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Summary 

Nowadays the process of convective boiling is used in many technical applications such as 
water tube boilers, evaparators and water-cooled nuclear reactors. The advantage of this 
process, in comparison with single-phase convection, is the higher heat fluxes that are involved 
in the process of convective boiling which leads to a better efficiency. 

These higher heat fluxes are a result of the detachment of boiling bubbles from the heated 
surface as wel as the condensation of the bubbles in the fluid. During growth of such a bubble 
additional energy is extracted from the wall and the fluid, which leads to a local decrease of 
the temperature. After the bubble detaches it follows a trajectory in the fluid. Eventually it 
will reach a colder area and collapses, releasing the stored energy within it. 

The objective of the research presented in this thesis is to study the influence of boiling 
bubbles on the heat transfer. Since the governing equations for this process cannot be solved 
analytically, Direct Numerical Simulation (DNS) is used. The advantage of DNS is that it 
resolves all relevant length and time scales, although it is restricted to low Reynolds numbers 
and simple geometries. 

A DNS code of Kuerten [11], which describes the turbulent motion of a fluid in a channel, 
is used as a starting point for this research. Models for heat transfer in the walls and in the 
fluid are added to this code, with the temperature considered as a passive scalar. The DNS 
makes use of a pseudo-speetral method consisting of Fourier-series in streamwise and spanwise 
directions and a Chebyshev expansion in the wall-normal direction. For time-integration a 
combination of a three-stage Runge-Kutta method and the Crank-Nicolson method is used. 

First this new code is tested for single-phaseheat transfer. From comparison with findings 
in literature it is concluded that this new code is correct. 

After that a boiling bubble is added to this code as a point partiele to study its effect on 
the heat transfer. The steps of bubble growth and bubble collapseare modeled and a start is 
made with a simplified model of the bubble trajectory, which neglects the important added 
mass force for convenience. Results of this simulation show that bubble growth leads to a 
local decrease of temperature and that bubble collapse leads to an increase of the average 
fluid temperature, because of the extra energy that is extracted during growth and is released 
in the fluid, as was expected. 



Samenvatting 

Vandaag de dag wordt het kookproces gebruikt in vele technische toepassingen zoals in cv
ketels, verdamperpijpen en in watergekoelde nucleaire reactors. Het voordeel van dit proces, 
ten opzichte van convectie in een één-fasen systeem, is dat er hogere warmtefl.uxen gehaald 
worden wat leidt tot een beter rendement. 

Deze hogere warmtefiuxen worden veroorzaakt door twee effecten: het loslaten van kook
bellen van het verwarmd oppervlak en het condenseren van de bel in de vloeistof. Gedurende 
de belgroei wordt extra energie onttrokken aan de wand en de vloeistof wat leidt tot een 
lokaallagere temperatuur. Na loslating volgt de bel een baan door de vloeistof. Uiteindelijk 
wordt een kouder gebied bereikt waar de bel condenseert en zijn opgeslagen energie vrijkomt 
in de vloeistof. 

Het doel van het onderzoek dat wordt beschreven in dit verslag is het bestuderen van de 
invloed van kookbellen op de warmte-overdracht. Omdat de vergelijkingen voor dit proces niet 
analytisch opgelost kunnen worden, wordt gebruik gemaakt van Directe Numerieke Simulatie 
(DNS). Hoewel DNS alleen gebruikt kan worden voor lage Reynolds getallen en eenvoudige 
geometrieën, heeft het als voordeel dat alle relevante lengte- en tijdschalen opgelost worden. 

Een bestaande DNS code van K uerten [11] dient als uitgangspunt voor dit onderzoek. 
Deze code beschrijft de turbulente stroming van een vloeistof in een kanaal. Modellen voor 
de warmte-overdracht in de vloeistof en in de wanden worden toegevoegd aan deze code, met 
de temperatuur als passieve scalar. De DNS maakt gebruik van een pseudo-speetral methode 
die bestaat uit Fourier series in de axiale richting en in de richting parallel aan de wand 
en een Chebyshev expansie in de richting normaal op de wand. Voor tijd integratie van de 
vergelijkingen wordt een combinatie van de Runge-Kutta methode, bestaande uit 3 stappen, 
en de Crank-Nicolson methode gebruikt. 

Allereerst is deze nieuwe code getest voor convectieve turbulente warmte-overdracht van 
een één-fase systeem. Overeenkomsten tussen de resultaten van de nieuwe code en bevindingen 
in de literatuur tonen aan dat deze code correct werkt. 

Hierna is een kookbel aan de code toegevoegd als een puntdeeltje om het effect op de 
warmte-overdracht te onderzoeken. De stappen van belgroei en condensantie van de bel 
zijn gemodelleerd. Verder is er een start gemaakt met een sterk vereenvoudigd model van 
de deeltjesbaan van de bel. Hierbij moet opgemerkt worden dat een van de belangrijkste 
krachten, de added mass force, niet is meegenomen vanwege gebrek aan tijd. De resultaten 
van deze simulatie tonen aan dat belgroei leidt tot een lokale verlaging van de temperatuur en 
dat condensatie van de belleidt tot een verhoging van de gemiddelde vloeistoftemperatuur, 
zoals verwacht. Dit is te verklaren vanuit het feit dat de extra energie, die nodig was voor de 
belgroei, dan ineens vrijkomt in de vloeistof. 
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N omenclature 

Symbols 
Cp specific heat [Jkg-lK-1] 
D thermal diffusivity [m2s-1] 
D1, D2 fi.rst and second derivative matrix for x-direction [-] 
f specific force vector [ms-2] 
F force vector of the bubble [N] 
H channel height [m] 
k thermal conductivity [wm-1K-1] 
k wave numbers in spanwise direction [-] 
l wave numbers in streamwise direction [-] 
L dimensionless channel length [-] 
M number of Fourier modes [-] 
N number of points in x-direction [-] 
N nonlinear term [-] 
p static pressure [Pa] 
p total pressure [m2s-2] 
Pe Peelet number = RePr [-] 
Pe7 Peelet number = Re7 Pr [-] 
Pr Prandtl number [-] 
Q energy [W] 
qw wall heat flux [wm-2] 
R cross correlation coefficient [-] 
R radius [m] 
Re Reynolds number = UoH/v [-] 
Rer Reynolds number = u7 Hjv [-] 
t time [s] 
T temperature [OC] 
To temperature scale [OC] 
T* reference temperature [OC] 
Tr friction temperature [Kj 
u velocity vector [ms-1] 

Ûk,l Fourier modes [-] 
Ux,Uy,Uz velocity components [ms-1] 
Ur friction velocity [ms-1] 
Uo velocity scale [ms-1] 
w dimensionless channel width [-] 
x dimensionless wall normal coordinate [-] 
x position vector [m] 
y dimensionless spanwise coordinate [-] 
z dimensionless streamwise coordfuate [-] 



Greek symbols 

a 
a,f3 
f3 
/\,(} 

V 

(} 

p 
T 

w 

Other symbols 

coefficient for temperature increase 
Runge-Kutta coefficients 
coefficient 
von Karman constant of mean temperature 
kinematic viscosity 
dimensionless temperature difference 
mass density 
dimensionless relaxation time 
vorticity vector 

real part 
imaginary part 

Superscripts and subscripts 

b bubble 
bulk bulk value, averaged variabie over x, z- and y-direction 
cel computational cel 
f fluid 
int interface 
max maximum value 
p periodic 
rms root-mean-square value 
rel relative 
s shear 
w wall 

dimensionless variabie 

+ 
() 

average over y-z direction and time 
normalized by Un v and T7 

I 

average over y-direction and time 
fluctuation 

V 

[-) 
[-) 
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Chapter 1 

Introduetion 

1.1 Scope 

The subject of convective boiling heat transfer is important in many teehuical applications 
nowadays, for example in water-tube boilers, refrigeration equipment, water-cooled nuclear 
reactors and evaporators. Better knowledge of the fluid dynamic and heat transfer processes 
may help to improve the efficiency and reliability of boiling processes. 

