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ABSTRACT

In this work, we report on a development of time averaged Eulerian multiphase approach applied in the
wall boiling process especially in the forced convective boiling process. Recently in order to get accurate
bubble dynamics and reduce the case dependency, a single bubble model for nucleate boiling based on the
known published models was developed. The model considers geometry change and dynamic contact and
inclination angles during the bubble growth. The model has a good agreement with experiments. However
the predicted bubble dynamics is wall superheat (cavity activation temperature) dependent. This single
bubble model requires an update of the current nucleation site activation and heat partitioning models in
time averaged Eulerian multiphase approaches. In this work, we will introduce this implementation in
detail. Further with help of the multiple size group (MUSIG) model and a breakup and coalescence
model, the time averaged Eulerian approach could simulate the bubble size distribution in a heated pipe.
With the necessary calibration of the nucleation site density the comparisons between the calculation
results and the Bartolomej’s experiments demonstrate the success of the implementation and the accuracy
of this approach.
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I.  INTRODUCTION
Boiling and two phase flow involves mass, momentum and energy transfer at the liquid-vapor interface
and further involves heat conduction into solid walls. These complex phenomena bring much more
difficulties to understand, model and predict the boiling process with Computational Fluid Dynamics
(CFD). Currently the most widely used approach to model the boiling process is the Eulerian two fluid
framework of interpenetrating continua [1, 2]. In this approach, the equations of mass, momentum and
energy are taken for each phase separately and weighted by volume fraction which represents the local
ensemble averaged probability of occurrence of each phase. However in such a model, all the information
on and about the interface structure is lost due to the averaging process [3]. Consequently, models are
required to describe the interphase exchanges of the mass, momentum and energy. These models appear
as some terms of the balanced equations. For the case of wall boiling, a wall boiling model, which can
describe the heat transfer from heated wall to the bulk liquid, is strongly required. The heat partitioning
models, such as RPI (Rensselaer Polytechnic Institute) model developed by Kurul and Podowski [4] in
1990, have been widely adopted in CFD codes to date. The heat flux from the wall is there portioned into
contributions of liquid convection, quenching and evaporation. The quenching and evaporation terms are
calculated from several parameters, such as active nucleation site density, the bubble departure diameter
and bubble departure frequency. In this approach the proper consideration of the bubble dynamics such as
the bubble departure diameter and bubble departure frequency further the nucleation site density on the
heated wall is particularly important. Currently these important variables are predicted normally through
empirical correlations. For example, the bubble departure diameter is usually calculated from the
correlations of Tolubinsky and Kostanchuk [5], which give the bubble departure diameter as a function of
sub-cooling. Also for the bubble waiting time and bubble frequency, Tolubinsky and Kostanchuk
consider the constant ratio of waiting time and total time, with the waiting time being 80% of the bubble
detachment period. However the correlations were developed from pool boiling experiments under 1
atmospheric pressure. They are highly problem-specific and require careful consideration with respect to

their scope of application. In 2013, a CFD approach coupling the wall heat partitioning model (RPI) and
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population models so called Multiple size group (MUSIG) and inhomogeneous Multiple size group
(iMUSIG) was introduced by Krepper et al. [2, 6, 7] which tracks bubbles with coalescence and breakup
and was recently extended to evaporation and condensation. In the paper, they assessed the necessary
recalibration of the empirical correlations for the specific experimental data.

Nevertheless currently the applied Eulerian CFD approach is still far away from being a predictive tool
due to the correlation based bubble dynamics. A critical review by Krepper et al. in 2013 [2] of the
employed correlations shows that some of the parameters are not suited for a broad usage for different
fluids or different pressure levels but have to be carefully recalibrated for the intended applications. In our
previous study [8] a single bubble model was developed to simulate and predict the bubble departure or
lift-off during pool or flow boiling which will be shortly introduced later. The model includes more
physics than the empirical correlations. The sub-model is rather case independent, which means there is
no need for recalibration under different conditions as mentioned above.

