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Abstract The present work is to investigate nucleate boiling heat transfer at high heat fluxes,
which is characterized by the existence of macrolayer. Two-region equations are proposed to
simulate both thermo-capillary driven flow in the liquid layer and heat conduction in the solid
wall. The numerical simulation results can clearly describe the activities of several multi vorticies
in the macrolayer. These vorticies and evaporation at the vapor-liquid interface constitute a
very efficient heat transfer mechanism to explain the high heat transfer coefficient of nucleate
boiling heat transfer near CHF. This study also explores the flow pattern of macrolayer
with a high conducting solid wall, e.g. copper, and hence the temperature is uniform at the
liquid-solid interface, and the heat fluxes and the evaporation coefficient are found to have
significant effect on flow pattern in the Liquid layer. Furthermore, a parameter “evaporation
Sraction” as well as “aspect ratio” is proposed as an index to investigate the thermo-capillary
driven flow system. The model prediction agrees reasonably well with the experimental data in the
literature.

Nomenclature
A =area (m? Greek symbols
Dy = diameter of vapor stem (m) 08 = volumetric thermal expansion
E = evaporation coefficient coefficient (K™
g = gravitational acceleration (ms™) ) = macrolayer thickness (m)
hevyp = evaporation heat transfer coefficient 6 = wall thickness (m)
(Wm2K™) 8 = sum of macrolayer and wall
hg = latent heat of vaporization (kg™ thickness (m)
k = thermal conductivity (Wm K™ I = viscosity (kgm™'s™)
M = molecular weight (kg kmole™) P = density (kem™)
P = pressure (Nm™) o = surface tension (Nm™)
Pr = Prandtl number vy = difference of vapor and liquid
g, = heat flux (W m?) specific volume (m*kg™)
q = heat transfer rate (W)
r = radial cylindrical coordinate (m) Subscript
ry = radius of vapor stem (m) evap = evaporation
7L = radial distance from axis of ¢ = liquid
symmetry to unit cell boundary (m)  stem = vapor stem interface
R = universal gas constant ( kmole '’K™})  sat = saturated
T = temperature (K) v = vapor
v = velocity in radial direction (ms ") vapor = vapor interface (vapor stem interface
w = velocity in axial direction (ms™) + hovering bubble interface)
= axial cylindrical coordinate (m) w = wall



Introduction

Macrolayer has been found to play an important role in the prediction of near
critical heat flux (CHF) heat transfer. It is presented as a thin liquid film
between the heating surface and hovering bubbles that are nourished by the
evaporation of vapor at the interface of the liquid film, i.e. the upper surface and
the surface of vapor stem penetrating it (the vapor-liquid interface) as shown in
Figure 1. The existence of the macrolayer is supported by the pool boiling
experiments such as Gaertner and Westwater (1960), Gaertner (1965), Katto
and Yokoya (1968), Bhat et al. (1986) and Shoji (1992), and by the flow boiling
experiments such as Mudarwar and Maddox (1989). There are many different
heat transfer models proposed in the literature regarding the evaporation of
macrolayer. Gaertner (1965) postulated that the evaporation at the interface of
the vapor-liquid is the major heat transfer mechanism of macrolayer. Katto and
Yokoya (1968) and Yu and Mesler (1977) hypothesized that the evaporation of
macrolayer is due to nucleate boiling. Bhat et al (1986) resolved the heat
transfer mechanism to the evaporation at the hovering bubble interface and the
conduction through the macrolayer. Chyu (1987) attributed the evaporation of
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macrolayer to the microlayer, much thinner than macrolayer and existing on
the bottom of vapor stem. Pan and Lin (1989) proposed that thermo-capillary
driven flow and evaporation at the interface are the main heat transfer
mechanisms for the macrolayer evaporation. Furthermore, Wang and Pan
(1991) developed a mathematical model and carried out a numerical method to
simulate the thermo-capillary driven flow in the macrolayer.

