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ABSTRACT

In this work a mechanistic bubble force model has been studied aiming to identify the
most important forces acting on a nucleating bubble. A python script has been developed to
implement the model. The effects and significance of each force acting on a nucleating bubble
under varied operating conditions have been evaluated. A particular emphasis was placed on
the calculation of boiling parameters, i.e. bubble bubble liftoff detachment diameter, from these
forces.

1 INTRODUCTION

Nucleate boiling stands as a highly efficient heat transfer mechanism, capable to remove
substantial quantities of energy from a heated surface while only prompting a minimal rise in
surface temperature. However, a too high heat flux at the surface can lead to the occurrence
of boiling crisis. This phenomenon transpires when the heated surface becomes crowded with
emerging bubbles that coalesce into an insulating vapor layer. Subsequently, this is followed
by a dramatic increase in the wall temperature, resulting in damage of the heated structures.

An insufficient understanding and prediction of the boiling process and the Critical Heat
Flux (CHF) often results in costly and overly conservative solutions. Such designs are purpose-
fully circumventing the boiling process altogether, operating in a single-phase convection mode
only, instead of embracing the potential effectiveness of boiling heat transfer. This is also the
case in the design of fusion divertors.

The heat flux received by the heated wall serves as an energy boundary condition within
the Navier-Stokes equation. A mechanistic boiling model partitiones this heat flux into evapo-
ration, single-phase convection, and quenching. The model then calculates the distribution of
heat between liquid heating and vapor formation, a computation dependent on three key boil-
ing parameters: nucleation site density, bubble detachment frequency, and bubble detachment
diameter. Understanding and quantifying these parameters is therefore essential for accurate
modeling of boiling flow.



In this work, a python script has been developed to implement the mechanistic bubble
force model. We aim to quantify the effects and significance of specific forces acting on a
nucleating bubble under varied operating conditions. A particular emphasis is placed on the
calculation of bubble detachment diameter by sliding and liftoff from these forces. Ultimately,
our research seeks to mitigate the existing disparity in the modeling of boiling flows in high heat
flux and high flow velocity conditions.

2 MECHANISTIC BUBBLE FORCE MODEL

The mechanistic bubble force model was first introduced by Klausner [1] in 1993 and was
laterimproved by Zeng et al. [2,13]. More recently the model was adapted [4, 13} 6] to predict real-
istic boiling parameters for Eulerian multiphase computational fluid dynamics closure relations
in various operating conditions. Different implementations of the model differ in their individual
force models and computational methods used to calculate the bubble sliding diameter (d,;) or
bubble liftoff diameter (d ).

2.1 Bubble forces

A bubble growing on a heated surface in a convective flow is subjected to various forces,
produced by interaction between the vapor, liquid and the solid. The most important forces
are presented in Figure [l The z-axis represents the stream-wise direction, and the y-axis
represents the wall-normal direction. F}, is growth force, Fyoy is buoyancy force, Fyrag is drag
force, Fjy is lift force and Fy; is surface tension force. Forces that separate the bubble from the
wall are presented in red, and forces that retain the bubble on the wall are in blue. The angles
represent: ¢ bubble inclination, 8 advancing angle, and « rescinding angle.

Figure 1: Forces acting on a growing bubble on the wall.

Growth force represents the resistance of the surrounding liquid, being pushed away by
the growing bubble. Growth force of a hemispherical bubble acting on a stagnant fluid can be
calculated as [6]

—
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where p; is liquid density, d,, is contact diameter between bubble and the surface, r is radius,
and e, is a wall-normal unit vector. The key component of a bubble growth is a time dependent



radius estimation r(¢).In this work, an analytical solution for diffusion-controlled bubble growth
in a super-heated liquid, derived by Cooper [7], was chosen as

m
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where n; is liquid thermal diffusivity, Pr is Prandtl number, Jasyp super-heat Prandtl number
and ¢ time. Due to bubbles asymmetrical shape in a convective flow the growth force can get a
stream-wise (Fy, ) and wall-normal (F}, ) component based on inclination angle ¢.
Buoyancy force on a growing bubble can be expressed as

4r3 .
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where p, is vapour density and g is gravitational acceleration.
Drag force on a growing bubble is calculated as

F bouy =

_ 1 . .
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where Cp is a drag coefficient and v; and , are liquid and bubble velocities, respectively. The
drag coefficient is calculated as [8]

Cp = 1.13;2 (1+0.104Re,"75) (5)
Where Re, = M, is bubble Reynolds number, and ; is liquid’s viscosity. The liquid
velocity at the middle of the bubble has been used for calculation of drag force.