In this work, the well-developed single bubble model was implemented in the Eulerian CFD approach.
The new activation mechanism and heat flux partitioning were employed in order to enhance the
performance and improve the prediction accuracy. Further the CFD approaches are compared and

validated against different experimental cases.

II.  State of the Art of the Submodels

As mentioned above, submodels are required to complete the missing information in the Eulerian-
Eulerian (EE) CFD approach. For wall boiling processes, as one of the most popular models, the RPI
model is often employed as a submodel to describe the bubble dynamics on the wall, cavity activation law
and the heat partitioning.

The bubble dynamics is commonly described by the bubble departure / lift-off diameter and bubble
generation frequency. It is quantified by two correlations in the RPI model in ANSYS CFX. One
correlation is derived from the investigations by Tolubinsky and Kostanchuk [5] for water at different

pressures and subcooling. The correlation is given as
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dy =d, e ", (1)

where d,, is the bubble departure diameter , 7T, is saturation temperature and 7; is subcooling

temperature obtained by evaluating the non-dimensional temperature profile of Kader [9] at a fixed value

u.y
v

of y*. y" is a defined as a dimensionless wall distance for a wall bounded flowy* = —=. w,is the friction

velocity at the nearest wall, y is the distance to the wall and v is kinematic viscosity. d,.; and AT, are
parameters, which require adjustment for different cases [7]. From the assessment of Krepper, usually
AT, 1s set to 45 K while d,., 1s cased dependent. For example, in Krepper and Rzehak (2011) [7]
with reference to the DEBORA case, d,.r was set to d,., = 0.24 mm and d,,, = 0.35 mm at pressures of
2.62 MPa and 1.46 MPa respectively.

The bubble frequency fin RPI model is given according to Cole (1960) [10] as a function of the

detachment size dy as

_ f4gipL _pG)
/= 3Cpdyp, @

where g is gravity, p is density of liquid (L) and gas (G) and Cp is the drag coefficient. From Eq. 1 and 2,
we can conclude that the bubble dynamics is strongly dependent on the thermal properties of the fluid and
the bulk temperature. Base on the study of Tolubinsky and Kostanchuk [5], Kurul and Podowski [4] fixed
the ratio between bubble growth time and waiting time to a constant of %.

The bubble activation, that is the activated nucleation site density (N), is expressed by a correlation given

as

p
T, —T
N=N,, || 3
re/‘( AT J ()

refN
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where constants N, =7.94€5 [m?], AT,,=10 [K] and P=1.805 respectively. Again from the

assessment of Krepper, it is found that N, is also case dependent. For the other parameters the
previous values of AT, and p were found to yield satisfactory results in the overall model framework.
From Eq. 3, it is clear to see the activated nucleation site density is based on wall superheat (7, =T ,).

Accordingly, the feed heat flux Q,,, applied to the heated wall can be considered as a sum of three

parts:

O =0c + QQ +0;, 4)
where Oc, Op and QO are the heat flux components due to single-phase convection, quenching, and
evaporation, respectively. The details of the RPI model can be found in the literature of Kurul and

Podowski [4].

I1.A New Bubble Model

In this paper, we will shortly introduce a new wall boiling model [8], mainly focus on the novelty. Until
today it seems that the bubble dynamics models still require some empirical constants to account for
different thermal hydraulic conditions. To reduce the case dependency, a model without these constants
was developed and tested. The model has a low case dependency and a high accuracy to predict the
bubble dynamics, bubble departure and lift-off in pool or flow boiling. The model was built based on the
on previous studies, e.g. of Colombo and Fairweather [11], Raj et al. [16] and Mozzocco et al. [17]. In
2015, Colombo and Fairweather [11] developed a mechanistic model to simulate the bubble growth and
departure. In the model, they considered the contribution of the microlayer based on work of cooper and
Lloyd [12], the superheated thermal liquid layer based on Plesse and Zwick [13] and the condensation
evaluated from Ranz and Marshall [14] to bubble growth. Further they applied the force balanced model
from Klausner et al [15] to determine the bubble departure. Based on the suggested contact angles from