At the vapor-liquid interface, the surface tension gradient is produced by the
temperature gradient formed during the heating process. Because the surface
tension gradients create a discontinuity of the tangential shear stress at the
vapor-liquid interface, both the liquid and vapor are driven to flow and such a
flow is referred to as Marangoni flow in the literature. There have been many
studies devoted to the effect of thermo-capillary driven flow on the nucleate
flow boiling at low heat fluxes (Kao and Kenning, 1972; Gaddis, 1972; Kenning
and Toral, 1977). However, there is lack of study devoted to thermo-capillary
driven flow on the macrolayer at high heat fluxes, especially, by numerical
method. Owing to numerical difficulties, only one case was studied by Wang
and Pan (1991) that presents thermo-capillary driven flow pattern and non-
uniform wall temperature distribution for water boiling at a heat flux of 900
kWm 2 under atmospheric condition.

The purpose of this study is to investigate thermo-capillary driven flow in
the macrolayer for nucleate boiling at high flux by using the numerical method.
The effect of a copper heated wall with a finite thickness is examined by a
conjugated method coupling the region of liquid macrolayer and solid heated
wall. Guglielmini and Nannei (1976) reported the significant effects of wall
material on CHF for the distilled, degassed and saturated water at atmospheric
pressure. They found that the CHF is asymptotically unchanged between the
wall thickness from 10 to 50um for copper. Furthermore, the effect of
evaporation coefficient, which has a certain degree of uncertainty (Kao and
Kenning, 1972; Collier, 1972), for the interfacial heat transfer is also studied.
The numerical results obtained in the present study will be compared with the
experimental data to verify the effect of heat fluxes.

Mathematical model

The heat transfer mechanism of macrolayer is simulated by the thermo-capillary
driven flow for nucleate boiling at high heat fluxes. A solid wall, existing between
the macrolayer and the heating source, is also included to study the effect of
heated wall. The following assumptions are made to simplify the analysis:

+ The vapor stems are assumed to regularly distribute to the surface in the
triangular lattice as shown in Figure 2a. A unit cell, with a central vapor
stem is surrounded by an equivalent cylindrical liquid region (Figure 2b)
in which the local transport of mass, momentum and heat are considered.

« The instantaneous macrolayer evaporation is simulated in the
present study. Thus, the problem is simplified to be a steady state one,
and only five variables P, V,, Ty and T are solved. Since the time for
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the evaporation of macrolayer is much longer than that for the thermo-
capillary driven flow through the layer (Wang and Pan, 1991) (in the
order of 10° from present calculation), it is reasonable to simulate the
instantaneous heat transfer mechanism of macrolayer without the
consideration of thickness reduction due to evaporation and to neglect
the evaporation driven flow induced at the vapor-liquid interface.

The buoyancy effect can be neglected for relatively thin macrolayer.
Moreover, the numerical results confirm the assumptionz that the
macrolayer is relatively thin and the Bond number, —2£% is much
smaller than 1 (Wang and Pan, 1991). (#)

The vapor temperature is set to be at the saturated state corresponding
to system pressure. Because the density, thermal conductivity and
viscosity of vapor are small as compared with liquid, the shear stress of
vapor can be neglected in the hovering bubble and vapor stem
penetrating the macrolayer. Therefore, the problem is further simplified
to a two-region problem with the liquid macrolayer upon the solid wall.

Governing equations

Two-region (liquid layer and solid wall) equations are used to simulate the flow
behaviors within the macrolayer. The governing equations are divided into two
parts: one for the liquid flow in the macrolayer and the other for the solid wall.

(1) Liquid:

Continuity equation:
10(rpcVe) | O(pewe)

r  or + 0z =0 (1)
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Figure 2.

(@) Regularly triangular
distribution of vapor
stems; (b) unit cell and
its relevant dimension




HFF
9,7

792

+ Axial momentum equation:

Npewawe)  pavewe) _%Jrla( 8W> 8<u 8W> (2)

or 2 oz ror o) Ta\M e

+ Radial momentum equation:
8(pgv/jvg)+a(pzl)g7/U1{) oP 1 (9< 81)[) 0 </L 81}14)
3)

or oz o ror

Uy
— oy —
¥ %)

- ) Yo\ o,

+ Energy equation:
dpwiT) | ApanTy) _1 g( ﬂ@) a<ﬂ@> "

or 0z “ror yPr or 0z \Pr 0z

(2) Wall Energy equation:

10 oTw\ 0 (, 9Tw\ _
;§<7kW m)*&(’ew o ) =0 ©)

Boundary conditions

At the stem-liquid interface. The presence of the surface tension gradient results
in a discontinuity of the tangential shear stress at the interface. The shear
stress due to possible vapor flow can be neglected without significant error
because the vapor viscosity is much smaller than that of liquid. Thus,

ow, Ov, (00 (90T,
%) = (om) (3], ©)
The energy balance at the stem-liquid interface can be expressed as
oT,
k({ (8—€> = hevap(Tf - Tsaz‘)y:;/v (7)
r r=ry

where 7,04 1S the heat transfer coefficient due to evaporation and can be
approximated by the following equation (Pan et al., 1986).

L 2B (MY T )
Wi =9 E\2rR) TL5

sat Vfg

In the above equation, the evaporation coefficient E has the value varying from
0.03-0.05 (Collier, 1972; Hsu and Graham, 1986) to 1 (Kao and Kenning, 1972)
for water. It is close to 1 for clean interface and is greatly decreased by



non-condensable gas and surface contamination at the interface (Kao and Thermo-capillary

Kenning, 1972).

The liquid velocity induced by evaporation that is small compared with the
thermo-capillary driven flow through the macrolayer can be neglect at the
stem-liquid interface. Thus,

(©e)y=, =0 ©)

At the bubble-liquid interface. Following the similar arguments as at the stem-
liquid interface, the boundary conditions at the bubble-liquid interface can be
written as follows:

) @, w
oT,

ky <8—ZZ> 2=65 - heyap ( T, — Tstlf)z:b'z (11)

(wl)z=62: 0 (12)

At the cell boundary. A symmetric boundary condition is applied to the unit cell
boundary. Thus,

o (P o (0T
() oF) 0w

At the liquid-solid interface. The effective thermal conductivity deduced from
conjugate heat transfer is used at the interface

b — k[kw(AZW + AZ[)

T (keDzy + by Azp)

(14)

where Az, and Az, represents the mesh size of liquid and solid neighboring the
interface, and the no-slip condition is applied to the impermeable solid surface

* (00) 5, = (00),_5,= O (15)

At outer surface of wall. A constant heat flux is imposed as the heat
source at the outer surface of the wall

oTw\ _dw
W) E

where f is the fraction of the heating surface occupied by liquid. Since the vapor
in stem has a comparatively small thermal conductivity, the imposed total heat
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Table I.

Numerical values of
associated geometry
setting for various heat
fluxes for water at
atmospheric pressure

flux is assumed to be transferred through the liquid only. Consequently, the
effective heat flux imposed at the wall is multiplied by the area correction
factor, 1/f.

Geometry setting

Gaertner (1965) measured the macrolayer thickness for saturated boiling of
water at atmospheric pressure and gave the ratio of macrolayer thickness to
vapor stem diameter as:

§=0.6D, = 1.2r, (17)

For a given heat flux and system pressure, Haramura and Katto (1983)
postulated that the macrolayer thickness is one-fourth of the critical
wavelength for Helmhotz instability. They then obtained the following
equations for the initial macrolayer thickness and the fraction of the heating

surface area.
0 0.4 p ]’l 2
§ = 0.00536 (—) <1 + —”> opy (£> (18)
Pe Pt dw

4, (n) e N\ /(o N
A—L—<Z>—1—f—0.0654[<ﬁﬁ+1> /<E+1)

These models are suitable for a vapor hovering bubble on the macrolayer
growing relatively independent of the effect of previous detaching hovering
bubble (Katto, 1992). Its hovering period is longer than the one under strong
effect of (or penetrating into) the previous detaching hovering bubble, and the
macrolayer thickness is comparatively thinner than some experimental data
(Katto, 1992; Pasamehmetoglu and Nelson, 1987).

