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ABSTRACT: v

An experimental and analytical study of bubble nucleation characteristics for a
polished aluniinum surface under subcooled flow boiling of water is conducted. A high
magnification (up to 1350X) microscope and an atomic force magnifier were used to
visualize the aluminum surface to determine a range of cavity sizes on the heater surface as
well as gain insight into the shape of the cavity. A high-speed camera was incorporated to
study the actual bubble nucleation from these cavities.

A review of existing theoretical models available in literature to predict bubble
nucleation characteristics in flow boiling is also presented. A new bubble nucleatiop
model is proposed which uses experimentally determined bubble geometry and results
from computational fluid dynamics (CFD) modeling.

Experimental data was collected through the use of the high-speed flow
visualization system available in RIT’s Thermal Fluid Laboratory. The data is obtained to
study the effects of subcooling, flow rate, and wall superheat on the nucleation
characteristics of different size cavities. This data is also compared with existing models

as well as the one proposed in this investigation.



TABLE OF CONTENTS

LIST OF FIGURES
LIST OF TABLES
NOMENCLATURE
1. INTRODUCTION
2. OBJECTIVES OF CURRENT STUDY
3. LITERATURE REVIEW
3.1 Bubble Embryo Stability Criteria
3.2 Vapor Entrapment
3.3 Criteria for the Onset of Nucleate Boiling
44 Comménts on Literature Review
4. EXPERIMENTAL INVESTIGATION
4.1 Experimental Setup
4.2 Experimental Procedure
4.3 ThermoNet Analysis
4.3.1 ThermoNet Model
4.3.2 Analysis Procedure

4.4 Determination of Experimental Error

5. THEORETICAL MODEL DEVELOPMENT FOR BUBBLE

NUCLEATION CRITERIA IN FLOW BOILING
5.1 Location of the Stagnation Streamline
5.2 Determination of Contact Angle

5.3 Model Development

vi

viil

10
1>6
26
27
27
34
36
36
40

41

43
44
48

51



6. SURFACE VISUALIZATION
6.1 Result from Surface Visualization
7. EXPERIMENTAL RESULTS AND DISCUSSION
7.1 Heat Transfer Coefficients in Subcooled Boiling
7.2 Experimentally Determined Nucleating Cavity Radii
7.3 Summary of Results
8. REFERENCES

APPENDIX

vil

54

55

58

58

67

78

80

84



LIST OF FIGURES:

Figure 3.1 System model considered in the thermodynamic analysis of an
embryo bubble formation by homogeneous nucleation

Figure 3.2 System model considered in the thermodynamic analysis of an
embryo bubble formation by heterogeneous nucleation.

Figure 3.3 An embryo vapor bubble formed at an idealized liquid-solid
interface.

Figure 3.4 Variation of the system availability with bubble radius for a
vapor bubble spontaneously formed at a solid-liquid interface.

Figure 3.5 Schematic representation of vapor entrapment in a cavity due
to the motion of a passing liquid front

Figure 3.6 Vanation of bubble radius as the bubble grows within and
out of an idealized surface cavity.

Figure 3.7 Idealized model of vapor trapping process used to estimate
initial radius of embryo vapor bubble in a cavity

Figure 3.8 Variation of the initial radius of the vapor embryo with the cavity
cone angle and contact angle as predicted by the model of Lorenz et al.(1974).

Figure 3.9 Representation of a bubble in Hsu’s (1962) nucleation model.
Figure 3.10 Transient temperature profile near surface.
Figure 3.11 Criteria for the onset of nucleate boiling.

Figure 3.12 Representation of a bubble in Bergles and Rohsenow’s (1964)
nucleation model.

Figure 3.13 Representation of a bubble in Davis and Anderson’s (1966)
nucleation model.

Figure 3.14 Position of dividing streamline around a bubble nucleus,
Kenning and Copper (1965).

Figure 4.1 Experimental flow loop setup.

Figure 4.2 Heater cross section.

viii

12

13

15

15

17

17

19

22

23

25

27

28



Figure 4.3 3-D View of the heater section.

Figure 4.4 Discretisized heater.

Figure 4.5 VisualNet node/resistor setup.

Figure 5.1 Pressure distributions across the bubble surface.

Figure 5.2 Representation of a bubble in proposed stagnation/truncated
nucleation model.

Figure 5.3 Side view of nucleating bubble showing front and rear
contact angles.

Figure 5.4 Experimental data of contact angle versus bubble radius.

Figure 5.5 The averaged value of contact angle versus Reynolds number.

Figure 6.1 Prediction of the range of active cavity sizes using Hsu’s
analysis.

Figure 6.2 Top view of cavities on heater surface.

Figure 7.1 Experimentally determined heat transfer coefficient in
subcooled flow boiling for Tgyrx = 60° and Re = 3801 & 5068.

Figure 7.2 Experimentally determined heat transfer coefficient in
subcooled flow boiling for Tgy kx = 70° and Re = 1467 & 2934

Figure 7.3 Experimentally determined heat transfer coefficient in
subcooled flow boiling for Ty x = 80° and Re = 1664.

Figure 7.4 Experimentally determined heat transfer coefficient in
subcooled flow boiling for Ty x = 85° and Re = 1759.

Figure 7.5 Experimentally determined heat transfer coefficient in
subcooled flow boiling for Ty x = 90° and Re = 1856.

Figure 7.6 Criteria for Onset of Nucleate Boiling for Tpyrx = 60°C
and Re = 2840.

Figure 7.7 Criteria for Onset of Nucleate Boiling for Tgyrx = 60°C
and Re = 3801.

ix

29

37

38

42

43

45

46

47

56

57

62

63

64

65

66

71

72



Figure 7.8 Criteria for Onset of Nucleate Boiling for Ty = 60°C
and Re = 5068.

Figure 7.9 Criteria for Onset of Nucleate Boiling for TgyLx = 70°C
and Re = 1467.

Figure 7.10 Criteria for Onset of Nucleate Boiling for Ty x = 75°C
and Re = 1568.

Figure 7.11 Criteria for Onset of Nucleate Boiling for Ty x = 75°C
and Re = 5643.

Figure 7.12 Criteria for Onset of Nucleate Boiling for Ty x = 80°C
and Re = 1664-1997.

Figure 7.13 llustration of the effect of bubble height on required
superheat for the onset of nucleation.

73

74

75

76

77

80



LIST OF TABLES:
Table 4.1 Microscope Lens/camera Combined Magnification

Table 5.1 Pressure stagnation location using CFDS

Table 7.1 Required superheat for the onset of nucleate boiling

33

47

61



NOMENCLATURE:
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Greek Letters
o - thermal diffusivity
B - bubble- contact angle
& - thermal boundary layer
Ay - change in system availability
Y - one half the idealized cavity cone angle
W - viscosity
p - chemical potential

Hve - vapor chemical potential at equilibrium state

6. - contact angle of advancing liquid

© - angular elevation from the horizontal axis passing through the center of the bubble
© - liquid contact angle

p - density

o - interfacial tension

o, - liquid-vapor interfacial tension

ou - solid-liquid interfacial tension

v - availability function/available free energy
W, - initial availability of a system

y; - interface availability

v, - liquid availability

Yy - vapor bubble availability



Subscripts

a - advancing

surk - bulk of liquid
conp - conduction

conv - convection

e - equilibrium state
g -gas

1 -liquid

ons - onset of nucleate boiling
s - stagnation

sAT - saturation

surr - surface

vV - vapor
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1. INTRODUCTION:

Nucleate flow boiling plays a vital role in many of today’s technological
applications. The current trend of most electronic equipment manufactures is to get as
much circuitry in as small of a package as possible. This trend has lead to many problems
related to the cooling of the more compact circuitry, and has brought about a need to find
new techniques in which to remove heat generated from confined spaces. The high heat
transfer coefficient associated with nucleate flow boiling has made its use increasingly
attractive in the thermal control of such devices. Nucleate flow boiling also has two
important applications in the nuclear power industry. The first being the primary means of
transporting heat given off by the reactor core to the steam lines which feed the powér
producing steam turbines. The second application of nucleate boiling is using it as an
integral part of accident scenarios requiring rapid cooling of reactor cores.

It is now well known that nucleate boiling is initiated over pre-existing cavities.
When the proper thermal conditions are met, these cavities are nucleated. In the case of a
superimposed flow, the fluid motion alters the thermal characteristics in the region
surrounding the cavities. The work presented in this thesis focuses on the nucleation
characteristics of cavities under subcooled flow conditions. The study includes a
theoretical model development and its confirmation using experimental data obtained in

the course of the investigation.



2. OBJECTIVE OF CURRENT STUDIES:

The objective of the current work is to obtain a better understanding of the
nucleation characteristics of a polished aluminum surface subjected to flowing subcooled

water near atmospheric conditions. Specifically the following issues will be addressed.

*

Conduct a review of literature to obtain a better understanding of thé nucleation

characteristics in pool boiling.

* Review the existing literature on models used for predicting bubble nucleation
characteristics in flow boiling.

* Complete a detailed study of the heater surface attributes using both a high
magnification microscope and atomic force magnifier.

* Propose a new model for nucleation under flow boiling conditions considering the
correct bubble shape (truncated sphere) and results from CFD analysis.