Klausner et al. [15] and other empirically measured contact angles, the model seems had a good
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agreement with data from different experiments. The bubble growth is described as an analytical solution

as
0.5 0.5 0.5p.0.3
dr, 1, _os ( Ky ) Zos \/5 ( k, ) os ki((2+0.6Re®SPrO3) Ty ~T,) )
Zb = —pr05ja(—) 705 4 [Sj(T - Teq) ([—=) t05(1-b) - b. 5
prialos Ja(oen k(T = Ta) (52~ (1-b) P (5)

13, 1S bubble radius, C, is microlayer constant evaluated as 1.78 by Cooper and Lloyd, k; is liquid thermal
conductivity, p; is liquid density, Cp,; is specific heat capacity, hsg is latent heat, p, is gas density, Ja is
Jacob number, Pr is Prandt number, Re is Reynold number and b is the portion of the bubble surface in
contact with the subcooled liquid.

However this model still required the empirical measured contact angle and base diameter to enhance the
accuracy of prediction for different cases. In the new model which we developed [8], a dynamic contact
angle method and a dynamic bubble geometry tracking method was applied to further improve the case
dependency of the previous bubble model. These two models as the main novelties will be introduced in
the next subsection.

I1.B Novelties of the Present Bubble Model

As shown in Figure 1, after a fast expansion, the bubble’s main body starts departing but as the
evaporation of microlayer still produces enough vapor the main body remains connected to the wall. The
base diameter of the bubble starts to shrink when the evaporation of microlayer is less than required to
form a new bottleneck. Unlike in the conventional force analysis model the bubble departure or lift-off
criterion is that the bottleneck breaks up or the base diameter shrinks to 0. The bottleneck breaks up is

judged by the pressure difference between points A and B (Figure 1).
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Figure 1: Formation of a bottleneck after force unbalance and before bubble departure.

1 1
Apyp =Epgv§+pggh+a(a+———). (6)

where Ap,p is the pressure difference between bubble main body and base, v, is the bubble moving

velocity of mass center, 7;, is the bubble base radius, L + = is the curvature of the contact line at the

Tw Too

bubble base. when Ap,p is larger than the total force in perpendicular direction acting on the base area,

that is M,the bottleneck will break up and the bubble will depart from the wall. From our tests, it is
base

found that when r, = 7,,, good agreements are got between models and experiments.

During the bubble growth, the dryout radius r; increases when the sum of the negative forces which point
towards the wall (mainly surface tension force) is much higher than the one of the positive forces
preventing the bubble departure. This negative total force will drive the bubble to form a curvature and a
contact angle to reduce the surface tension force in the negative direction until the forces on the bubble
are balanced. The contact angle at which the force is again balanced is referred to as expected contact
angle (Bs). From the force calculation this expected contact angle can be derived as

. FgrowthytFdragy+FepytFsiy+Fpy
= asin .
Bs ( Feurfy ) (7
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where Fyrowtny» » Farag,y> Fep,y> Fsiys Fp,y and Fg,,r are growth force, drag force, contact pressure force,
shear lift force, buoyancy in the wall perpendicular direction and total surface tension on the bubble

respectively. The contact angle 8 can be calculated with the base radius and the bubble radius as

B(t) = arcsin(:‘z—g). (8)

It decreases from an initial value ,B(O)L;T towards the expected value S in some finite time interval. So

the contact angle becomes dynamically during the bubble growth.
In Klausner’s work, the authors considered d,, = 2 * 1;, as a constant of 0.09 mm. Later Thorncroft [23]

adopted d,, = 2rsin(f) in order to improve the modelling accuracy. A constant ratio with bubble
diameter d,, = 2%51’ was used by Yun et al. [22]. In this work we prefer to consider the relationship

between the expansion rate of base radius 7, and that of the bubble 7}, instead of absolute values 7, and 1y,
(as in Thorncroft et al. [23]) in order to account for a smooth growth of bubble. We express the expansion
rate of ;,, as

. . s [
ry = tysinG - p). ©)
The total average error of 23% between the model and different experiments shows the reliability of the
present model (See Figure 2). In particular, the comparison covers different mass load, heat flux,
subcooling, pressure, orientation angle, pipe design and fluid material (See Table II).