Table I lists the numerical values of macrolayer thickness, vapor stem and
cell radii for water under atmospheric conditions at various heat fluxes from
equations (17)-(19). From the experimental investigation of Guglielmini and
Nannei (1976), the CHF for copper is asymptotically unchanged for the wall
thickness from 10 to 50pm. Thus, it is reasonable to select a value, 25um, to
simulate the interaction between solid wall and liquid layer without the
influence of wall thickness.

(19)

aw (Wm?) 6.0E5 6.75E5 7.5E5 8.25E5 9.0E5
6 (m) 1.374E-04 1.086E-04 80.800E-05 7.270E-05 6.109E-05
7y (m) 1.145E-04 9.050E-05 7.335E-05 6.058E-05 5.091E-05
rp — 7, (m) 8.768E-04 6.928E-04 5.611E-04 4.637E-04 3.897E-04
= (m) 0.157 0.157 0.157 0.157 0.157




Numerical treatment

The model developed in the previous section is solved numerically to
investigate the flow behavior in the macrolayer. Differential equations
describing the flow are made discrete by a finite difference approach. The
hybrid scheme is used to treat the convective terms included in the governing
equations, and the central difference scheme is employed for the diffusion
terms. A well-known SIMPLE (Patankar, 1981) scheme is adopted to solve the
coupled equations for the velocity and pressure. Throughout the steady-state
calculation, the optimum false time given by the Courant criterion (Peyret and
Tayor, 1983) is used to underrelax the calculation for velocities and
temperature as

AX
Atfalse = 7 =1 (20)
where AX is a characteristic length in the computation domain, U is a
characteristic velocity.
The numerical procedure in solving this model is described as follows:

(1) Set the boundary conditions (section 2.2) and the velocities inside the
wall to be 0.

Solve the momentum equations for the velocities.

—_ o~
w N
= =

Solve the pressure correction equation based on the continuity equation
to eliminate the mass conservation error.

—_~
&=

Correct the velocities and update the pressure.

—_
Q1
=

Solve the energy equations for the temperature.

—_
=

Update the temperature relevant terms in boundary conditions: the
surface tension gradients in equations (6) and (10), and evaporation heat
sink in equations (7) and (11).

(7) Repeat steps 2 through 6 until the convergent criteria are satisfied.

Several codes can be applied to solve this problem which include TEACH
(Gosman and Ideriah, 1976), PHOENICS (CHAM, 1991), and FLOW3D (AEA,
1994) etc. The PHOENICS code is selected to solve this problem. A uniform-
spaced grid system is used throughout the solution domain. Very fine grids are
needed. Radial versus axial meshes, 215 x 90, 270 x 110 and 325 x 130
(including 20 meshes for 254 m copper wall), have been carried out to examine
the grid independence. Temperature relevant terms in boundary conditions at
the vapor-liquid interface are changed by the temperature distribution in the
macrolayer until the steady convergence state is reached. The sensitivity
studies on the grid systems show that the ratio of average temperature
difference between two grid systems < 107 is sufficient to capture the key
phenomenon of heat transfer mechanism within the macrolayer. It needs 12,000
to 20,000 iterations for convergence.
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Figure 3.

Velocity vector and
temperature contour for
q! = 9E5Wm™?

Results and discussion

Present work intends to investigate thermo-capillary driven flow in the
macrolayer for nucleate boiling at high flux with a copper heated wall. Two-
region equations are applied to simulate the thermo-capillary driven flow in
macrolayer with the interaction of the solid heated wall. The calculation results
are compared with experimental data in the vapor mushroom region (Gaertner,
1965) that the complete macrolayer is formed under the hovering bubble.

Presence of copper wall

Figures 3(a) and 3(b) show the velocity vectors and temperature contours of
thermo-capillary driven flow in the macrolayer above the solid wall (enveloped
by a black box line). There are four vortex cells, which differ from five vortex
cells reported by Wang and Pan (1991) without the consideration of the wall,
generated in the macrolayer with the wall at the given heat flux 9E5 Wm 2. The
presence of the copper solid wall has a significant effect on the thermo-capillary
driven flow in the macrolayer. In general, the temperature distribution of the
liquid near the wall is much more uniform than that without considering the
effect of wall. This could be verified by the maximum temperature difference
2°C shown in Figure 4 at the liquid-wall interface with wall, and 40°C (Wang
and Pan, 1991) without wall respectively. A fairly uniform temperature
distribution may explain why the number of vortex cells is reduced with the
presence of the wall. Because the wall material, e.g. pure copper, has a very
high thermal conductivity, the temperature near the heated wall is uniform. It
induces a relatively high temperature gradient along the stem-liquid interface.