* Obtain experimental data to study the initiation of nucleation as a function of cavity

radius, degree of subcooling, and flow velocity.

* Validate the proposed model using experimental data.



3. LITERATURE REVIEW:

The objective of this section is two fold, the first is to initially develop a basic
understanding of the bubble nucleation process, and the second is, to review the existing

models from literature used to predict the size range of active nucleation sites.
3.1 Bubble Embryo Stability Criteria

Bubble formation, or nucleation can be classified into two separate categories,
homogeneous and heterogeneous nucleation. Homogeneous is when a bubble nucleation
occurs completely within a liquid as shown in Fig. 3.1. Heterogeneous is nucleation at an
interface between a metastable phase (non-equilibrium condition where vapor is
supercooled below its equilibrium saturation temperature or liquid is superheated above its
equilibrium saturation temperature) and another, usually solid, phase that it contacts. Since
the work included in this paper deals solely with heterogeneous nucleation, only the
heterogeneous nucleation process will be discussed in detail.

Fig. 3.2 shows a system in which a truncated bubble embryo has grown on the
lower surface of the chamber. Fig. 3.3 shows an embryo at an idealized liquid-solid
interface with the vapor volume, the solid-vapor surface area and the liquid-vapor surface

area defined as:

V =

v

3
—ﬂ;—(2+3cos0—cos3 6) 3.1

A, =2m*(1+cos) (3.2)
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Figure 3.1 System model considered in the thermodynamic analysis of an
embryo bubble formation by homogeneous nucleation.
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Figure 3.2 System model considered in the thermodynamic analysis of an
embryo bubble formation by heterogeneous nucleation.
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Figure 3.3 An embryo vapor bubble formed at an idealized liquid-solid
interface.



A, =2m*(1-cosb) (3.3)
where 0 is the contact angle and r is the spherical cap radius. In order to determine
whether the embryo is stable or unstable, and if unstable whether it will collapse or grow,
we consider the bubble embryo shown in Fig. 3.2.
At equilibrium saturation conditions the temperature of the vapor and liquid must
be the same, and the chemical potential in the two phases must also be equal.
Ky = b (3.4)
Through the use of the Young-Laplace equation:

2
P, =P +r—a (.5)

it can be seen that the pressure in the vapor bubble will be higher due to the curvature and
surface tension. Integrating the Gibbs-Duhem equation |

dp = -sdT + vdP
for the vapor at a constant temperature from P = P sa1(T)) to a pressure P,. and using the

ideal gas law (v = RTy/P) gives:

[ P, |
Ky = Bgr, + RT, 1"1. PSAT(];)J (3.6)

For the liquid phase, since the liquid is virtually incompressible, v is taken to be constant
and equal to the value for saturated liquid at T), v = vi. Evaluation of the integral from
Psar to P yields.

p = psatt + Vi[Pi- Psar(Th)] 3.7
Substituting Eqs. (3.6) and (3.7) into (3.4) and using the fact that psary = Hsaty, the

following relation can be derived.



VI[R_PSAT(T;)]} (3.8)

Pw = PSAT (];)exp{ RT
1

Substituting the above equation into Eq. (3.5) results in an equation for the critical bubble
radius, r. that will support a bubble in equilibrium with the surrounding superheated liquid
at temperature T, and pressure P,.

20

r, = [P T ] ; ' (3.9)
- v[A er”( ) }_ »

From Egs (3.6) and (3.8) the equilibrium pressure can be approximated by:

=2v,p
P, = PW(T,)exp{ TRT } (3.10)
. i .

The conditions necessary for a bubble embryo to be in equilibrium have now been
defined, the next step will be to determine whether the embryo can attain a stable
equilibrium. In order to determine the stability of the system shown Fig. 3.2, the
availability function y for the system must be considered.

y=U-Ts+Pv (3.11)
v is usually associated with the maximum (reversible) work that can be extracted from the
system to bring it entirely to an equilibrium reference state at Py and T,. Through basic
thermodynamic consideration, bubble equilibrium requires that dy = 0, and y must be a
minimum for stable equilibium. Prior to embryo formation the availability of
supersaturated liquid is:

Vo= (my + my)g (T,Py) (3.12)



Upon completion of the embryo formation the total availability will be the sum of the
vapor bubble, liquid and interfacial availability
Y=Yy byt oy (3.13)

where the three terms on the right are defined as:

i = (mg - my)gi(Ty,Py) (3.14)
Yy = mv[gv(Tl,Pv)+(Pl = Pv)vv (3 1 5)
Yi = Oy + leAcv+ (Acl)ﬁll (3 16)

Combining Egs. (3.12) through (3.16) with (3.2) énd (3.3), using the fact that
(A0)i-(Au) = Aw (3.17)
and Young’s equation (resulting from a force balance along the interline),
G, - Ou = O COsO (3.18)
the following equation relating the change of system availability Ay during the formation

of the embryo can be defined:

Ay=y-v,=m]g(T,P)-glT,P,)|+(B-PW,

1 1 (3.19)
+47zrza,v[§(1+ cosd) + 2 cosd(1 - cos? 9)}
For the equilibrium condition where r = r. Eq. (3.19) reduces to:
4 1 3 1
Ay, = 3 ”ezazv[g + "y cosf — Zcos3 4 } (3.20)

Eq (3.20) can then be used to derive the following Taylor series expansion for Ay about

the equilibrium conditionr =r,

4ro, F P,
AW:%ID‘:O}VF—( ”03"’ I2+ PI }r—re)zf.. (3.21)
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Figure 3.4 Variation of the system availability with bubble radius for a vapor
bubble spontaneously formed at a solid-liquid interface.



where

3
F:F(9)=2+3cosi cos’ 8 (3.22)

A plot of Ay from Eq. (3.21) versus radius r is shown in Fig. 3.4 on the previous
page. As can be seen from this plot a maximum occurs at r = r., since Ay must be at a
minimum for stable equilibrium, it is clear that at equilibrium conditions the embryo is
unstable. Thus, if an embryo is formed in a metastable liquid with r < r., the bubble will

most likely collapse. However, if r > r, it will spontaneously grow.
3.2 Vapor Entrapment

For homogeneous nucleation the same analysis as described in section 3.1 can be
completed. The results will be almost the same as Eq (3.22), only Ay will no longer be

dependent on F, a resultant of the embryo contact angle:

4 4no), B
szgmja,v—( 3’ Iz+P’ )r—re)zﬁ.. (3.23)

ve

From both experimental testing and Eq (3.23) the superheat required for homogeneous
nucleation at atmospheric conditions is observed to be often extremely high. However,
since the heterogeneous model is independent of the contact angle, lower required
superheat could be achieved. For a liquid which completely wets the surface (6 = 0°), F =
1 and no reduction in availability is achieved. If the surface is completely non-wetting (6 =
180°) then F = 0, which would suggest that the required superheat for nucleation is zero.

For most solid-liquid systems O lies in the range of 0° to 90°, corresponding to values of F

10



in the range of 1.0 to 0.5. Although this reduces the required superheat, it is still not
enough to explain for the significantly lower superheat found in practical situations as
compared with those required in homogeneous nucleation. For example, the analysis
completed in section 3.1 would suggest wall superheat in the range of 300°C for boiling
water in a metal pot. However, from experimental results it is known that superheats on
the order of only 10-15°C are typically required. The reason for nucleation at these lower
temperatures is due to the presence of trapped vapor found in cavities on the metal
surface. |

Unlike the smooth surface analysis described in the previous section, most real
surfaces contain some cavities, crevices, scratches or other irregularities. If the surface is
not completely wetted, vapor will be trapped in these cavities allowing for vaporization at
relatively low temperatures. Bankoff (1958) described the relationship between contact
angle and cone angle which determines whether or not vapor will be trapped. Fig. 3.5
illustrates Bankoff’s theory on the entrapment of vapor for a liquid passing over a gas
filled cavity.

For a liquid sheet passing over the cavity the contact angle with the downward
slope tends to be maintained as the liquid begins to fill the cavity. As seen in Fig. 3.5, the
liquid front will be convex, thus if the contact angle is greater then 2y, the convex portion
of the front will strike the opposite wall before the contact line reaches the bottom of the
cavity. The conditions for entrapment of gas by the advancing liquid front can therefore
be stated as:

0. >2y (3.24)

11



Contact Line

Graove Angle=2Y

Figure 3.5 Schematic representation of vapor entrapment in a cavity due to
the motion of a passing liquid front.
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Now that the mechanisms leading to the entrapment of vapor have been defined it
is important to understand how the entrapped vapor grows within the cavity. To do this
the cavity will be idealized as conical with a mouth radius of R and cone angle of 2y. The
vapor embryc; will also be idealized as portion of a sphere with a single radius of
curvature, r. Fig. 3.6 illustrates the embryo growth for three separate ranges of contact
angles. Fig. 3.6a corresponds to a highly wetting liquid (8 <y < 90°). In this case the
embryo starts at a small value and continues to grow steadily as it leaves the mouth of the
cavity. In general it will be unlikely to observe this situation because as stated previously,
vapor entrapment does not occur unless 6 > 2y.

For contact angles in the range of 2y < 0 < 90°, the radius r initially increases as it
moves up the cavity to the mouth (Fig. 3.6b). Once the vapor interface leaves the mouth
the radius decreases and then begins to increase again.