Velocity gradient due to the sheer stress produces a lift force that is pulling the bubble
away from the wall.The lift force is calculated similarly as the drag force, look Eq. (), but
substituting Cp for C7,, that is lift coefficient, and can be expressed as [9]

1
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where G, = ‘% |Ulivb|' The calculation of % requires a velocity profile, which has been cal-
culated using single phase wall functions for turbulent flow proposed by Situ [10]. The liquid
velocity at the top of the bubble has been used for calculation of lift force in Eq. ().

Klausner [1] has proposed the following models for surface tension forces in stream-wise

and wall-normal directions
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T
Foy = —dwam [cos 3 — cosq], (8)

where ¢ is surface tension.

2.2 Fluid properties

Both liquid and vapor properties have been determined using a CoolProp library [11] there-
fore all properties are temperature and pressure dependent. Liquid properties have been se-
lected at T; = Tt — 10 K and vapor is always assumed to be at saturation conditions therefore
all properties have been selected at T, = Tsa. The working fluid in this study is water.



2.3 Model constants

Some of the model parameters proved can be very challenging to adequately model,
therefore they have been fixed to a constant value for the sake of simplicity of model analysis.
As suggested by the work of Klausner [1], a constant values have been chosen for a = Z,
B =7 dw=0.09mmand ¢ = .

It's crucial to acknowledge that while these constants simplify the model, they also in-
fluence the outcomes of the simulations. Since the individual forces in the model are heavily
dependent on these constants, variations in their values could lead to significant changes in the
model’s predictions. Thus, while our model provides valuable insights, it should be applied in
real-world contexts with a clear understanding of these inherent simplifications.

2.4 Calculation of bubble departure diameter

Schematics of bisection algorithm used to calculate bubble departure diameter are pre-
sented in Figure |2l Due to the critical role of bubble relative velocity in drag and lift force (see
Eq. [4] [5 [6], it needs to be calculated for each bubble size larger than d,s. The bubble begins
to slide when the sum of forces in stream-wise direction is larger than 0, that is

ZFy:Fst,y+Fgr,y+Fdrag>0- (9)

For bubbles larger than the d,, the bubble velocity vj, is varied so that condition 3 F, = 0
is met. On the schematics this process is not presented in detail, but is included in the purple
boxes. The bubble velocity corrected forces are then used for a liftoff condition, that is when

ZFx: st,z+Fgr,m+Fiift+Fbouy > 0. (10)

3 RESULTS

Given the methodologies described and the constants implemented, we now present the
observed behaviors of the model.

3.1 Model analysis

To test the models behavior individual forces in stream-wise and wall-normal direction are
presented in Figure[3] On x-axis the bubble diameter is shown in logarithmic scale. On y-axis
the absolute value of forces is shown in logarithmic scale. Blue forces are acting in counter
stream-wise direction or towards the wall, therefore, are keeping the bubble from departing.
Red forces are acting in stream-wise or wall-normal direction, and are pushing the bubble to
either slide or lift-off from the wall. The sum of forces is presented in black color.

On the left side we can observe the forces in stream-wise direction. The dominant force
for small bubbles is F,.. When bubble size increases, Fy, decreases, and Fyg increases
significantly, being close to F,, as the > F, — 0. At this point the conditions for departure by
sliding are satisfied, and the diameter where this happens is called sliding diameter (dy;). If the
bubble size still increases, the Fyag begins to fall, following the F,. closely. This is because the
bubble sliding velocity is limiting the drag force, keeping the > F,, — 0.

On the right side we can observe the forces in wall-normal direction. The dominant force
for small bubbles is again Fy,. At some point around 2 mm all forces become relevant. Around
that point, the sum of forces }_ F,, — 0, and the conditions for bubble departure by liftoff are
met. This diameter is called lift-off diameter (dy). If the diameter further increases, the sum of
forces increases again, this is because of absolute the values required for a log-log scale, the
sum of forces has changed sign, and is pushing the bubbles away from the heated surface.
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Figure 2: Schematics of the bisection minimization process to calculate the bubble lift off diame-
ter for a given initial conditions and prescribed limits d,,;, and d,,...- The oval shape represents
the update of conditions, rectangles represent calculation processes, rhombus the decision,
green oval the success and red rectangle the failing of the process. The purple rectangle rep-
resents another bisection algorithm used to calculate the bubble sliding velocity.