V (m/s)

mm 0.64
~ 0.49

0.34
0.19
0.04

T(©
124.0
118.5

113.0
107.4
101.9

Tw = 124.16 (C), E=0.04

(b)

A colour version of this figure is available from the author
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A stronger upward flow is generated at the stem-liquid interface and a much
bigger clockwise vortex cell is formed near the vapor stem at the same time.
That is the reason why the number of vortex cells reduces in the macrolayer in
the presence of copper wall.

The velocity and temperature distribution in the macrolayer can be well
explained by the simulation results as follows. In Figure 5 a negative
temperature gradient is created along the stem-liquid interface as shown in the
figure. This leads to a positive surface tension gradient along the stem-liquid
interface to drive flow upward as the accelerated axial velocity W1. The
upward flow is then hindered by the bubble-liquid interface and the residual
fluid must move away from the interface. Therefore, a positive radial velocity is
produced at the top of the layer. For the conservation of mass, a lateral flow is
generated near the heating surface to compensate the upward mass flow and
shown as a negative radial velocity V1. From the figure, it can also be noted
that the lateral flow toward the stem-liquid interface is accelerated by the
upward flow. The mass loss of the lateral flow is again compensated by the
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Figure 4.

Velocity vector and
temperature
distributions at the
liquid-wall interface for
q", = 9E5Wm >

Figure 5.

Velocity and
temperature
distributions at the
stem-liquid interface for
g/, = 9E5Wm™?
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Figure 6.

Velocity and
temperature
distributions at the
bubble-liquid interface
for ¢l = 9E5Wm ™2

downward flow, which is an abruptly decelerated radial velocity induced at the
bubble-liquid interface as shown in Figure 6. A clockwise vortex is, therefore,
established by thermo-capillary driven flow near the stem-liquid interface as
shown in Figures 3(a). This clockwise vortex will induce the subsequently
sequential vorticies with alternative direction in the radial and play an
important role in constructing the vorticies.

The flow pattern in the temperature contour is depicted in Figure 3(b). A low
temperature zone is created while the cooled liquid comes from the bubble-
liquid interface impinging on the wall. On the other hand, a high temperature
zone is formed while the liquid extracts heat energy from the wall and goes
back to the interface. Figure 4 illustrates the impinging cooling of the cooler
fluid driven by a pair of vorticies from the upper bubble-liquid interface, and
the sinusoidal radial velocities produced within the temperature valleys. The
cooler fluid is driven into and heated at the almost stagnant region where the
liquid receives heat energy from the wall and produces a temperature peak
there. It is seen that the heat energy transfer by the vorticies induced from
thermo-capillary driven flow and evaporation at the vapor-liquid interface is a
very efficient way.

Effect of heat fluxes

It would be interesting to examine the effect of heat fluxes of thermo-capillary
driven flow in macrolayer. When the heat flux is decreased from 9E5 Wm 2 to
6E5 Wm 2 the macrolayer thickness, 8, vapor stem diameter, 7y, and the
difference between cell outer diameter and vapor stem radius, 7, — 7y, as
demonstrated in Table I are all increased by 2.25 folds except that the aspect
ratio, /(7 — ry), remains unchanged. Both Figures 3(a) and 7(a) illustrate
that there are four vortex cells created in the macrolayer at these two heat
fluxes. This implies that the number of vortex cells produced in the macrolayer
are related to the aspect ratio.
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A colour version of this figure is available from the author

Two different ways are coupled together to take the heated fluid energy away
from macrolayer:

(1) The vortex circulation, that mixed the cooler fluid from vapor-liquid
interface with the warmer fluid from the heated wall inside the
macrolayer.

(2) The evaporation, that is able to cool the fluid at the vapor-liquid
interface.

