50 years.
Most of these data were obtained with stable flow in single
conventional size circular tubes and conventional size chan-
nels. The tubes were usually of uniform wall thickness, and
direct electrical heating was utilized to simulate the constant
heat flux. The correlation suggested by Zhang et al. [35],
(Eq. (7)) gives the best agreement with experimental data on
saturated CHF in channels of 0.33-6.22 mm. There is a signif-
icant difference between experimental results of CHF obtained
in a single micro-channel of d;, = 0.5 mm and in the block
that contained twenty-one 0.215 x 0.21 mm channels.

The study of CHF in micro-channels has not received
much attention in the literature. Single-tube CHF data are
not available for micro-channels with hydraulic diameters less
than 0.3 mm. Under conditions of explosive boiling, Hetsroni
et al. [13] suggested that the initial thickness of the liquid
film may by considered as a key parameter that affects CHF
in the system containing a number of parallel micro-channels
of dj, = 0.1-0.22 mm. New experiments should be performed
to validate the dimensionless groups suggested for the evap-
orating interface near the heated wall and CHF for single
micro-channels, as well as for blocks that contain parallel
micro-channels.

4.3. Flow instability. The channel-to-channel interactions
may affect pressure drop between the inlet and the outlet man-
ifolds, as well as associated temperature of the fluid in the
outlet manifold and the temperature of the heater. The fre-
quency and the phase are the same for all these fluctuations.
They increase at a constant value of mass flux with increasing
heat flux. The large heated wall temperature fluctuations are
associated with CHF. As the heat flux approached CHF, the
parallel-channel instability, which was moderate over a wide
range of heat fluxes, became quite intense and must be asso-
ciated with maximum temperature fluctuation of the heated
surface.
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