The third cavity range, 6 > (90° + ), is shown in Fig 3.6¢c. In this case the radius
of curvature while inside the cavity is taken to be negative. As the interface approaches
the mouth 1/r becomes smaller and R/r becomes less negative. Once the interface turns
the corner at the mouth, the radius of curvature becomes positive and continues to grow.
R/r eventually reaches a maximum and then begins to decrease towards zero. The
qualitative variation of R/r verses embryo volume is shown in Fig 3.6d for all three cases.

From section 3.1 it is known that in order for an embryo to grow past its
equilibrium size additional superheat must be added. Combining the information gained in
section 3.1 with the Claysius-Clapeyron and Younge-Laplace equations while
approximating P.. -P; as Psar(Ty) - Py, the conditions for the cavity to be active can be

stated as

13
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Figure 3.6 Variation of bubble radius as the bubble grows within and out of
an idealized surface cavity.
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Figure 3.7 Idealized model of vapor trapping process used to estimate initial
radius of embryo vapor bubble in a cavity.
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Figure 3.8 Variation of the initial radius of the vapor embryo with the cavity
cone angle and contact angle as predicted by the model of Lorenz et al.(1974).
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2O-TSAT(PI) Vlv
h.r

1v’ min

L —Tyr (P)> (3.25)

In many real systems rni, is the initial embryo size. A model to predict the initial
radius has been developed by Lorenz et al. (1974). In this model a conical cavity of radius
R and cone angle 2y (Fig. 3.7) is considered. As shown in the figure, a flat liquid front
passes over é cavity. The vapor volume V; initially trapped by the liquid front will be the
same as the readjusted volume V; in Fig. 3.7b. The magnitude of r and hence /R can be
determined by geometry alone if © and 2y are known using Fig. 3.8. The condition for the
site to be active can then be specified from Eq. 3.25 and r/R(6,2y) determined from Fig.
3.8.

26Tg,r (P
T, - Ty () > 2220 gy (3.26)

r
hlvRﬁ (0,27')

3.3 Criteria for Onset of Nucleation

In the previous section when dealing with embryo growth, it has always been
assumed that a uniform superheat temperature existed in the liquid surrounding the cavity.
In real systems, particularly those dealing with subcooled flow, this is not true; instead, a
thermal boundary layer exists between the surface and subcooled flow. A model proposed
by Hsu (1962) provides considerable insight into the effects of subcooling, pressure, and
physical properties in determining the size range of surface cavities that will be active.

The system considered in Hsu’s model is shown in Fig. 3.9. In this model it was

assumed that a truncated bubble is sitting at the mouth of the cavity. The bubble is

16
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Figure 3.9 Representation of a bubble in Hsu’s (1964) nucleation model.

Figure 3.10 Transient temperature profile near surface.
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assumed to be formed from the vapor left behind inside the cavity after the release of a

preceding bubble. At the beginning of the bubble nucleation cycle, bulk liquid at a lower

temperature replaces the void left by the departing bubble. Over time this liquid warms up

through the transient-conduction process and the thermal boundary layer grows. The time

elapsed between the release of two consecutive bubbles is defined as the waiting period.

However, because of the turbulence in the bulk fluid the boundary layer cannot

grow indefinitely. Hsu (1962) suggested that beyond a certain limiting thickness, &, eddy

diffusivity would be so strong that the temperature would be held essentially at Teuik.

Assuming a constant surface temperature and thermal boundary layer thickness, a one-

dimensional transient model for heat transfer from the wall to the liquid will have the

following governing equation.

where 0 = T-TpyuLk and the boundary and initial conditions are
0=0 att=0
0=0 aty=4
fort>0,
0=6,=T,-Tpyix aty=0

The solution for this differential equation is given by

& Ty n

ei ca &-y +__2_i cosnm sir{nn(&-yj:ie

18

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)



The qualitative behavior of the temperature profile predicted by this solution is shown in
Fig 3.10. At the limiting steady state conditions it can be seen that a linear profile is
approached between the wall and y = §,.

In Hsu’s model, a simple relationship between bubble height b, the radius of the
bubble embryo r., and the mouth radius r. was assumed:

b=2r.=16r, (3.32)

Hsu (1962) postulated that the criteria for nucleation from this cavity is that the
temperature of the liquid surrounding the top of »the bubble embryo should exceed that
necessary for the embryo to remain in equilibrium (Eq. 3.25). A convenient way of
representing this criterion is shown in Fig 3.11. If the line representing the liquid
temperature profile intersects the equilibrium bubble curve then nucleation occurs. The
first nucleation site to become active corresponds to the point of tangency between the
equilibrium bubble curve and liquid temperature profile as shown on the graph. The wall
temperature corresponding to this point is (Tw)oxs. Once the wall temperature goes
above (Tw)ons the two points of intersection will correspond to the minimum and
maximum range of active cavity sizes.

As previously done (Eq. 3.25) by combining the Clausius-Clapeyron and Young-
Laplace equations, while assuming Pi. - P, as Psar(T)) - P), an equation relating the

equilibrium superheat and bubble radius can be derived as

20T, (F)
p.hy,r

v’ e

L= Tyr (B)= (333)

An equation for the values of remia and remax can be determined by using the steady

state linear temperature profile

19



Figure 3.11 Criteria for the onset of nucleate boiling.
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0=6,-2(1,-1) (3.34)

and Eq. 3.33 rewritten as

20T, (P)
9-9.. =2Clsurlsy)
Ocyr ohr (3.35)

v'e

were 8 = T -Tauk and Osar = Tsar(Py) - Tsuk. Substituting Eq. (3.34) into (3.35) and

setting y = b from Eq. (3.32) the following relationship can be found for the cavity radius

s(. 6 168, (o, (P))
2 _Zelq_ .m'} t sar 1)
, 2( o St oon )=° (3.36)

w

Hsu solved the above quadratic equation to find an equation for rIcmin and I max as shown

below in Eq. (3.37)

{rc.min}_5:r(l eﬂ); (l eﬂ)z _12'80'TSAT(PI)~| 337
7 ome ‘Tl 8, ~6,) 6,ph0, J (337

Another model was postulated by Bergles and Rohsenow (1964) in which a

hemispherical bubble (Fig. 3.12) was used. In this case the height of the bubble, b, was
assumed to be simply the radius of the cavity r.. Substituting this into Eq. (3.34) and

(3.35) the equation for re min and rc maxis

[ ' 2 1
Tomin | O, Our |- Our | 80Tur (P)
{rc.m}zﬂ(" . )"\/(‘" . ) 9o, | 39

Davis and Anderson (1966) suggested a slightly different model. Instead of

assuming the bubble height to be proportional to the cavity radius as in both of the
previous models (Hsu, and Bergles and Rohsenow), they assumed that the bubble was a

truncated sphere with contact angle as shown in Fig 3.13. In this case b is defined as
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Figure 3.12 Representation of a bubble in Bergles and Rohsenow’s (1964)
nucleation model. -
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G

Figure 3.13 Representation of a bubble in Davis and Anderson’s (1966)
nucleation model.
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b=—"—(1+cos B)
Y +cos B (3.39)

For this model the resulting equation for r min, and 1. max is shown below

{"c.mm}_ 8, sinf !-(l—em); , OWT SO'TW(P,)(Hcos,B)_] 3.40
- _2(1+cosﬂ)L 6, ~6,)  6,p,hd, sinp J(' )

w

A fourth nucleation model was presented by Kenning and Cooper (1965). In this
investigation the flow pattern near a hemispherical vapor bubble nucleus in forced
convection boiling heat transfer was modeled on a large scale by the flow past an air
bubble. The experimental observations were used to deduce the surface temperature on
the top of the bubble nuclei. The surface temperature was taken to correspond to that of
the dividing stagnation streamline. The location of this streamline was determined

experimentally and expressed as a function of the bubble Reynolds number (Fig. 3.14).

J (3.41)
where

(3.42)

The importance of this concept is that the temperature at the top of the bubble will no
longer correspond to the height b on the linear temperature profile as before, but instead it
will correspond to the stagnation height y,. Substituting y, for y in Eq. 3.34 will then allow

for the determination of the temperature at along the stagnation streamline

Cr.
6=0, ——-5‘—‘(Tw — Toux) (3.43)
t

where
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Figure 3.14 Representation of a bubble in Kenning and Cooper’s
(1965) nucleation model.
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C, = 0.54L1 - e(_%] J (3.44)

Substituting Eq. (3.43) into (3.35) the following relationship can be found for the cavity

radius.

s( @ 8, (20T, (P,
r?- a(l - —;i} +E(%’;’zj =0 (3.45)

w Iv
Due to the complexity of the equation it was not readily possible to solve for a minimum

and maximum radius without numerical techniques.
3.4 Comments on Literature Reviewed

The review of the basic papers presented in section 3.1 provides the foundation for
theoretical development of nucleation criteria. The work on pool boiling and their
extensions to flow boiling by previous investigators was based on some simplified
assumptions regarding the bubble geometry. It is the intent of the present work to verify
these assumptions and develop a more realistic model based on the experimental

observations.
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4. EXPERIMENTAL INVESTIGATION:

4.1. Experimental Setup

The experimental setup shown in Fig. 4.1 consisted of a constant temperature
bath, flow meter, horizontal rectangular flow channel with attached aluminum heater,
microscope, video recorder system, and temperature data acquisition unit.