From the calculation results shown in Table II, about 90 per cent is taken away
by evaporation at the bubble-liquid interface, and only a small portion (10 per
cent) is transported from the stem-liquid interface. This stem-liquid interface
takes only 3.25 per cent total area of the vapor-liquid interface. These results
demonstrate that most of the heat energy diffused from the wall is removed
from the macrolayer by evaporation at the bubble-liquid interface, while the
evaporation per unit area at the stem-liquid interface is prior to the bubble-
liquid interface. The heat transfer of clockwise vortex near vapor stem is more
effective than that of the following alternative direction vorticies. It can be
confirmed by the fact that the bubble-liquid interface, far from the heating
surface, has a lower averaged temperature.

g (Wm™ 6.0E5 6.75E5 7.5E5 8.25E5 9.0E5

G (04 1038 1018 9.25 8.72 857

Quapor
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Figure 7.

Velocity and vector and
temperature contour fo;
q!, = 6E5Wm *

Table II.

The evaporation
fraction for various
heat fluxes
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Figure 8.

Velocity and
temperature
distributions at the
bubble-liquid interface
for g}, = 6E5Wm 2

Table II lists the numerical values of associated dimensionless parameter for
heat flux. The evaporation fraction, the evaporation converted by the heat
transfer rate from stem-liquid interface g, over that from vapor-liquid (stem-
liquid and bubble-liquid) interface g,qpor, can be discriminated among the
various heat fluxes. It can be seen that the evaporation fraction increased as the
heat flux decreased. This is owing to the fact that the bubble-liquid interface is
farther away from the heating surface as the macrolayer thickness increased,
and the heat energy diffused from the stem-liquid interface more easily than
from the bubble-liquid interface such that more heat energy is evaporated from
the stem-liquid interface than from the bubble-liquid interface. Consequently,
the clockwise vortex near the vapor stem is elongated to keep the balance of
incoming (from liquid-solid interface) and outgoing (to vapor-liquid interface)
heat energy in the macrolayer as the heat flux decreased. Comparing Figures 6
and 8, the results show that the regime of high temperature is diminished by
the compressed vorticies of the subsequent alternative direction in the
macrolayer and the evaporation is reduced at the bubble-liquid interface.
Besides, the reduced temperature gradient for the increase of macrolayer
thickness slows down the upward flow velocity along the stem-liquid interface,
and provides less heat exchange rate (or evaporation) between the vapor and
liquid interface as the coolant flow rate decreased in the heat exchanger. This
decrease of evaporation for a reduced upward flow is against the increase of
evaporation for the increased macrolayer thickness along the stem-liquid
interface. However, it results in an increased evaporation at the stem-liquid
interface as the heat flux decreased. This increased evaporation fraction varied
the vortex pattern without change in the number of vortex cells in the
macrolayer. The above evidence shows that the energy balance of the thermo-
capillary driven flow system as well as the clockwise vortex near the vapor
stem play the dominant role in the determination of the vortex pattern in the
macrolayer.
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Constant temperature boundary

Since temperature variation is so small at the liquid-solid interface, the thermo-
capillary driven flow is also calculated under a comparison condition that a
constant temperature is given at the bottom boundary of the liquid layer
without the consideration of high thermal conductivity wall. Under the heat
flux 6E5Wm 2, an iteration of temperature is conducted for the constant
temperature boundary to reach the heat flux. Comparing with Figures 7 and 9,
we can see that the velocity vectors and temperature contours of those two
conditions are quite similar to each other. It illustrates the consistency of the
present study that the macrolayer with the high thermal conductivity wall
could be approximately simulated by the constant temperature boundary
approach. Nevertheless, the temperature of the constant temperature boundary,
122.5°C, is smaller than that with the wall (124.68°C) under the same heat flux.
The average heat transfer coefficient would be larger under constant
temperature boundary condition.

