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Abstract

The available data dealing with boiling incipience of water in microtubes (tubes with diameters in the 0:1–1 mm

range) are analyzed. Macroscale models and correlations appear to under predict the heat fluxes that lead to the boiling

incipience in microtubes. It is suggested that boiling incipience in microchannels may be controlled by the thermo-

capillary force that tends to suppress the microbubbles that form on wall cavities. Accordingly, a semi-empirical

method is proposed for predicting the boiling incipience in microtubes. The effect of the turbulence characteristics of the

microtube on the proposed method is also examined.

� 2002 Published by Elsevier Science Ltd.
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1. Introduction

Microchannels with hydraulic diameters on the order

of 0:1–1 mm have important current and potential ap-

plications and their thermal–hydraulic characteristics

have been recently studied rather extensively [1]. For

single-phase flow different and opposing trends have

been reported [2–11]. Among these, the disagreement

between measured turbulent flow heat transfer coeffi-

cients and the predictions of macroscale correlations can

be mentioned [12–15].

Available data dealing with boiling and two-phase

flow also suggest important differences between micro-

channels (defined here as channels for which D=k6 0:3
[1,16]) and commonly applied large channels [1]. In

subcooled boiling, the velocity and temperature gradi-

ents near the walls of microchannels can be extremely

large, rendering forces such as thermocapillary (Ma-

rangoni) force and the lift force resulting from the liquid

velocity gradient significant, and the released bubbles can

be extremely small [17]. The occurrence of extremely

small bubbles significantly impacts the various subcooled

boiling processes including the onset of nucleate boiling

(ONB), onset of significant void (OSV) [18], and depar-

ture from nucleate boiling [19]. Experimental data rep-

resenting ONB and OSV in microtubes, for example

show that the widely used macroscale correlations un-

derpredict the heat fluxes that cause both ONB and OSV

phenomena in heated microtubes with subcooled water

[18].

The objectives of this paper are to show that the

observed disagreement between microtube ONB data

and macroscale models may be due to the significance of

thermocapillary effects in the former, and accordingly

develop a semi-analytical model for ONB in microtubes.

2. Microchannel onset of nucleate boiling data

In forced-flow subcooled boiling, the boiling incipi-

ence, or the ONB point, represents the initiation of nu-

cleate boiling, and can be specified in macroscale

experiments by photographic methods. This technique

can be easily applied to microchannels, and instead the

heated channel pressure drop–mass flux (DP–G) charac-
teristic curve can be used for the specification of the ONB

and OSV points [18,20]. The general form of the DP–G
curve, obtained by measuring the total pressure drop

across a test section subject to a constant thermal load

and a variable subcooled coolant mass flux (e.g., water at

International Journal of Heat and Mass Transfer 45 (2002) 4599–4606
www.elsevier.com/locate/ijhmt

*Corresponding author. Tel.: +1-404-894-3746; fax: +1-404-

894-8496.

E-mail address: seyed.ghiaasiaan@me.gatech.edu (S.M.

Ghiaasiaan).

0017-9310/02/$ - see front matter � 2002 Published by Elsevier Science Ltd.

PII: S0017-9310 (02 )00167-9

mail to: seyed.ghiaasiaan@me.gatech.edu


low and moderate pressures) with invariant inlet tem-

perature, is depicted in Fig. 1 [21]. By comparing the

calculated single-phase liquid pressure drop line with the

DP–G curve, the ONB point can be identified as the point

where the latter two lines begin to deviate noticeably.

