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ABSTRACT

The need to dissipate high heat flux densities has led researchers and designers to employ phase change as a mech-
anism to achieve this goal and thereby achieve more compact heat exchanger equipment. In the present work, a study of
the literature on boiling in mini-channels and microchannels was carried out. For this purpose, bibliographies dating from
the 1990s to the present were consulted, which revealed the main parameters or topics that characterize this process in
mini-channels and microchannels. Thus, the terms mini-channels and microchannels, forced flow boiling and flow re-
gimes (map) are addressed. In addition, a summary of the equations for the determination of the heat transfer coefficient

in two-phase regime (hqr) is presented.
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1. Introduction

The need to dissipate high heat flux densities by air flow has forced
designers to consider liquid cooling without phase change as an option.
The other option has been to employ phase change for this purpose, i.e.,
the use of boiling in small diameter channels. Heat pipes, fuel cells, com-
pact evaporators of advanced designs, among others, are equipment or
devices that use channels of hydraulic diameter of the order of 1 mm. It
was Tuckerman and Pease!™ who demonstrated experimentally that a heat
flux density (qp) of 1300 W/cm? can be dissipated while maintaining a
temperature difference of less than 70 °C.

That is why boiling in mini-channels and microchannels has great
expectations to obtain an effective heat dissipation, mainly in small
equipment!?, hence this line of research has taken interest mainly when
it is necessary to dissipate high heat flux densities in electronic equip-
ment among other uses®4.

Shah®! defined the compact exchanger as having an area to volume
ratio equal to or greater than 700 m%m?®. Many of the electronic circuit
fabrication techniques are used in the fabrication of compact exchangers.
Mini-channels and microchannels constitute a new technology in the
dissipation of large energy densities through small areas. They are an
alternative for the replacement of conventional finned exchangers used
mainly in the automotive, air conditioning and refrigeration industries,
among others. A surface of mini-channels and microchannels is usually
formed by several of these elements in parallel®®. The cooling medium
flows through these channels in order to extract the heat from the energy
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source, having as a characteristic that the flow is lam-
inar. In addition, in such a surface, high values of
heat transfer coefficient, high area/volume ratio,
small mass and volume are obtained and small
amount of the cooling medium or cooling agent is
needed.

In a heat exchanger consisting of mini-channels
and microchannels, heat transfer is improved in two
ways: first, the small dimensions of the ducts in-
crease the heat transfer coefficient and second, the
flat orientation of the ducts reduces the resistance on
the air flow, which leads to a higher flow or a de-
crease in fan power. These attributes make mini-
channel and microchannel surfaces suitable media
for cooling equipment!”.

Compared to a conventional exchanger, the
main advantage of a mini-exchanger or a micro-ex-
changer is its high area/volume ratio, which results
in a high overall heat transfer coefficient per unit vol-
ume that can be greater than 100 MW/mK;
higher by 1 or 2 orders of magnitude than that of a
conventional exchanger!®.

From the literature reviewed, it can be said that
the theory for single-phase flow is applicable for
conventional channels as well as for mini-channels
and microchannels®. However, the theory for two-
phase flow in conventional channels is not appropri-
ate for mini-channels and microchannelst*®.

The objective of this work is to review the liter-
ature on the characteristics of heat transfer dur-
ing boiling in mini-channels and microchannels. For
this purpose, the terms mini-channels and micro-
channels, forced flow boiling and flow regimes
(map), among others, are discussed. In addition, a
summary of the equations for the determination of
the heat transfer coefficient in two-phase regime (har)
that have been obtained and published by different
authors is presented.

2. Methods and materials

2.1 Minichannel and microchannel

When are we in the presence of a mini-channel
or microchannel? The terms mini-channel and mi-
cro-channel are used in the literature without any
universal criteria, although many works have been

carried out in an attempt to find a general criterion
for these terms. Some researchers define the same
transition criterion, between macrochannel and mini-
channel/microchannel, for both single-phase and
two-phase flow in channels, while others define the
criterion independently for single-phase and two-
phase flow.