The high heat fluxes associated with convective boiling, compared to single-phase convec
tion, are due to two major effects, namely the detachment of boiling bubbles from the heated 
surface as wel as the condensation of the bubble in the fluid. During the growth of such a 
boiling bubble, energy is extracted from the wall and the fluid to enable the phase change 
from liquid to vapor, which leads toa local decrease of the temperature. After detachment 
the bubble follows a trajectory in the fluid before it reaches a colder region and collapses, 
releasing the stored energy within the bubble. 

As may appear convective boiling is a complex process of thermal and hydrodynamic 
interaction between the liquid and vapor phases. In order to model this process three sub
models are needed. The first sub-model is the description of the heat transfer inside the wall. 
Boiling bubbles originate at specific sites at the tube wall with a certain probability that 
depends on the difference in wall temperature and saturation temperature and lead to a local 
decrease in temperature in the wall. 

The second sub-model is for descrihing the turbulent flow and temperature charaderistics 
of the fluid. Of course this model should he coupled to the first sub-model to specify the heat 
transfer from the wall to the fluid. 

The third sub-model treats the hydrodynamic interaction of the bubble with the fluid. 
This part covers the interaction during growth, detachment and after detachment when the 
bubble follows its path in the fluid before condensing. The hydrodynamic interaction should 
then be coupled to the thermal interaction. 

The objective of the study presented in this thesis is to make a start with the modeling 
of this process of convective boiling heat transfer. Since the governing equations for this 
process cannot be solved analytically, Direct Numerical Simulation (DNS) is used. With the 
aid of DNS the whole set of equations is solved. Since this metbod makes no assumptions, 
all relevant length scales and time scales are resolved. This makes DNS a good research tool, 
although it is restricted to low Reynolds numbers and simple geometries. 

A DNS-code, made by Kuerten [11], which describes the turbulent motion of a fluid in 



1.2 Thesis overview 

a channel, is used as a starting point for modeling turbulent heat transfer. To that end 
roodels for the heat transfer in the wall and fiuid must be added tot this code. In this roodels 
temperature is considered as a passive scalar. This means the temperature has no infiuence 
on the fiuid motion, although this can be modeled when the Boussinesq approach is used. 
First only single-phase heat transfer in the fiuid will be considered, which makes it easier to 
validate the new code. Several studies have been done on this topic of DNS of turbulent heat 
transfer in channel flow; without heat transfer in the wall, [7], [8], [13], and with heat transfer 
in the wall, [16]. 

The following step is to add a boiling bubble as a point partiele on the wall in order to 
study its effect on the heat transfer. For this purpose the different steps of bubble growth, 
detachment and collapse have to be modeled. 

1.2 Thesis overview 

This thesis continues with the geometry and the governing equations, which is described in 
chapter 2. Here the geometry and coordinate system of the original DNS is explained and two 
walls of a certain thickness are added to it. The governing equations for turbulent single-phase 
heat transfer are given with the corresponding boundary and interface conditions. 

The discretization in space and time of these equations is treated in chapter 3. The 
pseudospeetral method, which was used for the equations that describe the turbulent motion 
of the fiuid, is discussed. The same method is applied to the equations that specify the 
temperature in the fiuid and the walls. The time integration methods are illustrated at the 
end of the chapter. 

The interpretation and validation of the DNS results for single-phaseheat transfer is given 
in chapter 4. These results will be normalized and time averaged in order to compare them 
with theory and other researchers. For the comparison the following topics will be treated in 
this chapter: the velocity and temperature distribution, temperature fiuctuations, turbulent 
heat fiuxes and the budgets for the temperature variance. 

Chapter 5 focusses on the effect of boiling bubbles on the heat transfer. The methods to 
simulate a single bubble as point partiele will be explained. Bubble growth and collapse are 
simulated with the help of experiment al data. In order to simulate the step of the trajectory of 
the bubble, a simplified trajectory computation is set up. Although the computed trajectory is 
not realistic, it is chosen to use this bubble path, because of lack of time and the complications 
it would take to compute a physical realistic trajectory. The results of this simulation will be 
discussed at the end of this chapter. 

Finally the conelusions and recommendations of this study are given in chapter 6. 
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Chapter 2 

Geometry and governing equations 

This chapter starts with the description of the geometry used for the DNS. After that the 
governing equations of the original DNS code from Kuerten [11] are discussed, foliowed by the 
equations needed to model the heat transfer in the wall and the fiuid. Finally the necessary 
boundary and interface conditions are explained. 

2.1 Geometry 

The channel geometry and coordinate system are illustrated in figure 2.1, in which x is the 
direction normal to the wall, y the spanwise direction and z the streamwise direction. The 
inner size of the channel is -1 < x/H < 1, 0 < y/H <Wand 0 < z/H < L. 

Two walls of thickness 0.2H are added to the geometry in order to be able to describe the 
temperature effects in the wall. This results in a total dimensionless size of the computational 
domain of L = 47r in the streamwise direction, W = 27r in the spanwise direction and 2.4 in 
the wall normal direction. 

The fiuid enters the domain from the bottorn and constant heat flux is applied to both 
walls. 

0.2H 2H 

Figure 2.1: Channel geometry and coordinate system 



2.2 Governing equations 

2.2 Governing equations 

2.2.1 Fluid motion 

In order to describe the motion of a fluid flowing through a channel, two conservations laws 
have to be applied: conservation of mass and momentum. In the original code the fluid is 
assumed to be incompressible which leads to the following equation for conservation of mass 

Y'·u=O (2.1) 

Here u = ( ux, uy, Uz) denotes the velocity vector. The conservation of momenturn is given by 
the Navier-Stokes equations (2.2) 

au 
8t + w x u+ V' P = liJLlu- f (2.2) 

where w =V' x u is the vorticity, P = pf PJ + ~u2 the total pressure, p the static pressure, PJ 
the mass density of the fluid and liJ the kinematic viscosity. The external force necessary to 
maintain the flow, f, has only a component in the z-direction and is taken constant inspace 
and time. 

These equations (2.1)-(2.2) are non-dimensionalized using a certain velocity Uo as the 
velocity scale and half the channel height H as the length scale. The variables can then be 
written as 

u = üUo 
x XII 
p Pug (2.3) 

t tH/Uo 
f = ruJfH 

where the terms with a tilde are the dimensionless quantities. Applying this to the Navier
Stokes equations leads to 

Rewriting and omitting the tildes for convenience gives the dimensionless equations 

Y'·u=O 
au 1 
- +w x u+ Y'P= -Llu- f at Re 

(2.4) 

(2.5) 

(2.6) 

where Re = uEJI is the Reynolds number. The Reynolds number represents the ratio between 

the nonlinear adveetion term and the viscous term. If the Reynolds number exceeds the 
critical value for the given flow, the flow will change from laminar into turbulent. In our case 
Re = 3500, which is above the critical value for channel flow, resulting in a fully developed 
turbulent flow. 