Table I: Experiments used for validation of the bubble dynamics

Duan Klausner et al. Situ et al. Sugrue Prodanovic [27]
[24] [15] [25] [26]
Fluid Water R113 Water Water Water
Orientation Horizontal Horizontal Vertical 0°,30°,45°,60°,90°,180° Vertical
Channel Plate Rect.; Dy, =25 Ann.; D,=19.1 Rect.: D, = 16.7 mm Rect.: D, =93
mm; no full filled mm sampling mm
points at
different position
G/kg m™s’! 0 112-287 466-900 250-400 76.6 — 766
Q" /KW m™ 28.7; 36 11-26 54-206 50,100 200 - 1000
ATg /°C 0.5;1 saturated 2-20 10,20 10, 20, 30
p/bar 1.01 1.5 1.01 1.01;2.02;5.05 1.05; 2
Uncertainties from +0.07 mm +0.03 mm +0.016 +0.113 mm
Measurement
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Figure 2: Comparison of the bubble lift off diameter between experiments and simulation in flow
boiling under different conditions.

From the sensitivity analysis, the model can accurately reproduce the dependency of bubble departure and
lift-off diameter on different impact parameters such as mass load, heat flux, subcooling temperature,
pressure and orientation angle. The model confirmed the conclusions of previous works, such as that an
increase of inflow velocity leads to smaller departure/lift-off diameter, higher pressure leads to smaller
departure/lift-off diameter and so on. The model is even helpful to consider the contrary conclusions, e.g.
that higher heat flux leads to larger departure/ lift-off diameter in Situ and Sugrue’s case [25, 26] and
higher heat flux leads to smaller lift-off diameter in the Prodanovic’s case [27]. It was found that the
increase or decrease of the lift-off diameter is strongly condition-dependent. The model is also helpful to
characterize the impacts of different parameters quantitatively. Differs from the introduced RPI model,

the bubble departure diameter and frequency in the new developed bubble model is a function of wall

superheat.

I1.C. Cavity Group Activation Model
The new single bubble model has an acceptable accuracy for both pool boiling and flow boiling under

different conditions, which is preferential for CFD codes. The difference between the subcooled
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dependent bubble dynamics in RPI model and the wall superheat dependent one in new single bubble
model troubles the implementation of the single bubble model into the EE CFD approach.

In order to consider the wall superheat dependency of the bubble dynamics in the new single bubble
model, the way to implement the bubble dynamics must be updated. We simply classify the activated
nucleation sites into different groups with different wall superheat. For each activated group, bubbles
have the same bubble dynamics for both departure diameter and frequency with known boundary

conditions, such as flow velocity and bulk temperature (See Figure 3).

b)

Ny andd,,

Njandd,}

ATsup,max AT ATsup,1 ATsup,2 ATsups  ATsupmax
sup ATsup

Figure 3: The Nucleation site density (N) and bubble dynamics in the conventional RPI model (a)
and in the group activation model (b).
The nucleation site density N; is still following Eq. 3. N,, N3 and N, are calculated with Eq. 3, which can

be written as

p P
N _ N AT;up,i _N A]wsup,ifl 10
i tVref ref ( )
AT, AT,

where N; is the nucleation site density at group i and A7, . is the activation superheat of group i. In this

sup,i
way, the bubble dynamics impacted by wall superheat will be implemented into the CFD code as the

condition to calculate the heat fluxes.
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IL.D. Updated Heat Partitioning Model

As is introduced, the heat portioning model is employed in the conventional RPI model shown in Eq. 4.
However if the group activation model is applied, the heat portioning can be simplified. If we consider the
boiling as a stable process in the nucleation boiling region, it means that in the bubble influenced area

(evaporative area) the time averaged heat flux due to the evaporation and quenching is always equal to the

feed heat flux. In the other words, instead of the heat balance between O, ,

calculated by Eq. 4 and the
input heat flux on the wall O, the heat balance between O, and O, becomes dominant to the heat

conservation in the CFD calculation. Due to the steady state of boiling in the bubble influenced area, it
means that the average wall superheat of the evaporative area is on average constant in each activation
group respectively. The wall superheat in the area of single phase convective heat transfer should be the

maximum wall superheat A7’

tupmax - LNis maximum value further determines the evaporative area fraction
or the void fraction of the bubble on the wall and in the bulk with other conditions such as flow profile

and bulk temperature.