Mehendale™ used the following classification
to define channels:

1 um < Dy < 100 um: Microchannel

100 pm < Dy £ 1 mm: Minichannel

1 mm < Dy < 6 mm: compact channel

6 mm < Dp: conventional channel

Kandlikar and Balasubramaniant? use a classi-
fication based on the mean path of molecules in sin-
gle-phase flow, surface tension effects and two-
phase flow structure.

Conventional channel: Dy >3 mm

Mini-trunking: 200 um < Dp <3 mm

Microchannel:10 pm < Dp < 200 pm

Nanochannel or molecular: Dy < 0.1 pm

Based on the observation that as the channel di-
mensions become smaller, the surface tension be-
comes important and on the other hand that the effect
of gravity loses its effect, Kew and Cornwell*® pro-
posed as a criterion to define macrochannels, mini-
channels and microchannels, the confinement num-
ber (Co), given by:

o 0.5
Co = [g(pz - pg)]
D
1)

Where o, p1, pv, g and D are liquid surface ten-
sion, liquid density, vapor density, gravity and chan-
nel diameter respectively.

This number is the ratio between the size of
the bubble at the time of its detachment from the sur-
face and the diameter of the duct. This same criterion
has been used by Thome et al.' and Barber*), Un-
der this criterion, a channel whose confinement num-
ber is greater than 0.5 can be classified as a mini/mi-
crochannel and the opposite would be a conventional
channel.

Harirchian and Garimella™® suggested the con-
fining convective number as a criterion to define the
macrochannel and the mini-channel or macrochannel,



which is given by the Bond number (Bo) and the
Reynolds number (Re) whose expression is:
Bo%> - Re = 160
)
The Bond number expresses the ratio between
the buoyancy force and the force due to tension.
Dp,
o
91 = py)

Bo =

(©)
The Reynolds number expresses the ratio be-
tween the dynamic force and the viscous force.
_ uDp
o

Re
4)

For a value less than 160 the channel is cata-
logued as a mini-channel or micro-channel and
above this value it is a macro-channel. With this cri-
terion the authors tried to take into account the ef-
fects of mass flux density and viscosity on the con-
finement of flow in  mini-channels and
microchannels together with surface tension, gravity
and density.

Brauner M in his analysis proposed the E6tvos
number (Eo) as a criterion to consider or not the in-
fluence of surface tension and gravity. The discrimi-
nant value is Eo < (2m)°.

_D?*9(pi = pv)
g

ol
Q)

On the other hand, Lee!*®, considering the rela-
tionship between the drag force on the bubble and the
force due to surface tension, proposes the following
transition criterion:

1 = 3mG

ap
Dirans = 17.8( G2 )

(6)

From the above it can be said that there is no

unity of criteria for the definition of mini-channel
and micro-channel.

2.2 Ebullition in forced flow

In forced flow boiling it is common to consider
that heat is transferred by two mechanisms: forced
convection and nucleated boiling. In forced convec-
tion heat is transferred in the same way as in convec-
tion without phase change, where the heat transferred

increases with increasing mass flux density (G). This
mechanism is modeled with equations similar to
those of convection without phase change including
a fluid flow enhancement factor®*'. In nucle-
ated boiling, heat is transferred by bubbles arising on
the heating surface. These bubbles grow and eventu-
ally separate from the heating surface. This mecha-
nism is similar to that of large volume boiling and is
modeled with the equations of the latter. Here the
heat transfer coefficient increases with increasing
heat flux density and is independent of vapor quality
and mass flow ratel?24,

Heat transfer in the nucleated boiling regime is
characterized by the formation of bubbles, which is
influenced by the density of nucleation centers, the
diameter of bubble detachment and the frequency
of bubble formation.