With the choice of a length scale H and the choice of a fluid with a certain kinematic 
viscosity, the velocity scale Uo can be computed from the Reynolds number. 
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2.3 Boundary and interface conditions 

2.2.2 Temperature 

In order to investigate turbulent heat transfer and boiling heat transfer effects the temperature 
inside the wall and in the fluid must be computed. This can be done by applying conservation 
of energy. With any buoyancy effect in the fluid neglected, temperature can be considered as 
a passive scalar and conservation of energy for the fluid becomes 

(2.7) 

Where T denotes the temperature, Cp,J the specific heat at constant pressure and k f the 
thermal conductivity of the fluid. For the walls again the energy equation is used to describe 
the temperature 

(2.8) 

Here Pw is the mass density of the wall, cPw the specific heat of the wall and kw the thermal 
conductivity of the wall. 

Equations (2.7)-(2.8) are non-dimensionalized using the same scales (2.4) as were used to 
make the Navier-Stokes equations dimensionless. To make the temperature dimensionless a 
temperature scale To is used, T = TT~*, with T* a reference temperature, for example the 
temperature at the inlet of of the channel. Applying this to the equations for the temperature 
and omitting the tildes for convenience gives 

aT 1 
-+u· "VT = -!1T 
at Pe 

(2.9) 

aT= Dw !1T 
at VJRe 

(2.10) 

with Pe = RePr the Peelet number, where Pr = v1pf;P·1 is the Prandtl number. The Prandtl 
number is the ratio between the momenturn diffusivity and heat diffusivity, which is a fluid 
property and nat a flow variable. For water at 100 oe the Prandtl number is Pr = 1.75. 

Astrange term appears at the right hand side of equation (2.10): v~Re' Again Re is the 

Reynolds number, VJ is the kinematic viscosity of the fluid and Dw P ~ the thermal 
w Pw 

diffusivity of the wall. 

2.3 Boundary and interface conditions 

Because of the speetral method, that is adopted to solve the problem numerically and which 
will be treated in chapter 3, the boundary conditions in streamwise and spanwise direction 
have to be periodic. This gives: u( x, y +WH, z, t) = u( x, y, z +LH, t) =u( x, y, z, t) for all 
x, y, zandt. In the wall normal direction a noslip boundary condition is prescribed for the 
velocity: u(±H, y, z, t) = 0 for all y, zandt. 

The boundary conditions for the temperature also have to be periodic, but the average 
temperature has to increase in z-direction, because of the constant heat flux applied to the 
walls. In order to solve this problem it is assumed that the temperature consists of a periadie 
part, Tp, and a part which accounts for the increase in z-direction, az. 

T=Tp+az (2.11) 

5 



2.3 Boundary and interface conditions 

This gives rise to an extra term O:Uz in the energy equation (2.9) if (2.11) is substituted 
for the temperature. Then the periodic boundary conditions read Tp(x, y + WH, z, t) = 
Tp(x, y, z +LH, t) = Tp(x, y, z, t) for all x, y, z and t. 

Two interface conditions are prescribed to couple the fluid part to the wall part; at the 
wall-fluid interface the temperature of the fluid has to be equal to the temperature of the 
wall, and the fluxes have to be equal at the interface. 

(2.12) 

(2.13) 

The linear increase of the average temperature is dependent on the heat flux input. To 
determine the a: for a corresponding heat flux, the heat equation (2.10) is integrated over the 
volume of one wall and over time, which gives 

äT = 0 = Dw Jr { äT dS 
ät vtRe Js än 

resulting in 

(2.14) 

Where ~~ = ~~ and ~'I'_; are defined as in figure 2.2. The same holds for the right wall: 

~ = ~ = "f! Again this procedure is used to average the energy equation (2.9). This gives 

(2.15) 

Here Uz is the streamwise velocity averaged over the x, y and z-direction and time. The 
interface condition for the fluxes (2.13) gives a relationship between the derivatives of T2 and 
T3, T4 and Ts 

äT2 kt äT3 
än kw än 

(2.16) 

äT5 kt äT4 
än=kwän 

(2.17) 

Combining these results gives the alpha for corresponding heat fluxes q1 and q6 

(2.18) 
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2.3 Boundary and interface conditions 7 

:--------------~ 

' : 
' 

' :-- -: ' ' :------: - ------: 
' ' ' ' ' 

' ' 
' ' ' 

.21_ -~: ' !m m -: ' !m. m :.----- iml=!lii ,-----+ ·- -: 
kw-On : On On on on ' On kw 

' 
' ~ -: ' ' :.----------: -- ~ 

' ' ' ' ' ' ' ' 
' ' ' ' ' -: ..----- -· :---- -. ,.___ 

' ' ' ' ' ' 

~--------------~ 
(a) Left wall (b) Fluid ( c) Right wall 

Figure 2.2: Differentpartsof the domain 



Chapter 3 

Numerical methods 

Tbis cbapter treats tbe numerical metbods used for tbe DNS code. Because of tbe periodic 
boundary conditions a pseudospeetral metbod was used by Kuerten [11) for solving tbe gov
erning equations. Compared to finite difference metbods witb tbe same accuracy, less grid 
points are needed for a speetral metbod and as a consequence less computational time is re
quired. Otber advantages of speetral metbods are tbat tbe set of equations can be deccupled 
for different wave numbers and tbat tbe derivatives in tbe periodic directions are easy to 
calculate as will be shown. 

For convenience tbe same speetral metbod is applied to the equations tbat govern tbe 
temperature in tbe fluid and inside tbe walls. In tbe following section tbe spatial discretisation 
of tbe governing equations is described. After tbat tbe time integration metbod is treated. 

3.1 Spatial discretisation 

Tbe pseudospeetral metbod used in tbe DNS is a Fourier-Cbebysbev metbod. Tbe Fourier 
expansion is used in the periodic directions, wbile in tbe wall normal direction a Chebysbev 
expansion is used. Botb metbods are explained below. 

3.1.1 Speetral method 

If tbe solution for a flow quantity u (i.e. velocity component, pressure or tbe temperature) in 
tbe periodic directions is written as a Fourier series, one obtains 

My/2-1 Mz/2-1 ( 2 'k 2 ·z ) , 1fZ y 1fZ Z 
u( x, y, z) = 2:: 2:: uk,z(x)exp ----w- + ------.r:--

k=-My/2+11=-Mz/2+1 

(3.1) 

witb L tbe lengtb of tbe channel, W tbe widtb of tbe cbannel and l and k tbe wave numbers 
in streamwise and spanwise directions. Tbe number of modes in y- and z-direction are given 
by My and Mz, whicb are chosen as My = Mz = 64 in tbe program. Tbe Fourier modes Ûk,l 

are the unknowns used in tbe DNS code. 
Derivatives witb respect to y and z of a flow quantity can easily be calculated as will be 



3.1 Spatial discretisation 

explained by the following example: 

au( x, y, z) 
ay L L 27rik , ( ) ( 27riky 21rilZ) --ukl x exp -- + --

W ' W L 

~ ~ 21rik , , (27riky 21rilz) 
L...J L..t W [~(uk,l(x)) + i~(uk,l(x))] exp ---w- + ~ 

~ ~ 21rk , . , (21riky 27rilz) 
= L...J L...J W [-~(uk,l(x)) + z~(uk,l(x))] exp ---w- + ~ 

(3.2) 

'th "" "My/2-l "Mz/2-l 8 t k' th d . t' . h t . d' Wl L..." L..." = L..."k=-My/2+1 L..."l=-Mz/2+1. o a mg e enva 1ve wlt respec to a peno 1c 
direction can simply be done by multiplication of the original solution (3.1) with the correct 
wave number and switching real and imaginary parts, with an extra minus sign in front of 
the imaginary part of the original solution. 