The horizontal flow cMneL made of 6061-T6 aluminum, had a 3x50 mm cross
section, with a circular heater 9.4 mm in diameter placed in the center of the lower (50
mm side) wall. The heater was machined from aluminum 2024-T3 stock. The surface of
the heater which is in contact with the flowing liquid (water) was polished on a cloth
covered metallographic polishing wheel using 1p particle size alumina in a water
suspension resulting m a 1 pum surface finish. Four E-type thermocouples, with an
accuracy of 0.1 °C, were placed along the length of the heater rod as shown in Fig. 4.2.
They were bonded to the heater using Omega® CC High Temperature Cement which
resists temperatures of up to 843°C, and is water, oil, and electrically resistant. The
thermocouples were connected to a Keithley 740 System Scanning Thermometer which
digitally displayed the temperature at each of the four thermocouples. A fifth
thermocouple was attached to the thermometer to obtain the ambient air temperature in
the vicinity of the test loop. The heater was insulated using a multi-layer fiberglass
insulation and separated from the flow channel by a Torlon® bushing as shown in Fig. 4.3.
In order to prevent leakage, the bushing was press fitted into the flow chamber as was the
heater into the bushing. Both the top surface of the bushing and heater surface were flush

with the lower face of the flow channel in an attempt to reduce flow instabilities. To
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Figure 4.2 Heater cross section

29



NUCLEATION
SITE

]| :::::;ii;%:j___. FLOW CHANNEL
RN —

INSLILATIR .

. ) FIBERGLATS
HEATER ~ INSLLATION

Figure 4.3 3-D View of the heater section.
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ensure the two top thermocouples would not be pulled out of the heater when press fit
into the bushing, a small channel was machined on the periphery of the heater rod to allow
for adequate wire clearance between the heater and the bushing.

The aluminum rod was heated using a Watlow circumferencial electrical resistance
heater wrapped around its base as shown in Fig. 4.3. The heater was connected to a
voltage adjustable power supply capable of a maximum power output of 1500W.

The flow channel had a 50x50 mm window made of 1/4” thick polycarbonate
located directly above the heater surface to allow for viewing (Fig. 4.2). A front surface
silicon polished mirror was placed at 45° adjacent to the heater surface and parallel to the
flow in order to allow for side viewing capabilities. To ensure viewing access to the base
of nucleating bubbles, the mirror was embedded 1 mm into the bottom of the channel.
The mirror was placed at a distance from the heated surface sufficient enough so as not to
disrupt the flow field over the heater surface.

The length of the channel was 400 mm and the heater was placed 300 mm from the
inlet in order to achieve a fully developed flow regime. The transition from the 1/2” inlet
diameter to the 3x50 mm rectangular flow channel was smooth and gradual to achieve
fully developed flow conditions.

The flow chamber was only one of many parts that made up the entire
experimental test loop shown in Fig. 4.1. An MGW Laude RC20 constant temperature
bath was utilized to ensure a uniform inlet water temperature. The bath could control the
water temperature to within 0.1°C and had a total capacity of approximately four gallons.
A variable flow pump was integrated into the constant temperature bath, and had a

maximum pumping capacity in the range of 2 GPM for the experimental test loop

31



configuration. The flow rate was measured using an Omega® FL-1503A rotameter
calibrated for a maximum flow of 2.53 GPM. The meter measured percentage of the
maximum flow in 2% increments which yielded an accuracy of + 0.025 GPM. The
constant temperature bath, the rotameter and flow chamber were connected by a 1/2”
inside diameter high temperature hose.

The visual setup consisted of a Micromanipulator® HSDS-1 microscope equipped
with a variable magnification eye piece and three Bausch & Lomb lenses. The microscope
was also equipped with a special mount for video cameras. This allowed for simultaneous
viewing of the surface by both the attached eye piece as well as a Sony Trinitron GVM
1300, 20” Monitor. All cavity and bubble size measurements were taken from the
monitor. Since the image magnification was dependent on both the lens and the camera
used. The resulting magnification for different combinations is listed in Table 4.1.

The first of the two cameras used was a Hitachi KP-C501, all Solid State color
camera which had a recording speed of 30 frames per second (fps). This camera was
used mostly to record slower growing bubbles, or when a higher quality picture was
required. For viewing bubbles with fast growth rates, a high speed Kodak Ektapro 1000
Image Intensifying system was used. This camera had the capability to capture images at
a rate as high as 6000 fps. The high speed camera had no mechanical shutter, rather an
image intensifying system which electronically controlled aperture setting depending on
the available lighting. This allowed for images to be captured without the use of a flash,
liasrequired by many other high speed cameras. The high speed image could be played
back at 30 fps and transfered to a normal VHS tape through a Panasonic AG-6300 video

cassette recorder. This VCR had the capability to advance one frame at a time which is
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Color Camera

Lens Eyepiece Magnification
2.25%0.04 1 60
2 120
8*0.15 1 210
2 420
25%0.31 1 | 675
2 1350

High Speed Camera

Lens Eyepiece Magnification
2.25%0.04 1 20
2 40
8*0.15 1 70
2 140
25*%0.31 1 215
2 430

Table 4.1 Microscope Lens/Camera Combined Magnification
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reqhired when accurately determining the location of bubble nucleation sites and bubble

growth rates.
4.2. Experimental Procedure

The fluid used in the experiments was distilled water. In order to clean the test
loop from any impurities that may affect the results, water at or above 90°C was circulated
through the system over a period of several hours and then drained. After draining the
system, the inside of the tank of the constant temperature bath was thoroughly cleaned by
physical means (wiping the inside with paper towels). Chemical additives for cleaning the
system were not utilized since even slight traces of their presence would cause significant
change in the physical properties of the water (especially in the surface tension values).

The system was then filled with new distilled water, which was circulated at
temperatures in the range of 85-90°C for over five hours. This was done in order to
remove any dissolved gasses from the water, otherwise known as degassing. Through this
procedure, it was ensﬁred that the observed bubbles are product of heterogeneous boiling
at the heater surface, rather than from the degassing.

The surface tension values of the water used in the testing at temperatures between
20°C and 60°C were verified through the use of three basic experimental techniques:
capillary rise test, a drainage technique method, and by method of direct pull. Refer to the
results of the capillary rise test in the Appendix A. All tests resulted in surface tension

values within 5% of the published values for pure water at the corresponding

34



temperatures. This finding led to the conclusion that the published surface tension values
could be used in the analysis supporting the current work.

Once the system was flushed and degassing was completed, the actual
experimental procedure began. The first step was to set the constant temperature bath to a
specified value within the range of 60-90°C and adjust the flow to a constant value in the
range on 0.25-1.00 GPM. The system was allowed time to reach a steady state condition
(approximately 1 hour). Once steady state was achieved, the heater power was turned on.
The voltage and current were gradually increased based on the reading of the
thermocouples until a temperature slightly lower than the water saturation temperature
was achieved near the heater surface.

At this point the voltage was incrementally increased, each time allowing the
thermocouple temperature readings to stabilize between the voltage increases. The
constant temperature values were recorded and later processed using ThermoNet™ to
find the surface temperature and the heat transfer from the heater surface to the water (see
ThermoNet™ Analysis section). The voltage was increased by equal amounts until a wall
superheat of approximately 14-16°C was achieved.

As the surface temperature approached the saturation temperature, the Hitachi
color camera was employed to closely observe the heater surface and detect the onset of
nucleation. Once active cavities were observed, the high speed Kodak camera was utilized
to record the bubble nucleation, growth, and departure phenomena. Before the image
could be recorded, the high speed Image Intensifying system required the tape to be
conditioned through the Intensified Image Controller for proper operation when capturing

images at high frame rates. The captured images were then transferred from the high speed
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tape to a normal VHS tape through a Panasonic AG-6300 VCR. This procedure was
repeated often because when recording at frame rates of 1000 fps the tape could only
store 30 seconds of images, and only 5 seconds when using 6000 fps.

Each recorded series had a unique session number which was used for matching it
with a corresponding temperature distribution during later analysis. This information was
recorded on a data sheet (Appendix D) which also contains information on liquid
conditions (flow rate and temperature), lens magnification, and power supply output. The
data sheets were sequentially numbered, and dated. A log of over 40 data sheets with
more than 200 data sets was collected over the course of the experimental testing. The
flow rate for each corresponding water temperature was varied between 10% and 40% of
the maximum flow rate (0.25-1.00 GPM).

Since only a small portion of the heated surface could be observed in the field of
view, the microscope was translated to numerous locations for each flow condition in

order to scan the entire heater surface.

4.3. ThermoNet™ Analysis

4.3.1 ThermoNet™ Model

The temperature measurement obtained from the thermocouples gave a
temperature distribution along the length of the aluminum heater rod, unfortunately the
surface temperature was not known. In order to determine this temperature,

ThermoNet™, a thermal network analysis software, was utilized.
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The heater assembly system consisting of aluminum rod, Torlon bushing, and
installation wrapping was discretized into the network of 66 nodes as well as numerous
convection and conduction resistances as shown in Figs. 4.4 and 4.5. The values for the

thermal resistances in the heater were calculated using the following equations

Rcono = L/kAc (Axial) 4.1
Reoxp = In(ry/r1)/2kL (Radial) (4.2)
Rconv = 1/hAg 4.3)

where Ac is the cross sectional area, Ag is the surface area and r; and r; are the inner and
outer radius of a cylinder respectively.