Effect of evaporation coefficient

As mentioned previously, there is a certain degree of uncertainty for the
evaporation coefficient E. A sensitivity study of the evaporation coefficient is,
therefore, applied to evaluate the effect of evaporation coefficient on the thermo-
capillary driven flow in the macrolayer. Figure 10 demonstrates that evaporation
fraction is increased with the increase of evaporation coefficient. The results
describe the evaporation coefficient E varied from 0.03 to 0.08 at heat flux
6E5Wm 2, and the heat transfer coefficient Devap, varied from 0.746 to 2.042 based
on the heat transfer coefficient at E = 0.04. Because the stem-liquid interface is

V (m/s)

! 0.42

0.32
0.22
0.12
0.02

T(©)
121.3
116.3

111.3
106.4
101.4

Q =6.2E5, E=0.04

(b)

A colour version of this figure is available from the author
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Figure 9.

Velocity vector and
temperature contour for
constant temperature
boundary




HFF
9,7

802

Figure 10.
Evaporation fraction
distribution versus
evaporation coefficent
for ¢/ = 6E5Wm ™
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near the heating surface, the heat energy released from the stem-liquid interface
is easier than from the bubble-liquid interface by the increased evaporation
coefficient (or the increased heat sink). Although the stem-liquid interface has the
same evaporation coefficient as the bubble-liquid interface, the stem-liquid
interface obtains more heat energy to evaporate than bubble-liquid interface.
Figure 11 shows a sharp averaged wall temperature increment as E slightly
increased from 0.05 to 0.051, but has a small increment for E < 0.05 and E >
0.051. There is a significant change in macrolayer flow pattern for E > 0.05 that
the number of vortex cells in the macrolayer is decreased from four to three as
shown in Figure 12. Because the enhanced evaporation at the stem-liquid
interface for high evaporation coefficient attracts more liquid towards the
interface to compensate the additional mass loss, and a stronger clockwise
vortex near the vapor stem is then produced. More heat energy would be
collected by this vortex from the heating surface and taken away by the
evaporation at the stem-liquid interface. On the other hand, the four vortex cells
within the macrolayer are not able to afford further work to decrease the
evaporation at the bubble-liquid interface as E > 0.05, the thermo-capillary
driven flow system adjusts the vortex pattern by reducing the number of vortex
cells to keep the energy balance. However, the reduction of vortex cells in the
macrolayer also implies that the heating surface has lower impingement cooling
by the cooler fluid driven by vortex cells. Therefore, there is a sharp increase in
the average wall temperature as E slightly increased from 0.05 to 0.051. This
sharp change is due to the energy balance of system affected by the evaporation
fraction that may be slightly dependent on system. As the results proposed by
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Wang and Pan (1991), the evaporation coefficient E = 0.04 is a quite reasonable
value to achieve the wall with relatively low averaged temperature; that is, a
higher heat transfer coefficient is obtained by E = 0.04. In the circumstance, the
vortex pattern has the capability to bring heat energy effectively from the
heated wall and then evaporate at the vapor-liquid interface.

Comparison with experimental data

The calculated value agrees reasonably well with both the experimental data of
Gaertner (1965) and Nishikawa et al. (1984) as shown in Figure 13. The over-
prediction of averaged wall temperature may be caused by the relatively thick
macrolayer and large cell width based on the model of Haramura and Katto
(1983). Moreover, the macrolayer thickness and/or cell width must be reducing
by the evaporation at the vapor-liquid interface. The present model using initial
macrolayer thickness and cell width may be unrealistic for the macrolayer
evaporation process. By comparing Figure 14(a) with Figure 7(b), it can be
noted that the number of vortex cells in the macrolayer keeps unchanged for
the same aspect ratio. However, the number of vortex cells will change with the
aspect ratio as demonstrated in Figure 14(b) and 14(c) for half width and half
thickness of the macrolayer, respectively. Experimental observation of Villers
and Platten (1992) also illustrates the effect of the aspect ratio on the number of
vortex cells. Besides the aspect ratio, this study also extends the change of
vortex pattern to the evaporation fraction as illustrated in Table III. The larger
the evaporation fraction, the less the number of vortex cells or the bigger the
clockwise vortex cell near the vapor stem. This has been proven in the previous
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Figure 11.