The multiplications in the nonlinear terms of the Navier-Stokes equation (2.6) and the 
energy equation (2.9) are calculated in real space insteadof in Fourier space. The transforma
tions to real space are performed with fast Fourier transform, after which they are multiplied 
and transformed back to Fourier space. In order to prevent aliasing errors, the 3/2-rule is 
applied in the periodic directions. 

3.1.2 Chebyshev metbod 

In the wall normal direction a Chebyshev polynomial expansion is used for the fl.uid part. 
Canuto et al. [1] gives an introduetion on the subject of these Chebyshev polynomials. In 
this case the Chebyshev-Gauss-Lobatto collocation method is used for the collocation points. 
Then the collocations points are given by 

Xj =COS(~) (3.3) 

For j = 0, 1, .... , N, with N = 64 the number of points in x-direction for the fl.uid, which leads 
to xo = 1 and x N = -1. As can be seen this method generates a lot of points near the walls, 
which is useful for descrihing near wall effects. 

Chebyshev collocation differentiation can be accomplished by multiplying the original 
solution by a matrix. Then differentiation with respect to the x-direction of a mode Ûk,l(x) 
becomes 

Here D1 is the first derivative matrix, given by 

Dl,j,i = 

j =I= i 
1:5,j=i:5:N-1 

j =i= 0 
j =i=N 

(3.4) 

(3.5) 

with Ck = 2 if k = 0 and Ck = 1 if k 2': 1. The second derivative matrix is the square of the 
first,D2 =Di. 
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3.2 Time discretisation 10 

For the wall part a separate x-coordinate is used, given by 

1 ( 7rj) 
Xw,j = 10 COS Nw (3.6) 

For j = 0, 1, .... , Nw, with Nw the number of points in x-direction for the wall, which leads 
to Xw,o = 0.2 and Xw,Nw = -0.2. Since Chebyshev polynomials are only defined on [-1, 1], 
problems on other finite intervals have to be mapped on this standard interval. In order to 
solve the heat equation only the secoud derivative is needed so the secoud derivative matrix 
for the fluid, D2, is multiplied by 102 to get the secoud derivative matrix for the wall, Dw,2· 

3.2 Time discretisation 

In the original code the Navier-Stokes equation is integrated in time using a combination 
of a three-stage Runge-Kutta method and the Crank-Nicolsou method. This methad is a 
combination of an implicit and an explicit method. The advantage of implicit treatment is its 
stability, but it is generally more complex to program. However, explicit methods are easier 
to program, but suffer from stability problems, especially at fine grids. The viseaus terms are 
treated implicitly, because these terms are linear and the Fourier modes are decoupled, which 
makes implicit treatment easy. This method is secoud-order accurate in the time step. 

For time integration of the energy equation the same method is used as mentioned above. 
The Navier-Stokes equation and the energy equation can be written in schematic form given 
by (3.7)-(3.8). 

au 
at +N(u) 

ar 
at +N(T) 

1 
-~u-\!P 
Re 

1 
RePr~T 

(3.7) 

(3.8) 

Here N(u) is the sum of the nonlinear term and the forcing term from the Navier-Stokes 
equation, while N(T) is the nonlinear term from the energy equation. Then the Runge-Kutta 
scheme for the Navier-Stokes equation reads: 

u<0) = u(t), p(O) = p(t) 

~u(l) - 2Re u(l) = - 2Re u<0) + 2ReN(u<0)) - ~u(O) + Re\7 p(O) + Re\7 p(l) 
~ta1 ~ta1 

~u(2) - 1~2 u<2) = -1~2 u(l) + 2Ref3IN(u<0)) + 2Re(1- (3I)N(u<1)) - ~u(l) +Re\! p(l) + Re\7 p(2) 

~u(3) - 1f:
3 

u<3) = -1~3 u<2) + 2Ref32N(u<1)) + 2Re(1- f32)N(u<2))- ~u(2) +Re\! p(2) +Re\! p(l) 

u(t + ~t) = u<3), p(t + ~t) = p(3) 

With Runge-Kutta coefficients a1 = 8/15, a2 = 2/15, a3 = 1/3, f3I = 2.125 and (32 = -1.25. 
Each step the velocity and the pressure are corrected in such a way that the salution after 
the step will satisfy the continuity equation. 

The same scheme is used for the energy equation. This gives 

T(o) = T(t) 

.ó.T(l)- 2Pe T(l) =- 2Pe T(O) + 2PeN(T(o))- .ó.T(o) 
~ta1 ~ta1 

.6.T(2) -lf:
2
T(2) = -lf:

2
T(l) + 2Pef3IN(T<0)) + 2Pe(1- {31)N(T(1))- .6.T(1) 

~T(3) -lf:
3
T(3) = -lf:

2
T(2) + 2Pef32N(T(l)) + 2Pe(1- fJ2)N(T(2))- .6.T(2) 

T(t + .ó.t) = T(3) 



3.2 Time discretisation 

For the wall parts tests were performed with decomposition of the domain. First the 
temperature inside the wall was solved with the Crank-Nicolson methad using the old fluid 
temperature for the interface condition. It turned out this methad was not converging. From 
literature examples for domain decomposition for a domain with the same diffusion coefficients 
are available, but for different diffusion coefficients, as in this problem, nothing was found. So 
it is chosen to solve the whole domain at once. Therefore the fluid time integration methad 
is also used for the wall. In order to do so the heat equation is written in the same schematic 
form as (3.7)-(3.8) With the nonlinear term absent, this gives 

8Tw- Arr> 
- CL.l..Lw at 

Herecis a constant, which represents DRew • Then the Runge-Kutta scheme reads 
Vf 

T~o) = Tw(t) 
b,.~(l) _ __1f__~(l) __ __1f__~(O) _ b,.~(O) 

w i:l.te>t w - i:l.tc:>t w w 

b..~(2)- __1f__~(2) - _ __1f__~(l)- b..~(l) 
w i:l.te>2 w - i:l.tC>2 w w 

b..~(3) - __1f__ ~(3) - - __1f__ ~(2) - b..~(2) 
w i:l.tC>3 w - i:l.tC>3 w w 

Tw(t + b..t) = T~3) 

(3.9) 
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Chapter 4 

Results 

In this chapter the results of the present DNS program are discussed. The main emphasis is on 
turbulent heat transfer in the fluid, while also some attention is paid to the velocity profile. 
In the fust section the velocity and temperature distribution are discussed and compared 
with literature. The next section describes the obtained root mean square profile of the 
temperature fluctuation, which is compared with the results of other researchers. After that 
the turbulent heat fluxes are reported and this chapter finishes with the budgets for the 
temperature variances. 

Simulations are clone at a Reynolds number of Re = 3500 and a Prandtl-number of 
Pr = 1. 75. Time averaging was clone over a time interval of 20000 time steps after the 
thermal field was judged to be fully developed. The criterion used to determine if the thermal 
field was fully developed, was the temporal behavior of the spatially averaged temperature. 
The solution was acceptable when this averaged temperature fluctuated around a eertaio 
value over a few thousand time steps. 

4.1 Velocity and temperature distribution 

In figure ( 4.1) the contours of the dimensionless velocity and the dimensionless temperature 
are shown at two different times and at y = W /2. An example with dimensions is given in 
appendix A. 