A spread-sheet was formulated to calculate all the resistance values used in the
model (Appendix B). VisualNet™ was used to create a visual nodal/resistance model as
shown in Fig. 4.5. The node and resistance information created in VisualNet™ was
transferred to ThermoNet™ where a steady state analysis was performed on the model.

The nodes 1, 6, 12, and 18 in Fig. 4.5 correspond to the four thermocouples with
node 1 being the thermocouple (T7) located nearest to the base and node 18 being the
thermocouple nearest to the surface. Other important nodes and resistances are node 21
which represented the heater surface, node 22 which represented the temperature of the
flowing water and resistance 80 which was the combined boiling and convective resistance
between the surface(21) and the flowing water (22). Node 39 represented the surface of
the Torlon® bushing. Since no boiling occurred on the Torlon® surface, the resistance
(130) between it and the flowing water (22) was purely a single phase convective

resistance having no boiling component.
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4.3.2 Analysis Procedure

In order to accurately calculate the heater surface temperature and heat transfer
from the surface to the water, the temperature reading from T7 was entered into node 1
for heater temperature distribution at sub-boiling conditions, and the specified water
temperature was entered into node 22. An initial guess for the convective heat transfer
coefficient (h) was calculated using Gnielinski’s correlation (1976)

(f /8)@e,~10003Pr _ hD

Mup =73 127(f /8)2(@®rP-1) ~ k (4.4)
where , *
f=(079InRe - 164)2 5)

for a single-phase flow across a flat plate. This h value was then used to calculate
resistances 80 and 130. At this point the steady state model was ready for analysis. After
running the model, the calculated temperatures for nodes 6, 12, and 18 were compared
with the corresponding thermocouple readings T8, T9, and T10. Adjusting resistance 80
by a small increment, a better match of the model temperatures to the thermocouple
readings could be achieved. This process was continued until a satisfactory match was
found between the calculated values and the thermocouple readings. Once a suitable
match (less then 0.1°C error for each of the three temperature readings) was found for a
given flow condition, the single-phase convective resistance was found. For subsequent
heater temperature distributions at the same flow conditions the convective resistance was
held constant for resistance 130, while resistance 80 was changed to take into account for

the effects of additional heat transfer due to the onset of nucleate boiling. An iterative
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process was again employed to match the calculated node temperatures with the
thermocouple readings, this time only changing the value of resistance 80.

Once a match was made between the calculated node temperatures and
thermocouple readings, the total heat transferred from the heater surface (node 21) to the
bulk water (node 23) could be found using a data viewing feature available in
ThermoNet™. Substituting this value into the equation for convective heat transfer, and
solving for h, the heat transfer coefficient can be determined.

q=hA,(T, - Ty ) (4.6)

Another important parameter that could be found experimentally was the thermal
boundary layer. Assuming that the boundary layer was fully developed and a constant
thickness the heat transferred by conduction from the heater surface through the boundary

layer must be equal to the heat transferred to the bulk water.

k4,(AT)
g=—==

= h4,(AT) (4.7)

t

By dividing like terms the thermal boundary layer is defined as:

o, =

t

> | =

(4.8)

4.4 Determination of Experimental Error

There were several sources of error associated with the experimental setup and the
data collection techniques utilized.

- The bulk temperature of the liquid, Tw, could be controlled within 0.1°C in the

constant temperature bath.
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- The flow rate and the flow velocity were measured within accuracy of 1 % of the

rotameter range which yielded an error of 0.025 GPM.

- The heater surface temperature, obtained from the ThermoNet model was

accurate within 0.1°C.

- The thermocouple temperature readings, used in the ThermoNet analysis were

accurate within 0.1°C.

- The bubble size visual measurements were accurate within 2 pum as a result of the

monitor resolution.
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5. THEORETICAL MODEL DEVELOPMENT

In the literature review, four models on bubble nucleation were discussed. Hsu’s

(1962) model assumed that the bubble height b would be defined by equation 3.32

b=2r.= 1.6r. 5.1)
Bergles and Rohsenow (1964) and Kenning and Cooper (1965) both assumed a
hemispherical bubble. While Davis and Anderson (1966) suggested that the bubble height
was a function of the contact angle, they did not incorporate the effects of the stagnation
streamline as done in Kenning and Cooper’s work. However, the assumptions for bubble
geometry made in these models have not been verified and the numerical work used to
determine the location of the stagnation streamline in Kenning and Cooper’s work was
based on large bubbles.

From experimental work done by Kandlikar and Stumm (1995) it is seen that the
bubbles are not be hemispheric, but are rather of truncated spherical shape with different
front and rear contact angles. For low flow rate the front and rear contact angles will be
comparable, suggesting the bubble is almost a perfectly spherical truncated bubble. Also,
when the bubbles are small, the two angles tend to be the same. Both phenomena were
verified in preliminary experimentation and have lead to the postulation that the bubble is a
truncated sphere with alike front and rear contact angles for bubbles smaller than 200 pm
in diameter. Davis and Anderson (1966) used a similar assumption for the bubble
geometry, but did not incorporate the effects of the stagnation streamline. The model

which is proposed in this chapter will incorporate both the truncated sphere and the

stagnation streamline analysis.
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5.1 Location of the Stagnation Streamline

Kenning and Cooper (1965) experimentally determined the location of the
stagnation stréam line by studying flow past an air bubble. It is extremely difficult to
conduct such experiments withh extremely small bubbles, thus computational fluid
dynamlc software (CFDS) was used instead. Due to the complexity involved with CFD
modeling, this topic has been taken up by s#mother graduate :student at RIT, and is
presented in its entirety in Ikenzi (1995). In Ikenzi’s work, the software STAR CD was
used to model a rectangular channel, 3mm x 50mm, corresponding to the actual bubble
flow chamber with a bulk water temperature of 70°C. The channel was 300mm long with
a bubble placed 200mm from the entrance on the center of the channel floor. The bubble
was modeled as a truncated sphere with a contact angle of 46°. Multiple models were
made for varying flow rates and bubble radii.

Fig. 5.1 shows shaded pressure contours along the surface_ of the bubble. As
shown in the figure, the pressure over a small portion of the upper hemisphere on the front
half of the bubble is significantly higher than anywhere else on the bubble surface. This
area represents the location of the stagnation point and corresponding stagnation
streamline. Using the numeric data files created by the software, the exact location of the
stagnation point was determined and represented as O, the angular elevation from the
horizontal axis passing through the center of the sphere. Fig. 5.2 shows the angle 6, as
well as the rest of the important bubble geometry used in the proposed model. The
resulting locations of stagnation point from the various CFD models have been

summarized in Table 5.1. From this data the height of the stagnation streamline y, was
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calculated and normalized by dividing by the bubble radius r,. This information is also
found in Table 5.1. For all of the different models the value for y/r, was constant,

resulting in the following relationship

—=110 (5.2)

5.2 Determination of Contact Angle

In section 4.1, Experimental Setup, the side viewing capabilities were discussed.
Taking advantage of this feature, side views of nucleating bubbles were studied in depth.
For this portion of the investigation the high-speed camera was used to capture images of
the bubble profile. Figure 5.3 shows a typical bubble profiles captured by the video
imaging system. In this figure it is apparent that the bubbles are almost perfectly spherical
with front and rear contact angles measured to be 45°.

For this analysis the flow rate was varied in the range of 0.17 to 0.40 m/s with
corresponding Reynolds numbers of 2027 to 4815. A plot of contact angle versus bubble
angle has been constructed for all of the collected experimental data (Fig. 5.4). From this
figure it is apparent that the contact angle increased with flow rate for water at 60°C. An
important point that should not be ignored is that for many of the points, particularly at
higher flow rates, the contact angle is actually the average value of the front and rear

contact angles.
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Table 5.1 Location of stagnation point using CFD

Bubble of 150 p radius and contact angle, B = 46°C.

Inlet Velocity Re 0 (deg) ys (mm) yo/T
(m/s)

0.2 2381 23.74 0.165 1.1

0.4 4762 23.74 0.165 1.1

0.6 7143 23.74 0.165 1.1

0.8 9525 23.74 0.165 1.1

1 11906 23.74 0.165 1.1

Bubble of 75 p radius and contact angle, § = 46°C.

Inlet Velocity Re 0 (deg) Y, (mm) yJ/r
(m/s) -

0.2 2381 23.4 0.082 1.1

0.4 4762 23.4 0.082 1.1

0.6 7143 23.4 0.082 1.1

0.8 9525 234 0.082 1.1

1 11906 234 0.082 1.1

Bubble of 37.5 p radius and contact angle, = 46°C.