III. VALIDATION

In order to develop reliable models for calculation of the thermohydraulic characteristics of the steam
generating channels with subcooled boiling, Bartolome;j et al. (1982) [28] did experimental investigations
on the volumetric vapour content in vertical channels with uniform heat release over length. The
experimental Crl18NilOTi steel channel is of 12 mm internal diameter and 2 mm wall thickness. The
experiments covered different pressure, mass flux, heat flux density and inlet water temperature. The
main investigated parameter was volumetric steam content which was measure by y-radiation from a Tu-
170 source. Some experiments are selected to be compared with the CFD calculations which covers mass
load 405 ~ 2024 kgm™s™, pressure 7 ~ 15 MPa , heat flux 790 ~ 1130 KWm™ and inlet liquid temperature

421 ~ 598 K (See Table I1I).
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The simulation is carried out on the ANSYS CFX 14.5. All the model setups are referenced with respect
to the Bartolomej case validation in the work of Krepper in 2007 [29]. The gas phase is considered as a
mono dispersed bubble phase with bubble size between 0.05 mm to 2 mm with a subcooling dependent
blending function defined in ANSYS CFX. Due to limitation of ANSYS CFX, the bubble departing from
the wall into bulk is still with an averaged mono size group, which will be further improved in the new
version of ANSYS CFX.

Table II Selected test cases of Bartolomej [28] under different conditions

Pressure Mass flow rate Wall heat flux Inlet Test no.

[MPa] [kgm?s'] [kW m™] temp. [K]
BART1 7 405 790 421 P7G0.405Q790
BART 2 7 965 790 493 P7G0.965Q790
BART 3 7 1467 790 519 P7G1.467Q790
BART 4 7 2024 790 520 P7G2.024Q790
BART 5 7 961 1130 466 P7G0.961Q1130
BART 6 15 1847 770 598 P15G1.847Q770

The test number was derived basing on the test parameters in the following way: P stands for pressure in
0.1 MPa, G for mass flow rate in 1000 kg m™s™, Q for wall heat flux in kWm™ and T for the subcooling
in K.

With help of the single bubble model d,. is not needed to be calibrated again. However, because the
nucleation site density is strongly dependent on the wall surface finishing method, which still lacks a clear
description, it is still necessary to do a calibration. Here we found for the Bartlomej experiments, that N,

is equal to 7.5 x 10"
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Figure 4: Comparison of simulation and experiments for cases of Bartolomej [28] given in Table II.
Of cause this good agreement between experiments and simulation in the validation (See Figure 4) is only
a preliminary result for the new implemented models. More information such as the bubble population
distribution in the pipe and the wall temperature is still missing. The further validation will be done with
the DOBERA cases [2, 30, 31] in which the details of bubble size and wall superheat were captured.

IV.  CONCLUSIONS

EE CFD approaches were widely applied in the simulation of the boiling process. However due to the
employment of too many correlations, the approach becomes very specific which requires carefully

recalibration such as for nucleation site density N,.rand departure diameter d... In order to reduce the case
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dependency, a new single bubble model was developed. To implement this model requires the adaption of
the approach with new activation and heat partitioning sub models. In this paper, the cavity group
activation model and updated heat partitioning model were introduced. With these two models, the single
bubble model can be successfully implemented in the EE CFD approach. A comparison between the
experiments of Bartlomej and model shows good agreement in the void fraction with only one time
calibration of nucleation site density. The good agreement shows the applicability of the single bubble
model and the new developed implement submodels under different flow conditions, e.g. subcooling, feed
heat flux, pressure and mass load. In the near future, with help of bubble population balanced model
(inhomogeneous MUSIG [6, 32] and other submodels [2]) the approach will be extended to comparison
with DOBERA cases which captured the bubble size distribution and wall superheat.
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