Turbulent structures can be seen in both the velocity field and temperature field. These 
turbulent velocity and temperature structures seem to have some resemblance. Patches of 
high velocity have low temperatures, while patches with low velocity have high temperatures. 
This points out that there is some kind of a correlation between the streamwise velocity and 
the temperature. This will be discussed later. 

It can also be seen that the hot patches near the wall hardly move in the time interval 
between these pictures. From that it can be concluded that the time these hot patches stay 
at a eertaio place is long enough todeliver the necessary heat during bubble growth. Suppose 

_ • • _ H2 _ (5xlo-3 )2 _ H - 5 mm, then the time mterval equals /lt - 0.5 * Rev - 0.5 x 3500 x 0.295 xlO 6 - 12 ms, 
which is larger then the typical time needed fora bubble to grow, 4 ms. 

In order to compare the present DNS data with the results of other researchers and 
with literature the variables are normalized by the wall variables: the friction velocity u71 

the kinematic viscosity v and the friction temperature T7 . For the normalized streamwise 
velocity this is defined as the velocity divided by the friction velocity and averaged over the 
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Figure 4.1: Contourplot of the streamwise velocity and the temperature at y = W / 2 at t = 0 
(a)+(b) and at t = 0.5 (c)+(d) 

y-z plane and time, ut = Uz/u7 . In the same way a Reynolds number based on the friction 
velocity can be defined, Re7 = u'VH. In the DNS this Reynolds number is Re7 = 150. The 
result for the velocity is shown in figure ( 4.2) as a function of the normalized x-coordinate 
x+ = XU7 j v. 

It can beseen that the velocity profile in the viseaus sublayer , x+ ::::; 5, agrees well with the 
theoreticallinear profile, ut = x+, as described in [14]. For the logarithmic region, x+ ?: 30, 

the theoretica! profile is given by ut = 2.5ln(x+) + 5. This line is in good agreement with 
the results from the current DNS. 

According to Kader [6], t he temperature can be put in normalized form as follows 

(4. 1) 

with Tp the periadie temperature as defined in equation (2.11 ), (Tp,w) the temperature of the 
fiuid at the wall averaged over the y direction and T7 the friction temperature. This friction 
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Figure 4.2: Mean normalized streamwise velo city, ui, as a function of the normalized x
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Figure 4.3: Mean normalized temperature , e+, as a function of the normalized x-coordinate, 
x+. 

temperature is defined as 

qw 
TT=----':..::...._-

PCp,JUr 

The mean normalized temperature is shown in figure ( 4.3). 

(4.2) 

14 

Again a viscous sublayer and a logarithmic region can be distinguished. In order to 
quantify these regions the approach proposed by Kader [6] is followed. The viscous sublayer 
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then becomes (}+ = Prx+ for x+ ~ 5. It can beseen this line is in good agreement with the 
DNS results. 
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Figure 4.4: Distribution of rms temperature f:luctuations in normalized coordinates 

The logarithmic temperature region can be described by 

- 1 
(}+ = -ln (x+)+ co 

/'l,(J 
(4.3) 

The Von Karman constant "'O' determined by the slope at x+ = 73, is "'O = 0.33. This is close 
to the value obtained by Kasagi [7] of "'O = 0.36, but smaller than the generally accepted 
value of Kader [6], ko = 0.47 for high Reynolds numbers. 

4.2 RMS temperature fluctuation 

The root-mean-square normalized temperature f:luctuation is shown in figure (4.4). Compared 
to the results of Kasagi et al. [7] and Kawamura et al. [8], the temperature fluctuations in 
the near wall region are much higher, which can be ascribed to non-fluctuating wall temper
ature prescribed by them. Other researchers [13], [16], prescribe isoflux thermal boundary 
conditions which results in non-zero temperature f:luctuations at the wall. 

4.3 Turbulent heat fluxes 

Figure 4.5 shows the wall-normal turbulent heat flux. It can be seen that in the near wall 
region the heat fl.uxes are markedly increased, compared to the center of the channel, due to 
stronger temperature fl.uctuations there as aresult of the boundary condition. The maximum 
can he found at x >::j 20. Roughly the same values are obtained by [7], [8], [13], and [16], slight 
differences occur depending on the Prandtl and Reynolds number. 
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Figure 4.5: Wali-normal turbulent heat flux as a function of x+ 

Kawamura et al. [8] derived a relationship for the maximum x+-value, x~=' and the 

corresponding value of the turbulent heat flux, -u~+(J'+ max· This relationship is written as 

1 Rer 
-------
(1- b) /'i,rPr 

(4.4) 

where b is an empirica! constant of about 0.4. With the correct values substituted this gives 
a maximum of x~ax ~ 20.3 which is in good agreement with the obtained value as can be 
seen in the figure. The matching maximum value of the heat flux is given by 

(4.5) 

where Per = Pr Rer is the Peelet number. This gives for the maximum value of the wan
normal turbulent heat flux -u~+()'+ max ~ 0.82 which is close to the obtained value of 0.8. 

Figure 4.6 shows the distribution of streamwise turbulent heat flux. Again the highest 
heat fluxes can be found in the near wall region due to the higher fluctuations over there. 
The streamwise turbulent heat flux is much larger than the wall normal one, because the 
fluctuating streamwise velocity, u~+, increases faster than the wall normal one, u~+, which 
follows from continuity. 

The cross-correlation coefficients of the turbulent heat fluxes and the Reynolds shear 
stress, Ruzux' are shown in figure 4.7. The cross-correlation coefficient RuzO is very large in 
the near wall region and does not vanish at the centerline of the channel, in contrast with 
the cross correlation coefficients of Ruzux and Ruxo. This strong correlation of the streamwise 
fluctuating velocity and the fluctuating temperature was also concluded from figure 4.1, where 
patches with low velocity have high temperatures and the other way around. The general 
similarity between Ruzux and Ruxo can also be ascribed to this strong correlation between 
u~+ and e'+. 
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Figure 4.7: Cross-correlation coefficients between velocity and temperature fluctuations 

4.4 Budgets for the temperature variances 

One of the advantages of DNS of turbulent heat transfer lie in the fact that it provides a 
complete three dimensional field of the velocity, pressure and temperature. This gives a good 
understanding of the different mechanisms that play a role in the turbulent temperature 
distribution. Very often the budget equations for the temperature variances are presented to 
get better insight in these mechanisms. This is a good way of comparing the current DNS 
results with the results found in literature of DNS of turbulent heat transfer and to check the 
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program for errors. 
The budget equation for the fiuctuating temperature varianee shows the contribution of 

the different processes to the micro-energy balance. It can be derived as [15] 

0 = u~+()'+ a - u'x+ ()'+dB+ - ~ {)()'+ B(J'+ - _!!:_ (u'x+ (JI+2 /2) + ~ _!!:_ ( ()'+2 
/
2) ( 4.6) 

dx+ Pr 8xT 8xT dx+ Pr dx+ dx+ 
J J 

Here the first two terms represent the production of turbulent temperature fiuctuations; the 
third term is the dissipation of these fiuctuations; the fourth term is the turbulent diffusion 
of temperature fiuctuations and the last term displays the molecular diffusion of temperature 
fiuctuations. 

Figure 4.8 shows the contribution of these different processes for the current DNS. At the 
wall the molecular diffusion balances the dissipation of the temperature fiuctuations, while 
away from the wall the dissipation is balanced by the production of temperature fiuctuations. 
Turbulent diffusion is very small and only plays a role when the wall is approached. 

The residual shown in figure 4.8 indicates that there is an error in the budget for the 
temperature variance. When half the time averaging period is used the same error occurs, 
which points out that this error can be ascribed to a too coarse grid. This means that for a 
more accurate salution more grid points are needed. 