Inlet Velocity Re 0 (deg) Yy, (mm) yJ/T
(m/s)

0.2 2381 23.4 0.082 1.1

0.4 4762 23.4 0.082 1.1

0.6 7143 23.4 0.082 1.1

0.8 9525 23.4 0.082 1.1

1 11906 23.4 0.082 1.1
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Taking the average value for all of the data points at each Reynolds number
allowed for the creation of Fig. 5.5. Using the curve fitting capabilities in Excel a linear
equation was fit to the data points. The resulting equation was found:

B = 00029 Re+33.242 (5.3)
As seen in the Fig 5.5 the curve fit is not perfect, but does allow for a rough
approximation of the contact angle as a function of flow rate. The data used in both Fig.

5.4 and 5.5 is presented in Appendix E.

5.3 Model Development

Determining the height of the stagnation stream line and bubble contact angle were
an important starting point in the development of a model for predicting the criteria for
bubble nucleation in subcooled flow. Using the same methodology as described in section
3.3 for Hsu’s (1964) model, an equation for the maximum and minimum cavity radius
required for nucleation can be determined.

Assuming a linear temperature profile the temperature of the liquid at a height

corresponding to the stagnation streamline could be found using the following equation

6,=0,-0,%

.5 (5.4

where 6, = Tstag - Teuik and 64 = Tw -Teuk. From basic geometry the radius of the

bubble r, can be related to the cavity radius r. as follows:

/. (5.5
s = sin )
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where B is defined by Eq. (5.3).

Combining Eq (5.5) with the Eq (5.2) the following equation for y, can be determined.

_ L,
“sinfg

Vs (5.6)

Using Eq. (3.35) from before, an equation relating the equilibrium superheat at the

stagnation stream line and bubble radius can be derived as
(5.7

Substituting Eq. (5.4) and (5.6) into Eq.(5.7), the following relationship can be found for

the cavity radius

2_5,sinﬂ(1_6w} +5,sinﬂ(2aTw(P,)J=o 59

Fe 11 \ 6 116, \ p.h,

w

Solving this quadratic equation for rcmin and 1. max gives the following equations

2
Toms| O, sin B [( GWJ GMJ 9207, (P,) 1
(= -7 |5yl + ——1=0 (59
{rc.min} o 22 L : 6, 6, 6,8,p,h, sinf J (5:9)
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6. SURFACE VISUALIZATION

Before an in-depth investigation into the initiation of nucleate boiling can be
conducted, a visual study of the heater surface characteristics is warranted. There are two
important reasons for doing this. First, as mentioned in the earlier literature review, in
order to have heterogeneous nucleation occur at relatively low wall superheats (10 - 15
°C), vapor must be trapped within cavities located on the metal surface. Bankoff (1958)
did studies on the entrapment of vapor in idealized-conical cavities. From this work it was
determined that the cavity cone angle 2y (Fig 3.5) must be less then the contact angle of
the fluid on the heater surface. From literature it is known that for water the contact angle
will be between 20° and 100°, depending on the surface material and roughness. Bubble
cavity profiles will be studied experimentally through the use of an atomic force magnifier
to ensure the existence of cavities falling in this range.

The second reason for completing the visual study comes from the work discussed
in section 3.3 on the criteria for the onset of nucleate boiling. In this section an analysis
completed by Hsu (1962) is reviewed, resulting in the derivation of the following

equation

I 2 1
Temin | _ 9, Osir |- ||+ Osur _ 12807, (£)
{rmmx } B Tt(l - ew ]+ \/(1 ew ] ew pvhlvat J (6 1)

The range of active cavities predicted by this equation is indicated in Fig 6.1 for conditions

corresponding to a water bulk temperature of 75 °C and a thermal boundary layer

thickness of 0.17 mm. From this plot it can be seen that for a typical wall superheat
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temperature of 9°C, only cavities in the range of 1 - 24 p will be active. For this reason

the surface needs to be studied to verify the existence of cavities in this size range.

6.1 Reéult of Surface Visualization

Using the atomic force magnifier in RIT’s Material Science Laboratory, several
cavity profiles were observed. As expected, none of the cavities were perfectly conical as
in theory, but for the most part they had a conicﬁ shape to them. Many of the cavities
that were studied had cone angles which fell into the range of 20 - 100°. This suggested
that vapor would be entrapped allowing for nucleation at low superheat values.

A size range of cavity on the heater surface was determined by viewing the surface
with a high magnification microscope and displaying the image on a video monitor
through the use of a Hitachi video camera. Fig. 6.2 Shows a typical frame, transferred
from video, of the heater surface seen from above. In this figure the surface is covered
with many large spots, most of these are cavities or crevices. One cavity in particular is
pointed out with an arrow. In this cavity a bubble was shown to nucleate and then depart
in later frames. From this visual study it could be seen that on the heater surface cavities
in the range of a few microns in diameter all the way up to several hundred microns were
in existence. It is important to note that the mouth of the cavities , as seen in Fig. 6.2,
were not perfectly round. In the case of these cavities an average value of several

measurements was used.
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7. EXPERIMENTAL RESULTS AND DISCUSSION

In this investigation, the initiation of nucleation was identified through two
techniques. The first one involved observing the change in heat transfer coefficient
corresponding to the onset of nucleate boiling starting from the single phase non-boiling
condition. This was accompanied by simultaneously recording the heater surface to visually

capture nucleation activity using a high-speed camera.

7.1 Heat Transfer Coefficients in Subcooled Boiling

In this section, experimentally determined heat transfer coefficients for subcooled
water in the range of 60 to 90 °C are presented and discussed in detail. The experimental
heat transfer coefficient, h, is plotted against wall superheat, Tsurr - Tsat, as shown in Figs.
7.1 through 7.5. The values for Tsyrr and h were determined from experimental data using
ThermoNet™ as discussed earlier in section 4.3. For the purpose of comparison all of the
figures, with the exception of Fig. 7.1, use identically scaled axis where h varies from 3000
to 6000 W/m’K and the wall superheat varies in the range from 0 to 16 °C.

Figure 7.1 shows two sets of heat transfer coefficient values which correspond to
Reynolds numbers of 3801 and 5068. The temperature of the subcooled bulk fluid was
60°C. For the data set corresponding to Re = 5068 the initial value of the heat transfer
coefficient was approximately constant at a little over 7000 W/m’K until the wall superheat

reached about 7°C. At this point of the heat transfer coefficient started to increase sharply

to 9000 W/m’K for a wall super heat of 11°C.
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During the experimental data collection process the conditions at which bubbles
began nucleating on the heater surface were noted. For the previously discussed data set
the onset of nucleating boiling (ONB) corresponded to a wall superheat of about 11°C, the
same point in .which the heat transfer coefficient suddenly increased. This experimentally
showed what theory predicts: the onset of nucleating boiling results in a sudden increase in
the heat transfer coefficient.

For data set at the lower Reynolds number of 3801 in Fig. 7.1, the initial value for
the heat transfer coefficient was lower, in the vicinity of 6000 W/m?K. Though not as
apparent as the previous data set, the value for h starts to increase in the region between 9
and 10 °C of wall superheat.

As in Fig. 7.1, two sets of data, corresponding to Reynolds numbers of 1467 and
2934 are presented in Fig 7.2. The bulk water temperature was 70 °C for both sets of data.
For the data at the higher Reynolds number, h was initially constant at roughly 4600
W/m’K. However, soon after a wall superheat of 9 °C is reached h quickly jumps to about
5500 W/m?K. Similar to the previous figure, as the Reynolds number is lowered, the heat
transfer coefficient also decreases. Unfortunately, for this set of data there is a large gap in
the data between 5 and 11 °C which results in a bit of uncertainty. Although, the h value
for the two points on either side of the gap is roughly the same, suggesting the heat transfer
coefficient was constant across this gap. Assuming a constant h value across the gap in the
data, at a wall superheat of 12 °C, h starts to increase, signaling the onset of nucleating
boiling.

In the two previous figures, a trend between the required superheat for ONB and

the flow rate begins to emerge. In both figures, the data sets with a lower Reynolds number
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required a higher superheat for ONB. In Fig. 7.1 at a Re = 5068 less than 7 °C of superheat
is required for ONB, while for Re = 3801 almost 10 °C is needed. In Fig. 7.2 at Re = 2934
9 °C of superheat is required for ONB, while 12 °C is required for the lower Reynolds
number of 1467.

The data sets presented in Figs. 7.3 through 7.5 were taken at the same flow rate
(0.106 mV/s) as the data set with Re = 1467 in Fig 7.2, (Re is different in the plots due to
property variation with temperature) but for different bulk temperature. The data in Fig 7.3
corresponds to a Reynolds number of 1664 aﬁd a bulk water temperature of 80°C.
Although this data falls in a limited temperature range, it is still consistent with the
previously mentioned trend. Even thoughvthe data does not show the point at which h
increases, it does show that at 11 °C of superheat, h is still constant, suggesting that the
onset of nucleating boiling had not yet begun.

The experimental data in Fig. 7.4 is for Re = 1759 and Tsurk = 85°C. In this plot
the initial data corresponding to the single phase region is a bit scarce. However, the data
does show that between approximately 9 and 11 °C wall superheat, h abruptly begins to
increase to nearly 5500 W/m’K at a wall superheat of about 12°C. This again follows the
previously mentioned trend.