For the purpose of finding the boiling parameters we are not interested of individual forces,
but the values of dys and particularly dg. In Figure 4, we can observe the sensitivity of the
model to key flow parameters Tsyp, U, and p. On each graph an analysis has been performed
by varying one parameter and keeping the other two constant. The sum of the forces near the
point of interest, that is dy, in dashed lines and dy; in solid lines is presented. We can observe
that under this conditions, the departure by sliding always happens before the departure by
liftoff. In Figurea) we can observe that the increase of T, increases Fy,., pushing both d;
and dg towards bigger sizes as expected. Increasing U; as shown Figure 4| b) affects both
Fyrag and Fj pushing bubble dg, and dy towards bigger sizes. Increasing p affects all forces
by drastically changing thermal-physical properties of especially vapour phase. In Figure 4| c)
we can observe a significant difference of dy, but much less than expected in dg. Suspected
reason for that is inadequate modeling of the constant d,, and the F;. Since F§; , is around
order of magnitude smaller than F; , (look Figure @ the dgy, is less affected than dg. Further
analysis will be required to understand this behavior.
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Figure 3: Log-log graph of forces acting on a growing bubble at the wall in water at p = 1 bar
and Tsyp, = 10 Kand U; = 1 m/s. The arrows and the color of the force indicate the direction of

the force vector.
Left)  Forces acting in stream-wise direction. Black plot is a sum of forces,

and its null indicates the sliding diameter.
Right) Forces acting in wall-normal direction. Black plot is a sum of forces,
and its null indicates the lift-off diameter.

Sliding and liftoff diameters at various flow conditions
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Figure 4: Sum of forces in stream-wise (dashed) and wall-normal (line) directions,
in log-log scale. Minimums representing the departure by sliding diameter (dashed)
and departure by liftoff diameter (line), respectively. The individual graphs represent:

a) Sum of forces at p = 1 bar and U; = 1 m/s, at three different wall super-heats.

b) Sum of forces at p = 1 bar and T5,, = 10 K, at three different mean liquid velocities.

c) Sum of forces at Tg,p = 10 Kand U; = 1 m/s, at three different pressures.



3.2 Departure diameters

We can extend the calculations introduced in previous chapter, to the broader range of
operating conditions. In this section the bubble liftoff departure diameters d; dependency on
the key flow parameters will be presented over a broad range of operating conditions. To better
understand the behavior of the model, dg; is presented as a function of one parameter, while
the second was varied between smaller, medium, and larger value, and third one was kept as
a constant.

In Figure[5a) we can observe the effect of increasing U; at three different 5. Increasing
the U, decreases the dy and increasing Tg,,, increases it.

In Figure[5]b) we can observe the effect of increasing p at three different Tsp. Increasing
the p decreases the dg; until some point at around p = 4 bar. After that, the departure diameter
remained constant. Increasing Ts,p had a significant increase in dg at low p, but none after
some point.

In Figure 5 c) we can observe the effect of increasing T, at three different p. Increasing
the T5,p results in a significant increase in the dg. Increasing the U; pushes the bubble sizes
towards smaller d;.

In Figure[5]d) we can observe the effect of increasing p at three different U;. Increasing the
pressure has some effect at low pressures, but none after some point. Increasing the velocity
has a significant effect on dy;.

In Figure e) we can observe the effect of increasing Tsyp at three different p. While the
effects of T, is significant at low pressure (blue), it is less significant at medium (black) and
negligible at high pressure (red).

In Figure [5|f) we can observe the effect of increasing U; at three different p. The effects
of U; are significant, and very similar across all p ranges. Increase of p has a negligible effect
on dg;.

Based on the observed results, the model seems to be behaving reasonably at lower
pressure ranges, but less reasonably at large pressures, where the effects of Tsyp and U; be-
come negligible. This could be the result of inadequate modeling of surface tension force as
discussed in a previous chapter.

3.3 CONCLUSIONS

A mechanistic model for calculation of bubble liftoff departure diameter was presented in
this work. The models behavior analysis has been performed, to gain a deeper understanding
of the process behind the calculation of bubble sliding diameter and bubble liftoff diameter.

The model has been deployed to calculate the lift off diameter as a function of key flow
parameters, that is: liquid velocity, pressure and wall super-heat. At low pressures the effects of
wall super-heat and liquid velocity seems reasonable. A significant drawback seems to be the
lesser sensitivity of the model at higher pressures. A potential reason for that is over prediction
of surface tension force and the inadequate modeling of bubble contact diameter.
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Figure 5: Dependency of dg on key flow parameters 75y, U;, and p, across a large span of
operating conditions. On each figure one is set as an x-variable, on is varied between smaller
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(blue) medium (black) and larger (red) value, and third was kept as a constant.
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