Other researchers obtained that the processes, as mentioned above, behave in a simi
lar way, only with lower values, caused by the difference in Prandtl-number and boundary 
conditions. 
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Figure 4.8: Budget of the fiuctuating temperature varianee 

The budget equation for the mean temperature varianee gives the interaction between the 
mean and fiuctuating processes. This equation is written as [13] 

(4.7) 
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This budget equation ( 4. 7) consists of several parts; the fust term is the heat souree caused by 
the applied heat flux, the second term is the production of turbulent fluctuating temperature 
variance. The production is a loss term here but appears in the budget for the fluctuating 
temperature varianee as a souree term. The third term is the dissipation of the mean temper
ature variance, the fourth term is the turbulent diffusion of the mean temperature varianee 
and the fifth term represents the molecular dillusion of the mean temperature variance. 
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Figure 4.9: Budget of mean temperature varianee 

Figure 4.9 shows these different terms that were obtained with the current DNS. At the 
wall the viscous dissipation is balanced by the molecular diffusion. In the core region the heat 
souree is the main supplier of thermal energy. This mean thermal energy is transported by 
turbulent diffusion to the buffer region, where it is converted into turbulent thermal energy. 

As can heseen the residual in figure 4.9 is smaller than the one shown in figure 4.8. This 
can be ascribed to the fact that the gradients for the temperature fluctuation in the near wall 
region are much higher than the gradients for the mean temperature. These gradients cannot 
be described accurately, because too little grid points are used. 



Chapter 5 

Boiling heat transfer 

In this chapter the effect of boiling bubbles on the heat transfer is investigated. As mentioned 
in the introduetion these bubbles grow at specific sites of the wall until they detach and follow 
a trajectory in fluid. Eventually a bubble reaches a colder area and collapses releasing the 
stored energy within it. In order to study the influence of these different steps on the heat 
transfer a boiling bubble is added to the fluid as a point particle. 

In the first section the bubble growth and corresponding heat flux is described. This is 
foliowed by a section which deals with the bubble trajectory after detachment. The chapter 
ends with the results for this case of boiling heat transfer. 

5.1 Bubble growth 

Bubbles occur at specific places on the wall surface depending on the superheating, i.e. the 
difference in wall temperature and saturation temperature. This condition is simulated in the 
program by specifying a place at the wall where a bubble will grow if the local temperature 
is high enough. 

During bubble growth additional energy is extracted from the wall and the fluid for the 
phase change from liquid to vapor. This in turn leads to a local decrease of the temperature. 
In order to simulate this condition the extracted energy must be prescribed in some points 
of the domain. The rate of change of energy, Qb, needed to forma bubble with volume Vb is 
given by 

(5.1) 

where Pb is the mass density of the vapor bubble and hb, hJ the specific enthalpy of the vapor 
and fluid respectively. The rate of change of the volume, ~'is found from experimental work 
by van der Zanden [17], who performed experiments to investigate the hydrodynamic inter
action of a growing bubble in uniform approaching flow. Figure (5.1) shows experimentally 
obtained bubble growth as a function of time. 

Although there is a difference between a bubble growing at the wall, as in this DNS, and 
a growing bubble in uniform approaching flow, the bubble detachment radius from van der 
Zanden agrees quite well with data found by van Helden [5] who performed experiments with 
growing bubbles at the wall. This agreement is described in [10]. 

The energy needed for a bubble to grow is extracted from the wall as well as from the 
fluid. From [9] it is known that a growing bubble gets approximately i of its energy from the 
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Figure 5.1: Bubble growth rate for a bulk velocity of 0.1 ms-1 [17]. The solid line represents 
a third order fit to the experimental data (.6.). 

wall and ~ from the fl.uid. For the purpose of rnadeling the extracted energy from the wall, 
the interface condition, given by (2.13), is changed into 

aT _ kJ aT _ -~~ 
ax kw ax - 3 Acetkw 

(5.2) 

with Acel the area of a computational cel on the wall defined as Acel = ó.yó.z, ó.y and ó.z 
being the grid spacing in the y-direction and z-direction. Here Acel is chosen, because the 
bubble is considered as a point partiele and therefor placed in one cel. The other part of the 
energy, ~Qb, is extracted from the liquid and is modeled as a heatsinkin the energy equation 
(2.7). The energy equation then becomes 

(5.3) 

The heat sink term is zero in the whole domain except sonie points in x-direction where the 
bubble grows. Then the volume V equals the volume of these computational cells normalto 
the wall in x-direction. 

21 

Of course the additional heat flux term as well as the heat sink term must be made 
dimensionless to insert them into the DNS code. Consequently the length scale, H, velocity 
scale, Uo, and temperature scale, To, bas to be chosen. This bas to be done in such a way 
that the grid spacing is larger than the bubble radius and that the time-step is much smaller 
than the typical time needed for a bubble to reach its maximum size, which is in the order of 
4 ms. The procedure for choosing the scales is described in appendix B. 
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5.2 Bubble trajectory 

After the bubble detaches, it follows a trajectory in the fluid experiencing many forces. The 
bubble trajectory is given by 

(5.4) 

where ub = ( ub,x, Ub,y, Ub,z) is the velocity and Xb = (xb, Yb, Zb) the position of the bubble. 
The velocity of the bubble can be predicted by solving Newtons secoud law in the form 

(5.5) 

with Li Fi all the point-forces acting on the bubble. In turbulent flow many farces are acting 
on the bubble, but for simplicity it is chosen to model only the following farces: the buoyancy 
force, the drag force and the lift force. 

It should be noted that the simplification of these farces is not justified. At the moment 
of detachment the added mass force plays a very important role and therefore the computed 
trajectory will not be correct. However, due to lack of time and the extra complications it 
would take to add the added mass term, it is chosen to model the trajectory this way. 

The buoyancy force or Archimedes force works in the streamwise direction. It is caused 
by the difference in mass between water and vapor and can be written as 

with g = (O,O,gz) the gravity. 
The drag force is the resisting force on a rnaving bubble in a fluid. Fora spherical body 

this force is given by 

where llrel = ub- UJ is the relative velocity, A the area of the bubble cross section and CD the 
drag coefficient. In order to keep equation (5.5) simple, an expression for the drag coefficient 
in potential flow is used 

48 
CD=

Reb 
(5.8) 

with Reb the Reynolds number of the bubble, defined as Reb = ZRb~urezl. If (5.8) is substituted 
f 

in (5. 7), the following linear equation is obtained for the drag force 

(5.9) 

When the bubble is rnaving in non-uniform approaching flow, it experiences a force working 
perpendicular to the direction of the flow. This force is also called shear lift force and can be 
written as 

(5.10) 
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where CL is the lift coefficient. A correlation for a spherical partiele in shear flow is used for 
this coefficient 

4.1126 
CL = Reo.s f (Reb, Res) 

b 

(5.11) 

with fa function that depends on the bubble Reynolds number, Reb, and the shear Reynolds 

number Re = 4R~\w\. This function is defined as 
l S Vf 

f (Reb,Res) 

f (Reb,Res) 

(1- 0.3314,8°·5) exp (- ~~b) + 0.3314,8°·5 if Reb ~ 40 

0.0524 (,BReb) 0
"
5 if Reb 2: 40 

where ,B = 0.5~. When gravity is chosen positive in the negative z-direction, the lift force 
works in the direction of the wall. Hence the bubble will stay close to the wall, and as a 
consequence the bubble probably will not reach a colder area where it can collapse. In order 
to avoid this effect the gravity is chosen positive in the positive z-direction. Thus the bubble 
goes downward and the lift force works in the opposite direction. 