This method has been used by Inasaka et al. [20] and

Kennedy et al. [18]. An audible, whistle-like sound ac-

companied the occurrence of ONB in the experiments of

Kennedy et al. [18], further confirming the reliability of

the aforementioned method for the specification of the

ONB point. The data of [20] obtained with their 1 mm

diameter test section, and the data of [18] obtained with

their 1.17 and 1.45 mm diameter test sections, are de-

picted in Fig. 2(a) and (b). In the figures they are com-

pared with the predictions of the widely used macroscale

correlations of Bergles and Rosenow [22] and Sato and

Matsumura [23]; the latter correlation is identical to the

correlation of Davis and Anderson for hemispherical

Nomenclature

a, b empirical coefficients

B constant in the logarithmic velocity distri-

bution

C empirical coefficient

D channel diameter (m)

f D’Arcy friction factor

Fr thermocapillary force (N)

G mass flux (kg/m2 s)

h convection heat transfer coefficient (W/

m2 K)

hfg latent heat of vaporization (J/kg)

k thermal conductivity (W/mK)

l length scale defined in Eq. (17)

Nu Nusselt number ¼ hD=k
Nv Ohnesorge number

P pressure (Pa)

Pe Peclet number ¼ UD=a
Pr Prandtl number ¼ m=a
q00 heat flux (W/m2)

r radial coordinate (m)

R channel radius (m)

R� critical cavity radius (m)

Re Reynolds number ¼ UD=m
T temperature (K)

T liquid bulk temperature (K)

u velocity (m/s)

U channel average velocity (m/s)

u� friction velocity ¼
ffiffiffiffiffiffiffiffiffiffi
sw=q

p
(m/s)

v specific volume (m3/kg)

vfg vg � vf
uþ dimensionless velocity ¼ u=u�

y distance from the wall (m)

yB height of bubble tip above the wall surface

(m)

yþn parameter in Reichardt’s eddy diffusivity

model

Greek symbols

eH heat transfer eddy diffusivity (m2/s)

eM momentum eddy diffusivity (m2/s)

j Karman’s constant

k Laplace length scale ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r=gðql � qgÞ

q
(m)

m kinematic viscosity (m2/s)

h azimuthal angle (R)

q density (kg/m3)

r surface tension (N/m)

s shear stress (Pa)

n dimensionless parameter defined in Eq. (14)

Subscripts

B bubble

exp experiment

f saturated liquid

I bubble–liquid interface

mod model

sat saturation

w wall

Superscripts

þ in wall units

Acronyms

OFI onset of flow instability

ONB onset of nucleate boiling

OSV onset of significant void

Fig. 1. Pressure drop–mass flux characteristic curve for a uni-

formly heated channel.
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bubbles [24]. (Both correlations are described in the next

section.) The depicted predictions of these correlations

were obtained by applying the Dittus–Boelter correlation

for forced convection, as described later. Overall, both

correlations evidently under predict q00ONB in the described

experiments.

3. Past onset of nucleate boiling models

Several models have been proposed for boiling incipi-

ence for partially wetting liquid–solid systems [22–28],

and for highly wetting liquids [29,30]. For the partially

wetting conditions, all of the aforementioned models are

based on the tangency criterion. The bubbles are as-

sumed to grow on cavities of various sizes in a super-

heated liquid layer with a linear temperature profile, and

ONB is assumed to occur when the following conditions

apply to any of the bubbles:

T jy¼yB
¼ TB ð1Þ

oT
oy

jy¼yB
¼ oTB

oRB

ð2Þ

where oTB=oRB is obtained using some form of the

Clausius–Clapeyron’s relation. Properties without a

subscript everywhere in the paper represent the liquid

phase. The method of Bergles and Rohsenow [22] is the

most widely used, and for water its predictions have

been correlated as [22]:

q00ONB ¼ 5:30P 1:156 1:8 Twð
�

� TsatÞONB

�n ð3Þ

where n ¼ 2:41=P 0:0234. Here q00ONB is in W/m2, P is in

kPa, and temperatures are in K. The model of Davis and

Anderson [24] considers chopped-spherical bubbles, and

for hemispherical bubbles gives the following expression

with C ¼ 1; in agreement with [23]:

q00ONB ¼ kfhfg
Cð8rTsatvfgÞ

ðTw � TsatÞ2 ð4Þ

Expressions similar to the above equations should of

course be used simultaneously with an equation for the

convection heat transfer:

q00ONB ¼ hðTw � T Þ ð5Þ

The heat transfer coefficient is usually obtained from

widely used correlations such as [31,32]. The adequacy

of these correlations for microchannels is questionable,

however [9–14], and they appear to systematically un-

derpredict h for heated microtubes [1–3,15]. Marsh and

Mudawar [28] investigated the ONB in subcooled tur-

bulent liquid falling films, and noted that the assump-

tion of linear liquid temperature profile near the wall

was inadequate. Due to the complicating effects of the

bubble on its surrounding liquid isotherms and the

turbulent eddies that may suppress nucleation, however,

they correlated their data semi-empirically, and derived

an expression similar to Eq. (4), with C ¼ 3:5.
It should be mentioned that the aforementioned

models all assume the occurrence of an essentially sta-

tionary bubble layer on the wall cavities at the vicinity of

the ONB point. Recent studies dealing with bubble eb-

ullition phenomena in subcooled boiling, using water at

low pressure, have shown that bubbles slide along the

heated surface near the ONB point, before being ejected

[33,34]. Furthermore, the released bubble diameters

predicted by the commonly applied macroscale models

for microchannels are sufficiently small to render the

relative magnitudes of forces that act on bubbles dif-

ferent from macroscale cases [17].

4. Fully turbulent flow in a microtube

The wall heat transfer coefficient is needed for the

application of most ONB models, including the model

Fig. 2. Comparison between the microtube ONB data and two

widely used macroscale models. (a) Bergles and Rohsenow [22]

(b) Sato and Matsumura [23].
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presented in this paper. For incompressible, fully de-

veloped and constant property flow in a circular tube:

Re ¼ UD
m

¼ 4

Z Rþ

0

uþdyþ � 4

Rþ

Z Rþ

0

uþyþdyþ ð6Þ

where yþ ¼ yu�=m; uþ ¼ u=u� ; and

u� ¼
ffiffiffiffiffiffiffiffiffiffi
sw=q

p
¼ U

ffiffiffiffiffiffiffiffi
f =8

p
¼ 2

RþU
Re

ð7Þ

For smooth, circular tubes the fully developed turbulent

velocity profile obeys the well-known law of the wall

distribution with j ¼ 0:4 and B ¼ 5:5 [35,36]. Surface

roughness and particles, furthermore, modify the veloc-

ity profile. The channel convection heat transfer coeffi-

cient depends on the turbulent velocity profile according

to [38]:

k
hD

¼ 1

Nu
¼ 2

U
þ
Rþ2

� �2

	
Z Rþ

0

Z rþ

0

uþrþdrþ
 !2

1

��8<
: þ eH

eM

� �
Pr

eM
m

�
rþ
��1

9=
;drþ

ð8Þ

where

uþ ¼ 1

Rþ

Z Rþ

rþ

rþdrþ

1þ eM=m
ð9Þ

Using the above equations along with an appropriate

eddy diffusivity model, the velocity profile and heat

transfer coefficient in the channel can be calculated. A

well-proven expression for eddy diffusivity in tubes is

[38]:

eM=m ¼ j yþ
�

� yþn tanhðyþ=yþn Þ
�

ð10Þ

for yþ 6 50, and

eM=m ¼ j=3ð Þyþ 0:5
n

þ rþ=Rþð Þ2
o

1ð þ rþ=RþÞ ð11Þ

for yþ > 50, where j ¼ 0:4 and yþn ¼ 11.

The above equations were used for calculating and

correlating wall heat transfer coefficient and friction

factor by Petukhov [37], who also derived simple meth-

ods for the effect of the liquid property variations with

temperature. The microtube forced-convection heat

transfer data of [9,10] could also be predicted by the

above equations when the parameters in the Reichardt

eddy diffusivity model [38] are modified [15].