Figure 7.5, the last in this series of plots, is for Tpux = 90 °C and Re =1856. By
comparison this plot is different than many of the previous ones. The value for h is initially
in the vicinity of 4300 W/m’K at a wall superheat of 2 °C and slowly decreases as the wall
superheat is increased. At a wall superheat of about 15.6 °C h was equal to about

3800W/m’K, a reduction of about 500 W/m’K.
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A trend between the required superheat for the onset of nucleate boiling and the
bulk water Reynolds number has been observed in the data presented in Figs 7.1 - 7.4.
This trend suggests that as the Reynolds number increases the required superheat for ONB

decreases. Table 7.1 summarizes the data from the four figures which have lead to the

observation of this trend.

Table 7.1 Required superheat for the onset of nucleating boiling.

Tsuk °C U m/s Re Tsurr - Tsar °C
60 0.246 5068 7
60 0.319 3801 9-10
70 0.213 2934 9
70 0.106 1467 12
80 . 0.106 1664 211
85 0.106 1759 10-11
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7.2 Experimentally Determined Nucleating Cavity Radii

In the previous section, the changes in the experimentally determined heat transfer
coefficient were studied to identify the initiation of nucleation. In this section, visual
techniques were used to identify the initiation of nucleation and measure the size of
nucleating cavities.

In the following seven figures (Figs 7.6 - 7.12), the radii of nucleating cavities are
plotted versus the corresponding wall superheat values. The bulk temperature of water for
these figures varied from 60 to 80°C with Reynolds number in the range of 1447 to 5643,
depending on flow rate and bulk water temperature. The axis for the seven plots were
again kept the same for ease in comparison. Also included in these plots are the minimum
and maximum radius criteria curves for the three different models discussed in the literature
review (Eq. 3.37, 3.38, and 3.40), as well as the proposed stagnation/truncated model that
was developed in Chapter 5 (Eq. 5.9). The addition of these curves will allow for a direct
comparison between the experimental data and the four bubble nucleation criteria models.

Figures 7.6 through 7.8 shows the active cavities for a constant bulk temperature of
water equal to 60°C and three flow rates corresponding to Re = 2840, 3801, and 5068. In
Fig 7.6, data was taken at three heater steady state conditions corresponding to wall
superheats of approximately 5, 6, and 9°C. For each condition multiple active cavities were
seen and recorded using the high-speed camera. Later using a normal VCR, the images
recorded at high-speed could be played back at a much slower rate allowing for cavity radii

measurements (see section 4.2 on Experimental Procedure). For this flow rate a wide range
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of active cavities, 5 - 14 um radii, were observed at wall superheats in the range of
approximately 6 - 8 °C.

In Fig. 7.7 the data was taken for Re = 3801. The observed nucleating cavity radii
were much smaller than those presented in Fig 7.6, and over a much smaller range, 2.5 -
6um. For these cavities the wall superheat was over a wide range, approximately 3 - 7 °C,
similar to the superheat of nucleating cavities in Fig 7.6. As the flow rate was increased
further, Re = 5068 (Fig 7.8), the observed nucleation cavity radii seemed to become even
smaller, in the range of 2 - 4 um, while the required wall super heat tended to increase to
between 9 and 10 °C.

The four curves corresponding to the different bubble nucleation models (Hsu
(1962), Bergles and Rohsenow (1964), Davis and Anderson (1966) and the proposed
stagnation/truncated model) predicted the allowable range of maximum and minimum
cavity radius at a given wall superheat. Therefore, if an experimental data point lay above
the curve, it was within the predicted range, but if the point lay below the curve it would be
outside of the predicted range. A few general comments about the different models with
respect to each other are that all four models predict almost an identically vertical curve for
Iemin (the left portion of the curves) at high superheats, but start to vary noticeably as the
superheat is decreased. In the region of r.m. (the right portion of the curves) the curves
flatten and all four models vary significantly. As seen in all seven of the plots, because of
the different bubble geometry assumptions, the predicted region of active cavities is
consistently different for each model. In almost every plot Davis and Anderson’s model
predicts the most confined region while Bergles and Rohsenow’s model allows for the

largest region of active cavities.
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For Fig. 7.8 all four models worked equally well in predicting the range of active
cavities, all data points were within the predicted range of all four models. However, in
Figs 7.6 and 7.7 this was not the case. In both cases the majority of the data falls outside of
the predicted range for Hsu’s and Davis and Anderson’s models. About half the data
points in each figure falls in the predicted range of the proposed stagnation/truncated
model, while almost all of the experimental data falls within the range predicted by Bergles
and Rohsenow’s model.

The data presented in Figs. 7.9 and 7.10 were taken at the same flow rate, but
different bulk temperature. In both figures the observed active cavities are much larger than
those shown in the two previous figures. InFig. 7.9 four active cavities in the range of 11
to 16 um were observed at a relatively high superheat, approximately 12 °C. These four
data points fall in the predicted range of all four bubble nucleation models.

For the data in Fig. 7.10 the bulk water temperature was slightly higher than that in
Fig. 7.9, 75 °C as opposed to 70 °C. The cavity radius sizes were generally the same as
those nucleating in slightly cooler bulk water, but the wall superheat was considerably
lower, in the range of 4 to 8° C. From the plot it can be seen that for this experimental data
Bergles and Rohsenow’s model works well in predicting the range of nucleating cavities.
The proposed model also does a good job, with most data points falling within the predicted
range, and two data points lying just outside.

Figure 7.11 shows data with a bulk temperature of 75°C, the same as the data
shown in Fig. 7.10, only at a much higher flow rate, Re =5643. For this flow condition only
one heater steady state condition was recorded for which active cavities could be observed.

This condition corresponded to a wall superheat of about 9°C. As seen in the plot, a large
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range of cavities were active. Again, in this figure Bergles and Rohsenow’s model works
well in predicting the range of nucleating cavities, while only two points lie outside of the
range predicted by the proposed model.

In Figure 7.12 two sets of cavity radius data corresponding to Reynolds numbers of
1664 and 1779 and a bulk water temperature of 80 °C are presented. The flow rate for the
two data sets was not too far apart. The data in this figure was quite scattered. For the
data set with the slightly higher flow rate, the active cavity radii fell in the range of 1 - 16
um with wall superheats between 3 and 13 °C. For the slightly lower flow rate, the data
was located over a smaller range. The active cavity radii varied between 4 and 8 um, while
the wall superheat was between 4 and 10 °C. In Fig 7.12 all four models worked well in
predicting a range for nucleating, while Bergles and Rohsenow’s and the propoged

stagnation/truncated models seemed to work the best.
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7.3 Summary of Results

In section 7.1 the changes in the experimentally determined heat transfer coefficient
were studied to identify the initiation of nucleation. From this investigation a trend between
the flow rate and wall superheat required for the onset of nucleate boiling was observed. In
this trend increasing flow rate required a smaller superheat to activate cavities, as shown
previously in Table 7.1. An explanation to this trend is well illustrated in Fig 7.13. As the
flow rate of the bulk fluid increases the bubble size tends to decrease (see Mizo (1995). For
a bigger bubble, the height of the stagnation streamline, y,, will be higher than that for the
smaller bubble. As shown in Fig 7.13, in order to have the linear temperature profiles
intersect the line representing the saturation temperature, Tsar, at a height of y, , the wall
temperature corresponding to the big bubble must be greater than that for the smaller
bubble. This then results in a higher required superheat (T.-Tsar) for the bigger bubble, or
lower bulk fluid flow rate.

In section 7.2 the initiation of nucleation was studied visually, and the
experimentally determined data for active cavities was compared with the four bubble
nucleation models discussed earlier.

An overall summary for the four bubble nucleation models was that Bergles and
Rohsenow’s model predicted a range of active cavity radii that almost always included the
experimental data. The proposed stagnation/truncated model also worked well in predicting
a cavity radii range that included the experimental data, with the exception of Figs 7.6 and
7.7. The other two model, Hsu (1962) and Davis and Anderson (1966), predicted smaller
regions of possible active cavity radii, and thus were less successful in including the
experimental data within their predicted range.
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An important goal of the current work was to show that by developing a model
which incorporated geometric characteristics of actual bubbles seen in the experimental
investigation the required criteria for the onset of nucleate boiling could be predicted more
accurately. In part this goal has been met, the proposed model predicts a range in which
most of the experimental data falls An important point that should be made is that this
model is based on the thermal boundary layer thickness, , and the bubble contact angle, j,
which varies for each bubble and corresponding thermal-flow condition. The curves
included in Figs. 7.6-7.12 are based on the average B and & for many bubbles and a given
flow rate. Most likely, if an individual cavity and the associated nucleating bubble with
corresponding 3 and §; were used instead of averaged values, the model would be even
more accurate. However, it would be unrealistic and impractical to make separate plots for

each individual data point. Therefore, the average values were used instead.
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APPENDIX A

A.1 Surface Tension - Definition and Experimental Results

The fundamental of liquid surfaces is that they tend to contract to the smallest
possible area. This tendency is shown in the spherical form of small drops of liquid, in the
tension exerted by soap films as they tend to become lass extended, and in many other
properties of liquid surfaces. Plateau (1873) had undertaken a prolonged study of the
forms assumed by the liquid surfaces, under cohditions when the disturbing effect of
gravity is absent; he showed that the surfaces always assume a curvature such that, if R,
and R; are the principal radii of curvature at any point,

1/R; + 1/R; = constant. (A1)
It is a geometrical fact that surfaces for which the relation (A.1) holds are surfaces of
minimum area.