If equations (5.6), (5.7) and (5.10) are substituted in equation (5.5) and are non dimen
sionalized using the same scales as were used for the governing equations in chapter 2, the 
following equation can be derived 

(5.12) 

with w = V x u f this gives a set of coupled equations for the three components of the bubble 
velocity, ub. For the initial velocity of the bubble the velocity of the center during the last 
steps of growth is chosen. 

In order to solve these equations numerically an explicit or implicit time integration 
method has to be chosen depending on the relaxation time. The relaxation time is defined as 
the time it takes for a bubble to adjust to a new velocity. For (5.12) this is given by 

PbR~Re 
T = '--~-

9pf 
(5.13) 

with Rb the non-dimensionalized radius of the bubble. With the correct values substituted the 
dimensionless relaxation time becomes T = 0.003, which is smaller than the used time-step, 
b..t = 0.005, of the DNS. Hence it is necessary to use an implicit method for the numerical 
treatment of this equation. For this purpose the implicit trapezoidal method is chosen, which 
is secoud-order accurate and unconditionally stable. This method is a combination of the 
forward Euler method and the backward Euler method and is of the form 

(5.14) 

where yn+l is the variabie at the new time tn+l = tn + /).t. The application of this method 
to equation (5.12) can be found in appendix C. 

For the numerical treatment of (5.4) the forward Euler method is used, for which the 
approximate solution at the new time is given by 

(5.15) 
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Figure 5.2: Typical found bubble trajectory. The bubble position is plotted at every time 
step for 50 steps. 

In combination with the equations for the velocity this gives the new position of the bubble 
x/:+1 . The main problem is that the position of the bubble most generally does nat equal the 
position of the grid point. This means that the fl.uid velocity, Uf, and the vorticity, w, must 
be interpolated to get the values at the bubble center. Therefore a fourth-order interpolation 
scheme is applied as described in [11]. Then a computed bubble trajectory looks like the one 
shown in figure (5.2). 

When the bubble is traveling through the liquid it comes into colder areas where it will 
collapse and release the energy in the liquid. For that reason the local temperature at the 
bubble position is compared with a prescribed temperature. If the temperature at a certain 
position is lower than the prescribed temperature the total energy, which was used for the 
bubble to grow, will be released into the liquid, turning the heat sink term of (5.3) into a 
heat source. 

5.3 Results 

When the results of the previous sectionare combined, the different steps of bubble growth, 
trajectory and collapse can be simulated. The result is shown in figure 5.3. The different 
colors indicate areas of different temperature with the dimensionless values given in the labels. 

First only single phase convective heat transfer is present as shown in figure 5.3(a). When 
the temperature in the middle of the wall is high enough, a bubble starts to grow extracting 
energy from the wall and the fl.uid. This leads to a local decrease of the temperature as 
becomes clear in figure 5.3(b). The bubble grows till it reaches its maximum and detaches. 
This point shown in figure 5.3(c), where the black dot represent the center of the bubble. 
After detachment the bubble follows a certain trajectory depending on the forces that act on 
it. This trajectory is shown in figure 5.3(d). Meanwhile the temperature at the point where 
the bubble has grown starts rising again. The bubble itself travels through the fl.uid until it 
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Figure 5.3: Four steps in convective boiling heat transfer 

reaches a cold area and releases the total energy needed for growth in the fluid. 
As already mentioned in the previous section this computed trajectory doesn 't give a 

realistic picture of the path a bubble would follow in turbulent flow, because of the added 
mass force that is neglected. 

Figure 5.4 shows the dimensionless periodic temperature of the fluid averaged over the 
x, z and y-direction as a function of the dimensionless time. In the first interval from t = 0 
tot::::::: 0.1 the bubble is growing and extracts energy from the fluid . This leadstoa decrease 
of the average temperature. From t ::::::: 0.1 to t ::::::: 0.28 the bubble follows the trajectory in 
the fluid and the temperature stays constant. At t ::::::: 0.28 the bubble reaches a cold area 
where it collapses and releases the stored energy within it. This leads to a rapid increase of 
the temperature . As can beseen the new temperature is higher than the temperature at the 
start of bubble growth. 

This effect shows why higher heat fluxes are achieved with convective boiling compared to 
single-phase convection. During the formation of bubbles extra energy is extracted from the 
fl.uid as wel as from the wall which leads to a local decrease of the temperature. This in turn 
leads to a local increase in heat flux. The extra energy is transported away from the wall by 
the bubble, after which it is released in a colder part of the fluid. Thus this mechanism of 



5.3 Results 

boiling heat transfer is very effective, as already mentioned in the introduction. 
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Figure 5.4: Spatially averaged periadie temperature, (Tp), as a function of the dimensionless 
time, t. 
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Chapter 6 

Conclusion 

The research presented in this thesis focusses on the numerical simulation of convective boiling 
heat transfer. The objective of this study was to investigate the effect of boiling bubbles on 
the heat transfer. In order to solve the governing equations for this process Direct Numerical 
Simulation (DNS) was used. The advantage of this method is that it resolves all relevant 
length scales and time scales, although it takes up a lot of computational time and is restricted 
to low Reynolds numbers and simple geometries. 

An existing code of Kuerten [11), which describes the turbulent motion of a fluid in 
a channel, was used as a starting point for this research. Two walls were added to the 
geometry of this channel in order to study the total effect of boiling heat transfer. To solve 
the temperature inside the wall and in the fluid, the energy equation was added to this code, 
with the temperature considered as a passive scalar. 

The numerical method used in the original code was a pseudo-speetral method. This 
method makes use of Fourier series in the streamwise and spanwise directions, while in the 
wali-normal direction a Chebyshev expansion is used. For time integration a combination of a 
three-stage Runge-Kutta method and the Crank-Nicolsou method was used. For convenience 
it was chosen to use the same methods for the energy equation and the heat equation. 

For single-phase turbulent heat transfer it was concluded that the new code works well 
according to the obtained agreement with other findings in literature. It was also observed 
that hot patches near the wall stay there long enough to deliver the heat during bubble 
growth. 

After that the new code was used to study the influence of a single bubble on the heat 
transfer. To that end a bubble was added to the code as a point particle. The different 
steps of growing of the bubble, following its trajectory in the fluid and bubble collapse were 
simulated. The bubble growth was simulated by a extra heat sink term in the energy equation 
and and additional flux from the wall. After detachment the bubble trajectory was computed 
with Newton's secoud law. For simplicity only the drag force, buoyancy force and lift force 
were taken into account. It should be noted that this assumption is not justified, because 
at the moment of detachment the added mass force plays a very important role. However, 
because of lack of time and the extra complications it would take to take the added mass 
term into account, it was chosen to model the trajectory this way. When the bubble reached 
a cold area bubble collapse was simulated by releasing the total energy, which was needed for 
bubble growth, in the fluid by turning the heat sink term into a heat source. 

The combination of these three steps gave an insight in the mechanism of convective 



boiling. It was shown that bubble growth leads to a local decrease in temperature, while after 
bubble collapse the spatially averaged temperature of the fluid is significantly higher than 
the temperature before bubble growth was initiated. This explained why convective boiling 
is such an effective way of heat transfer. 

For future research on this subject it is recommended to use the Boussinesq equations as 
the governing equations for the purpose of studying the influence of temperature onthefluid 
velocity. In order to get better insight in the trajectory of the bubble, the force balance has 
to be extended with the other forces that play a role, especially the added mass force. 