5. The present model for onset of nucleate boiling

Hemispherical bubbles of various sizes are assumed

to form on the wall cavities, and Eq. (1), with yB ¼ RB, is

maintained as a requirement for the occurrence of the

bubble. It is, however, hypothesized that ONB occurs in

a microtube when the suppressing effect of the thermo-

capillary force acting on some bubbles is balanced by the

aerodynamic force on those bubbles. Assuming that the

bubble size is negligibly small compared with channel

radius, the thermocapillary force for a hemispherical

bubble can be represented as:

Fr ¼ 2pR2
B

Z p=2

0

or=oTð Þ oTI=oyð Þ½ �y¼RB cos h sin
2 hdh ð12Þ

where h is the hemisphere’s azimuthal angle, and y is the

coordinate perpendicular to the surface. The interfacial

temperature is likely to be slightly non-uniform [39,40],

however, and when the liquid–vapor surface tension

decreases with increasing temperature, Fr will tend to

slightly deform the bubble [41]. The aerodynamic force

also depends on the fluid motion around the bubble

surface. Rigorous modeling is difficult, however, due to

the complicating mutual effects of the bubble and the

surrounding flow field, and the turbulent eddies that

penetrate the near-wall fluid layer [28]. A semi-empirical

analysis is therefore performed. The ratio between the

orders of magnitude of the thermocapillary and aero-

dynamic forces is simply represented by the following

dimensionless quantity:

n ¼ rf � rw

qfU
2
R�

ð13Þ

where rf and rw are the values of the surface tension at

Tsat and Tw respectively, and R� is the critical cavity ra-

dius that satisfies Eqs. (1) and (2) when the surrounding

liquid temperature is linearly distributed with respect to

y:

R� ¼ 2rTsatvfgkf
q00ONBhfg

� �1=2
ð14Þ

Following [28], Eq. (4) is used as the basis for the de-

velopment of a semi-empirical correlation, and in light

of the above discussion, the coefficient C is expected to

be a strong function of n in microchannels.

Fig. 3 displays the experimental values of C as a

function of parameter n for the microchannel ONB data

of [18,20]. These values of C were obtained as follows.

First, for each data point, knowing the experimental

mass flux, wall heat flux, q00ONB;exp, and local liquid bulk

temperature, T , at the ONB point, the heat transfer

coefficient and the turbulent velocity distribution in the

microtube were obtained, following the procedure de-

tailed in [15]. Briefly, this was done by solving Eqs. (6)–

(11) assuming j ¼ 0:4 and yþn ¼ 11, using 1800 radial

nodes, with 1000 equal-sized nodes representing the

1 > r=RP 0:85 region of the tube cross-section, and 800

equal-sized nodes representing the remainder of the tube

cross-section. Parameter R� was then calculated from

Eq. (14) with r representing saturated liquid, followed
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by the calculation of n from Eq. (13). Fig. 3 confirms a

strong dependence of C on n, with C monotonically

increasing (equivalent to a monotonically increasing

q00ONB for given local coolant conditions) as n is increased.

Increasing n of course implies stronger suppression of

bubbles by the thermocapillary force. Fig. 3 also indi-

cates that C is independent of Pe, as expected. The de-

pendence of C on n in Fig. 3 can be represented by the

following simple correlation:

C ¼ anb ð15Þ

with the limit of:

CP 1 ð16Þ

The constants in Eq. (15) are a ¼ 22 and b ¼ 0:765. The
limit in Eq. (16) is only marginally supported by the

data, and is imposed since, as n ! 0, the thermocapil-

lary force tends to vanish, and the macroscale correla-

tions of [23,24] (the latter for assumed hemispherical

bubbles) should apply. The predictions of the present

model for ONB are now depicted in Fig. 4, where they

are compared with the data of [18,20]. These model

calculations were obtained by solving Eqs. (6)–(11),

along with Eqs. (13)–(16). Physically correct, converged

solutions were easily obtained for all data points, except

for three data points of [20], which are designated with

arrows in the figure. These and all other parametric

calculation, however, show that difficulty with conver-

gence is encountered only in some cases for which C  1,

and for such cases good prediction of data can be ob-

tained by simply assuming C ¼ 1, in agreement with the

correlations of [23,24]. The range of the experimental

parameters for the above model are: 10,000 < Pe <
125,000; 0:01 < n < 11; and 95,000 < D=l < 750,000,

where l represents a length scale that can be derived

based on dimensional analysis using liquid properties

but excluding gravity due to the negligible effect of

buoyancy on two-phase flow phenomena in micro-

channels [41]:

l ¼ qv2=r ð17Þ

Definition of l is consistent with the way a surface ten-

sion parameter is defined when a strong dependence of

the latter parameter on the velocity or rate of shear is

avoided. By dividing l by a relevant geometric length

(e.g., R), one obtains Nv2, where Nv is the Ohnesorge or

viscosity number, which plays an important role in

droplet breakup [42,43]. Nv2 can also be interpreted as a

surface tension parameter that does not depend on ve-

locity [44]. The mean and standard deviation of the

statistic ð1� q00ONB=q
00
ONB;expÞ are 0.229 and 0.185, re-

spectively. The large standard deviation, it should be

mentioned, is due to the data scatter.

Some parametric calculation results are displayed in

Fig. 5, where the effects of channel diameter, liquid

subcooling, and Pe on q00ONB are examined, using water at

Fig. 4. Comparison of microtube ONB data with the predic-

tions of the present model (j ¼ 0.4, yþn ¼ 11). Points designated

with arrows were obtained with C ¼ 1.

Fig. 3. Variations of coefficient C as a function of the dimen-

sionless parameter n (j ¼ 0:4, yþn ¼ 11).

Fig. 5. Some parametric calculations for water in a tube with

D ¼ 1:00 mm and P ¼ 10 atm.
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10 bar pressure as the working fluid and the experi-

mental system of [18] as the basis. According to the

model, q00ONB monotonically increases with increasing Pe

and subcooling, as expected. The model also predicts a

strong dependence of q00ONB on channel diameter. The

latter parametric dependence of course needs experi-

mental verification, in particular for channels signifi-

cantly smaller in diameter than 1 mm.

6. Effect of channel turbulence characteristics

The calculations described in the previous section

were repeated in order to examine the effect of channel

turbulence characteristics on the developed model pa-

rameters. As noted earlier, the liquid forced convection

data of [9,10] are well predicted by Eqs. (8)–(11), with

proper adjustments of parameters j and yþn . In order to

examine the sensitivity of the proposed model to channel

turbulence characteristics, the analysis is repeated in this

section using the adjusted values of the aforementioned

parameters based on the data of [9,10].

Figs. 6 and 7 are similar to Figs. 3 and 4, respectively,

with the difference that the former figures were obtained

by assuming j ¼ 0:4 and yþn ¼ 8:5 for the eddy diffu-

sivity model of Reichardt [39] (Eqs. (10) and (11)),

consistent with the observations in [15]. The reduction

of the value yþn while j remains unchanged implies

stronger damping of turbulence in the near wall zone.

With the aforementioned turbulence characteristics, the

constants in Eq. (15) had to be replaced with: a ¼ 12 and

b ¼ 0:721. The mean and standard deviation of the sta-

tistic ð1� q00ONB=q
00
ONB;expÞ are 0.223 and 0.189, respec-

tively.

Alternatively, by assuming that j ¼ 0:48 and yþn ¼ 11

[15], the data could be correlated by Eq. (15) with a ¼ 13

and b ¼ 0:738. Increasing j in Reichhardt’s eddy diffu-

sivity model while yþn remains unchanged implies

stronger turbulence energy transport in the channel core.

For this case, the mean and standard deviation of the

aforementioned statistic are 0.214 and 0.183, respec-

tively.

The constants in the correlation developed for the

prediction of ONB in this work evidently depend on the

microtube turbulence characteristics, and when the eddy

diffusivity profile is assumed to be similar to the mac-

roscale case, Eq. (15) is recommended. These results,

nevertheless, confirm the need for the elucidation of the

causes for the observed differences between turbulent

flows in micro and large systems.

7. Concluding remarks

A semi-empirical method for the calculation of the

boiling incipience heat flux in water-cooled microtubes

was developed in this paper, based on the available data.

The method is based on the hypothesis that in micro-

channels the thermocapillary force which tends to sup-

press the microbubbles that form on wall cavities plays a

crucial role. The correlation parameters were shown to

depend on the turbulence characteristics of the micro-

tube.
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