The nucleation center density (Na) is the num-
ber of cavities or sites in which bubbles are generated
per unit area of the channel and gives a measure of
the energy transferred with the bubble. This nuclea-
tion center density depends on the heat flux density
(q.,)?%%1, vapor velocity?4, cavity size?® and fluid

type.
The expression obtained by Kuo!®® is based pri-

marily on the heat flux density
Na = 0.29q,**
(")
The boiling cycle is the process of liquid heat-
ing, bubble formation, bubble growth and bubble re-
lease. The number of bubbles formed per unit time
or bubble formation frequency (f) and bubble detach-
ment diameter (Ddb) are factors that have great in-
fluence on heat transfer®.. During forced flow boil-
ing the bubble formation frequency depends on the
heat flux density, mass flux density, fluid type, size
and nature of the nucleation center (cavity) and
the bubble release diameter. In general, the bubble
detachment frequency is evaluated by an expression
of the form[?5-28!;

f"Dap = f(g, p1, Py, ] @)
(8)
f™*Dgyp, = cte
9)
Where Ja is the Jakov criterion which expresses

the ratio between the sensible heat required to heat a
mass of liquid to its saturation temperature (Tsa) and



the latent heat hy, to evaporate the same mass of lig-
uid.
Cp (T - Tsat)
a=——"-—
hlv
(10)
The value obtained by Kuo®!, for an average
absolute error of 17%, was:

m
fDdb = 565 X 10_3?

(11)
In the literature!®®, the authors proposed the di-
mensionless nucleation frequency as a function of
the dimensionless temperature difference through
the expression:
f*=0.0013exp (3-1073¢)
12)
Where frequency and dimensionless tempera-
ture were defined as:

o= fW2p,
28]
(13)
and
_ (Ts — To)Wk;p,
o
(14)

Where W, w, ki, Ts, T, are the width of the
channel, the dynamic viscosity and thermal conduc-
tivity of the liquid, the temperature of the surface
where the liquid boils and the temperature of the lig-
uid.

Applying a dimensional analysis, in the litera-
turel?®!, they obtained a relationship between the size
at which the bubble detaches and the Reynolds crite-
rion, which expresses the exponential decrease in the
size of the bubble at the time of detachment (V) as
the Reynolds criterion (Re) increases, that is:

% = 2-10%exp (-5 - Re%2%)
(15)

Where H is the characteristic dimension of the

channel.

2.3 Map of flow regimes

The determination of the different flow regimes
has been studied by several researchers*®3%%1 since,
once the regime is known, the development of mod-
els for the calculation of both the heat transfer coef-
ficient and the pressure drop is facilitated.

In mini-channels and microchannels the flow
regime depends on the interaction between the forces
due to surface tension and inertia. Surface tension is
dominant in the bubble and bullet flow regimes; and
inertia is dominant in the annular and eddy flow re-
gimes. Figure 1 shows a representation of each of
these flow types.

,‘e"lo — Liquid— {'— IJ(G = ks %)
v o .
Ve 4 U \

o Steam & {

/

¢

I~ Steam

=\l :
1 lie e

Y |
0 ¢ 0 0

Bubble flow Bullet flow  Swirling flow Annular flow
Figure 1. Flow regimes.

The flow regime map proposed by Harirchian
and Garimellal*®*! proposes that for values of
Bo0.5Re < 160 vapor confinement is observed
in both the bullet and swirl/annular flow regimes,
while for Bo0.5Re > 160 no confinement is observed.
For low heat flux density with Bl <0.017 (Bo0.4Re-
0.3) and Bo0.5Re < 160 bullet flow is observed and
with Bo0.5Re > 160 bubble flow is observed. For
high heat flux density i.e., for Bl > 0.017 (Bo0.4Re-
0.3) the bubbles coalesce and give rise to swirl-
ing/annular flow. Bl and Bo are the boiling and bond
numbers respectively, defined as:

dp
Bl =
G " hlv

(16)

_ D?

Bo = 3L = Pv)

o

(17)

In the literaturel®!, the authors propose the fol-
lowing as the length at which the transition
from bubble to annular flow occurs:

Py Acs
PL— Pg Py
(18)

Where Acs and Py are the cross-sectional area of
the channel and the wetted perimeter of the channel,
respectively.