Average wall
temperature distribution
versus evaporation
coeffient for g}, =
6E5Wm >
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Figure 12.
Comparison of velocity
vectors for (a)
evaporation coefficient E
= 0.03; (b) evaporation
coefficient E = 0.05; (c)
evaporation coeffcient E
=0.051 at ¢, =
6E5Wm ™=

V (m/s)

mm 054

. 0.29
0.04

Tw = 124.70 (C)

V (ml/s)

mm 0.55

. 0.29
0.04

Tw = 125.03 (C)

(b) E=0.05

! V (m/s)
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& 0.31
i = | 0.04

Tw = 128.57 (C)
(c) E=0.051

A colour version of this figure is available from the author

section. Moreover, the averaged wall temperature decreased obviously when
the thickness and width are reduced to a half, and the calculated results
obtained for experimental data is thus much better as shown in Figure 13.
Therefore, it is essential to evaluate the experimental wall temperature, which
is averaged from the macrolayer evaporation process, while comparing the
simulation results with the experimental data.

Conclusions

The purpose of this study is to develop a numerical approach to simulate flow
behaviors and heat transfer for nucleate boiling of water at high heat fluxes
from two-region equations. The flow behaviors in the macrolayer, such as the
interaction between the liquid layer and solid wall, the effect of heat fluxes and
the evaporation coefficient, are investigated. On nucleate boiling curve, the
model predictions at high heat flux are in reasonably good agreement with
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Figure 13.
Comparison of the
present calculation with
the experimental data
for ¢ = 6E5Wm ™

Figure 14.
Comparison of
temperature contour for
(a) half thickness and
cell width; (b) half cell
width; (c) half thickness
of the macrolayer at ¢/,
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HFF experimental data in the literature. The following conclusions may be obtained
9,7 from the present study:

- With the thermo-capillary driven flow, the vortex cells are induced in the
vapor-liquid interface of the macrolayer, at which the heat energy can be
efficiently carried away from the heated wall by the vortex cells and the

806 evaporation. These vortex cells and evaporation at the vapor-liquid
interface constitute a very efficient heat transfer mechanism to explain the
high heat transfer efficiency of the nucleate boiling heat transfer near CHF.

+ The temperature distribution along the liquid-solid interface is uniform
because of high conductivity solid wall. It produces a big and strong
clockwise vortex cell near the vapor stem and reduces the total number
of vortex cells in the presence of wall. Furthermore, the flow pattern and
temperature contours are quite the same as those of a wall with constant
temperature.

+ The major part (~90 per cent) of the heat energy diffused from the
heating surface is taken away by the evaporation at the bubble-liquid
interface. However, the evaporation per unit area at the stem-liquid
interface is much better than that of the bubble-liquid interface. A
parameter “evaporation fraction” as well as “aspect ratio” can be applied
as an index to investigate the thermo-capillary driven flow system.

+ As the heat flux decreased, the clockwise vortex near the vapor stem is
elongated to keep the energy balance in the macrolayer for the increased
evaporation fraction. The energy balance in addition to the clockwise
vortex near the vapor stem play a dominant role to determine the vortex
pattern in the thermo-capillary driven flow system.

- In case of evaporation coefficient E = 0.04 for water, a common value
used in the literature, the relative low averaged wall temperature can be
achieved by the vortex pattern. That is because the heat energy can
effectively take away from the heated wall and evaporate at the bubble-
liquid interface. It can be noted that the evaporation fraction increases
while the evaporation coefficient increases. Especially, there exists an
abruptly step rise in the evaporation fraction and the averaged wall
temperature distribution when the evaporation coefficient is increased
from 0.05 to 0.051. The number of vortex cells is reduced as the
evaporation coefficient E > 0.05.

+ The number of vortex cells is changed with the aspect ratio. On the other
hand, the number of vortex cells remains unchanged if both thickness

Table III. . 0.56 and 0.5
The gvaporahon . 5 056 05 (r, —7,) (rr, — 1)
fraction for associated

M 1 Y/ —
gg%rvfrll?? atg, = Lun (%) 10.38 691 2471 857




and cell width of the macrolayer are varied to keep the aspect ratio Thermo-capillary

unchanged. Moreover, the increase of the evaporation fraction will alter
the vortex pattern in the macrolayer without change in the number of
vortex cells.
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