28 



Bibliography 

[1] Canuto, C., Hassaini, M.Y., Quarteroni, A., Zang, T.A., 1988. Speetral methods in 
fluid dynamics, Berlin: Springer-Verlag. 

[2] Collier, J.G., Thome, J.R., 1994. Convective boiling and condensation, Oxford: 
Ciarendon Press. 

[3] van der Geld, C., 2001. Meerfasenstromingen met warmte-effecten, lecture notes TUE. 

[4] Heath, M.T., 2002. Scientific computing, New-York: McGraw-Hill. 

[5] Helden, v. W.G.J., 1994, On detaching bubbles in upward flow boiling, PhD. thesis, 
Eindhoven University of Technology, Eindhoven 

[6] Kader, B.A., 1981. Temperature and concentration profiles in fully turbulent boundary 
layers, Int. J. Heat Mass 'frans., Vol. 24, pp. 1541-1544. 

[7] Kasagi, N., Tomita, Y., Kuroda, A., 1992. Direct numerical simulation of passive 
scalar field in a turbulent channel flow, ASME J. Heat 'frans., Vol. 114, pp. 598-606. 

[8] Kawamura, H., Hiroyuki, A., Yuichi, M., 1999. DNS of turbulent heat transfer with 
respect to Reynolds and Prandtl number effects, Int. J. Heat Fluid Flow, Vol. 20, pp. 
196-207 

[9] Kovacevié, M., 2006. Stduy of a bioling bubble in uniform approaching flow at high 
bubble Reynolds number, PhD. thesis, Eindhoven University of Technology, Eindhoven 

[10] Kovacevié, M., 2005. 3-D Measurements of boiling bubble detachment with uniform 
approaching flow, Archives of Thermodynamics, Vol. 26, pp. 37-47 

[11] Kuerten, J.G.M., 2006. Subgrid modeling in partiele-laden channel flow, Phys. Fluids, 
Vol. 18, 025108 

[12] Kuerten, J.G.M., 2002. Modeling of physical phenomena, lecture notes TUE. 

[13] Lu, D.M., Hetsroni, G., 1995. Direct numerical simulation of a turbulent open channel 
flow with passive heat transfer, Int. J. Heat Mass 'frans., Vol. 38, pp. 3241-3251. 

[14] Nieuwstadt, F.T.M., 1998. Turbulentie, Utrecht: Epsilon Uitgaven. 

[15] Tennekes, H., Lumley, J.L., 1972. A first course in turbulence, Cambridge: MIT Press. 



BIBLIOGRAPHY 30 

[16] Tiselj, 1., Bergant, R., Mavko, B., Bajsié, I., Hetsroni, G., 2001. DNS of turbulent 
heat transfer in channel flow with heat conduction in the solid wall, J. Heat Trans., 
Vol. 123, pp: 848-857. 

[17] Zanden, v.d. T.T.J.M., 2006. The effect of flow on bubble growth, MSc. Thesis, Eind
hoven University of Technology 



Appendix A 

Flow and temperature fields 

In this appendix an example for the obtained flow en temperature fields in chapter 4 is given 
for H = 10 mm and qw = 10 kW j m2 . With these parameters the velocity scale, Uo, and the 
reference temperature To can be computed. 

u, = Rev = 3500 x 0.295 x w-6 = 0 3 I 
o H 

10 
x 

10
_

3 
.10 m s (A.1) 

the heat flux can be written as 

(A.2) 

with ~ = f!RePrcifi z the boundary condition prescribed in the program. The reference 
temperature then becomes 

To = 10 x w-3 
x 0.010 = 47_8 oe 

0.681 x 3500 x 1.75 x 04~1 x 0.63 
(A.3) 

The thus obtained flow and temperature fields are shown in figure A.l. 
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Figure A.l: Contourplot of the streamwise velocity (a) and the temperature (b) at y = W/ 2 



Appendix B 

N on-dimensionalizing the boiling 
heat flux 

In order to use the heat flux term of (5.2) and the heat sink term of (5.3) in the DNS program, 
it must be non-dimensionalized. For that purpose a length scale, H, and a wall heat flux, qw, 
have to be chosen. Consequently the temperature scale, To is known. 

The length scale has to be chosen in such a way that the grid size is larger than the bubble 
radius and that the time-step, tlt, is much smaller than the typical time needed for a bubble 
to grow, which is in the order of t ~ 4 ms. Suppose H = 5 mm, then 

tlz 

tly 

tlt 

4
7r H = 0.98 mm 
64 

21rH B4 =0.49 mm 

H2 
0.005-R = 0.12 ms 

ev 

while tlx ranges from tlx = 6.0 J.Lm at the wall to tlx = 0.25 mm at the center of the channel. 
As can beseen the grid size in x-direction at the wallis rather small compared to the bubble 
radius. Hence it is chosen to use the first ten points from the wall into the fluid to extract 
the energy. The time-step is also much smaller than the typical time needed fora bubble to 
grow, which is required. 

The next step is to choose a wall heat flux. This is clone by assuming that the energy 
needed by the bubble is one percent of the energy which is applied to the wall, Qw = 100Qb. 
The energy needed for a bubble to grow is given by (5.1). A typical value is Qb = 0.2698 W. 
Then the wall heat flux is qw = 100Qb/ Awall = 13.66 kW /m2 with Awall = 1.97 * 10-3 m2 the 
area of the wall. The wall heat flux is also given by 

with ~; the prescribed boundary condition in the program. With the correct values substi
tuted To can be calculated. This gives To = 33. 5 K. 

Now the term on the right-hand side of (5.2) can be non-dimensionalized by multiplying 
it with H/To. The heat sink term in (5.3) can be non-dimensionalized by multiplication with 
H2/(kwTo). 



Appendix C 

Trapezoidal method 

For convenience equation (5.12) is put in the following form 

dub dt = -A ( ub - uz) - B ( ub - uz) x w + C 

where 

A 
pz 1 1 

9---
PbR~ Re 

B Pl 
CL-

Pb 

c (1- ;~) g 

(C.1) 

When the trapezoid method, as defined in equation (5.14), is applied to (C.1), the equation 
for each component becomes 

x-component: 

(1 + !A.6.t)un+l + !B.6.twn+lun+l- !B.6.twn+lun+l = 2 b,x 2 z b,y 2 y b,z 

ub,x- ~A.6.t(ub,x- (u~:1 + u~x))- ~B.6.t((ub,yWz- Ub,zWy)n- ((uz,yWz- Uz,zwyt+l 

+(uz,ywz- uz,zwyt)) (C.2) 

y-component: 

1 1 1 
--B.6.twn+lun+l + (1 + -A.6.t)un+l + -B.6.twn+lun+l = 2 z b,x 2 b,y 2 x b,z 

ub,y- ~A.6.t(ub,y- (u~:l + u~y))- ~B.6.t((ub,zWx- Ub,xWz)n- ((uz,zWx- Uz,xwzt+l 

+(uz,zWx- Uz,xWzt)) (C.3) 

z-component: 

1 1 1 
-B.6.twn+lun+1- -B.6.twn+lun+l + (1 + -A.6.t)un+l = 2 Y b,x 2 x b,y 2 b,z 

ub,z- ~A.6.t(ub,z- (u~;l + U~z))- ~B.6.t((ub,xWy- Ub,ywxt- ((uz,xWy- Uz,ywx)n+l 

+(uz,xWy- uz,ywxt)) + C.6.t (C.4) 
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