Revellin and Thome? proposed a map of flow

L, = 96.65(Bo%%Re)~0258p|~1



regimes from data obtained for boiling refrigerant
R134a and R245fa in circular tubes. In their work
they distinguished three types of regimes: iso-
lated bubble, coalesced bubble and annular. The ge-
ometrical and flow conditions used were: 0.509 and
0.790 mm ducts, heating length from 20 to 70 mm,
mass flux density from 210 to 2094 kg/m?s, heat flux
density from 3.1 to 597 kW/m?, saturation tempera-
ture from 26, 30 and 35 °C and subcooling from 2 to
15 °C. The transition between the regime of iso-
lated bubbles to coalesced bubbles is fulfilled when:
Xpa/bc = 0.763(Rme/'—f;o)o'41
(19)
For the transition from the coalesced to the an-
nular bubble regime, the criterion is taken:

Xpcja = 14-1075(Ref " We; 123)

(20)
Where We is the Weber number:
G2D
We =——
op
(21)

From the flow regimes that appear in mini-
channels and microchannels, it can be concluded that
they are similar to those that appear in conventional
channels: bubble, bullet, swirl and annular.

2.4 Equations used for the determination of
the heat transfer coefficient in mini and mi-
crochannels

For the calculation of heat transfer during
forced flow boiling in ducts, the correlations used
can be divided into two groups:

Correlations that give an average heat transfer
coefficient for the entire boiling process.

Correlations giving a local heat transfer coeffi-
cient as a function of steam quality. The group of cor-
relations for the local heat transfer coefficient can be
divided into:

(i) Improved model

(if) Superposition model

(iii) Asymptotic model

In the improved model the heat transfer coeffi-
cient for two-phase flow (hg) is calculated in the
same way as for single-phase flow, considering the

whole fluid as a liquid (h.) and is affected by a factor
that takes into account the influence of the presence

of the two phases (E).
hqs = E - h,
(22)
The heat transfer coefficient for a single phase

h. is calculated by the equations of Gnielinski,
cited by KandlikarfY,

The superposition model assumes that the two-
phase heat transfer coefficient is the sum of the sin-
gle-phase convective component (hs) and the nucle-
ated boiling component (hen), that is:

hdf = hsf + hen
(23)

The asymptotic model is similar to the superpo-

sition model but in potential form, that is:
dar = his + hen
(24)

In general, these models can be summarized

33[33’34]:

has = [(E - hep)" + (S - hen)]""
(25)
Here, the contribution of both parts is intensi-
fied and/or inhibited by the intensifying factor E
or by the inhibition factor S. The exponent n takes
into account the transition from one mechanism to
the other. Depending on the value of n the superpo-
sition model can be subdivided into: Linear (n =
1)B5%1 and nonlinear (n # 1). Example of model with
n = 2 is that of Liu®" and with n = 3 is that of Stei-
nertel,
Models based on the flow structure are based on
the superposition method and take into account the

characteristics of the flow structure:
Gsecohv + (27T - eseco)hhum
2T

hdf =

(26)

Where 6., is the angle of the dry perimeter,

hy, is the heat transfer coefficient of the vapor phase,

hpum 1S the heat transfer coefficient of the wet pe-

rimeter corresponding to a non-linear superposition

of effects taking into account the equivalent thick-
ness of the liquid.

2.5 Empirical correlations

The correlations for the determination of the
heat transfer coefficient in two-phase flow, in general,
are based on heat transfer coefficients for liquid
phase h 3% and on dimensionless criteria, that is:

haf = hy - f(Bo,Fr,Bl,We, Co, Xy, ...)



(27)
The mean absolute error (MAE) of the correla-
tions is determined according to the expressionl*?41:

Np
1 Y., —Y
EAM =—2Mx 100%
Np T Yexp

(28)
Where Np is the number of points (data) ana-

lyzed, Yca is the calculated value and Yeyp is the ex-
perimental value.

Of the expressions used, the one with the lowest
mean absolute error is the equation proposed by
Basul*?l:

har = 1.44 X 105(Bl2WeD)°'32(%)°'31
v

(29)

3. Conclusions

(1) It is necessary to develop a general crite-
rion based on the thermophysical properties of the
fluids and on the operating conditions to know
the boundaries between conventional channel, mini-
channels and microchannels.

(2) The product of the frequency and diameter
of bubble detachment is an order of magnitude
smaller in mini-channels and microchannels than in
conventional channels.

(3) The structure of boiling flow in mini-chan-
nels and micronals is similar to that of conventional
channels: bubble flow, bullet flow and annular flow.

(4) For the determination of the two-phase heat
transfer coefficient the Basu expression, equation
(29), is the one with the lowest mean absolute error.
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