The simplest properties of molecules in liquids suffice to account for this tendency
of the surface to contract. Molecules are small objects, possessing definite size and shape,
in all states of matter; in all fluids they are free to move relative to one another, and in
liquids they are kept close to each other by the cohesion forces between them. Liquids are
thus distinguished from solids by their fluidity, that is, the freedom of the molecules to
move. They are distinguished from gases by the fact that the attraction between the
molecules restrains the motion sufficiently to prevent more than a small portion of the
molecules escaping into vapor. Translatory and rotary motions go on within the liquid

with considerable freedom.
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In the interior each molecule is surrounded by others on every side. Therefore, it is
subject to attraction in all directions. On the average, over period of time, long compared
to the molecular vibrations, the attraction on any molecule is uniform in all directions. At
the surface, ﬁowever, conditions are entirely different. Molecules at the surface are
attracted inwards, and to each side by its neighbors, but there is no outward attraction to
balance the inward pull, because there are very few molecules outside. Hence, every
surface molecule is subject to a strong inward attraction, perpendicular to the surface.

This inward attraction causes the surface fo diminish in area, because the surface
molecules are continually moving inwards more rapidly than the others move outwards to
take their places. the number of molecules in the surface is therefore continually
diminishing and the contraction of the surface continues until the maximum possible
number of molecules are in the interior, i.e. until the surface is the smallest possible for a
given volume, subject to the external conditions or forces acting on the drop.

The fact that a liquid surface contracts spontaneously shows that there is free
energy associated with it, that work must be done to extend the surface. The origin of this
work, in terms of the molecules, is that when the surface is extended molecules must be
brought from then interior to the surface against the inward attractive forces. Work must
be done against these inward attractive forces for each molecule that is brought to the
surface. Since the molecules have a definite size, there will always be a definite number of
them in the surface. Provided the surface is of the same nature and structure everywhere,
the work done in extending it will be definite.

This free energy in the surface is of fundamental importance. A vast number of

problems relating to the equilibrium of the surface can be solved without knowing more
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than the magnitude of this free energy. In the solution of such problems, a mathematical
device is almost invariably employed to simplify the calculations; it is to substitute for the
surface free energy a hypothetical tension, acting in all directions parallel to the surface,
equal to the fr-ee surface energy. This is what is generally known as the surface tension. It
is always mathematically possible to replace a free energy per unit area of surface by a
tension acting parallel to the surface. Such a surface tension has the same dimension as a
surface energy (mass/time’) and it must have the same numerical magnitude.

This substitution of a tension for a free energy per unit area is the converse of the
mathematical method of ‘virtual work’ often used in statics. There the calculations are
often simplified by considering the energy changes involved in a slight displacement of the
system, adding all together, and finally equating of the energy changes to zero, to obtain
the condition of equilibrium. In systems involving liquid surfaces, the equilibrium could be
obtained by adding up the changes in surface energy in the various surfaces whose area is
altered during displacement. It is, however, simpler to pay no attention to these changes in
area directly, but to consider the surfaces which depend solely on the existence of this free
surface energy. Surface free energy, due to the inward pull on the molecules on the
surface, is the fundamental property of surfaces. Surface tension can be simply taken as its
equivalent.

Surface tension values are influenced by two important factors. These two factors
are fluid temperature and presence of contaminants.

A.1.1 Influence of Temperature on Surface Tension
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The kinetic agitation of the molecules and the tendency of the molecules to fly
outwards increases as the temperature rises; consequently the net inward pull may be
expected to become less, even if the real cohesion remains unchanged by the temperature.
In fact, the surface tension almost invariably decreases with rising temperature, the only
known exceptions being with a few substances over a restricted range of temperature. As
temperature rises towards the critical, the restraining force on the surface molecules
diminishes and vapor pressure increases: when the critical temperature is met the surface
tension vanishes all together. ‘“Negative surfacé tension” is impossible for a liquid: it
would only occur when the liquid temperature rises above its critical temperature, where
the liquid can not exist.

The temperature dependency of surface tension is often the basis for interpolation
schemes and curve-fit equations used to predict the variation of surface tension with
temperature. For example, the surface tension of water can be computed from the
correlation:

0 = 235.8(1-Tyu/Te) *5[1-0.625(1- Tu/To)] (A. 2)
where both Ty, and T, are in Kelvin and o is in millinewtons per meter.

In the case of most liquids the relationship between surface tension and
temperature is nearly linear. Jasper (1972) fit a linear relationship of the form

6=Co-C,T (A3)
to surface tension data for a wide variety of pure liquids over a given temperature range,
where T is in degree Celsius. Table 1 (Carey 1992) lists the constants Co and C, for a
variety of different liquids. Figure A.1 shows the variation of surface tension with

temperature based on equations (A.2) and (A.3) in the temperature range of 0-100°C.
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where Ty, is the normal boiling temperature of the liquid (at atmospheric pressure).

Using Eqgs. A4 and A.6 together, it is possible to estimate the variation of surface
tension with temperature from critical data and the normal boiling point. This method
works good for a wide variety of simple organic compounds, but is not intended for light

molecules, highly polar inorganic substances, or associated substances such as alcohols

and liquid metals.

A.1.2 Effects of Contamination on Surface Tension

The second major factor affecting surface tension is the presence of one or more
substances dissolved in the fluid. From thermodynamic analysis of the liquid-vapor
interfacial region for a binary mixture, in which A is a solute exhibiting ideal mixture
behavior in solvent B, it can be shown that the surface excess mass of species A is related
to the variation of o with concentration as

I'a = - (xa/RT) O0/0xa)t (A7)
In this equation, x4 is the concentration of the solute species A.

Some surface-active materials are so highly enriched at the interface that they are
termed surface agent or surfactants. Since they concentrate so highly at the interface, the
presence of material of this type even in very low concentrations may significantly alter the
interfacial tension.

Equation A.7 may also be interpreted in a converse manner, such that A
accumulates at the interface, so that 'y > 0; then (Go/0xa) is negative and the presence of

the surface-active material decreases the surface tension. This is the case with a typical
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A.1.3 Classification of the methods of measuring surface tension:

Surface tension measurement techniques can be classified into two categories:
static and dynamic methods. The static method measures the tension of practically
stationary surfaces which have been formed for an appreciable time, and depend on one of
two principles. The most accurate depend on pressure difference set up on the two sides
of a curved surface possessing surface tension; these include the capillary height method
with its many variations, the maximum bubble pressure method, the drop-volume method,

and the method of sessile drop.

A.1.3.1 Static Methods -Capillary height Method

Capillarity occurs when a free surface of liquid in a small tubes or porous media
will rise or fall satisfying the Young-Laplace equation:
Pr = Pimside = Pousiae = 2071 (A.8)
Consider a small tube of radius r; shown in Figure A.3. The tube contains liquid with a
free surface, and is in contact with an extensive pool of liquid. The liquid is assumed to
meet the wall at an angle 8 < 90°. When r;<<L. , where L. is defined as follows,
[20(1 - sin 0)/((p1- pv)&)]"? (A9)
and the radius of curvature of the interface is approximately uniform and equal to ri/cos.
For small radius of curvature in the meniscus, the Young-Laplace equation requires large

jumps in pressure across the interface. This difference supports a large column of liquid

against gravity.
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The equipment used to perform this method was quite simple a:
3.810 mm diameter glass tube, an accurate scale, and a water conta:
temperature bath was used to increase the water temperature up to 70°(
the meniscus in the tube, and the angle of contact were measured and

(A.12) the surface temperature of the water was determined.

- Results

The obtained surface tension values corresponding to the respective

were plotted on Figure A.1. A very good fit with the actual correlation was

the majority of the points falling in the +/- 5% accuracy bend.

90



Gas

| Capiliary

. tube
T
8
9
i / qumd
A

3:52_._____—/) 2r, K\__,

Liquid
_ -~ Figure A.3. Rise of a wetting liquid in a capillary tube

Combining the Young -Laplace equation with the hydrostatic pressure variance in the
fluid, the condition for equilibrium is:

P1-Pa=(m- pv)gz = 20 cos O/r; (A.10)
This equation can be solved for the equilibrium height of the liquid column, z;:

z, = 20 cos 0/(p1 - pv)gri (A.11)
or the surface tension, ¢ :

o = rizi(p1 - pv)g/2 cosd (A.12)

Knowing this, the surface tension of a liquid can be easily determined using basic

experimental methods. In this case a piece of glass tube, container of water 'and an
accurate measurement scale is all that was needed to make accurate readings of the
surface tension. Depending on the accuracy of the measurements, the value for surface

tension can be found within 1 to 5% of the actual value.

- Apparatus and Procedure
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APPENDIX C
Temperature Distributions
Actual Data vs. ThermoNet Model

Velocity 10%
Temperature 30C
Position UP .
Along Heater] A< |1 Net ()] %-Difr.
Data (O)
(mm)
T7 0.00 145.20 145.20
8] 1520 13230 | 132.43
T9 30.40 119.50 119.52
T10] 4060 11090 | 110.90
Tsarf*] 4520 10827 | 10724

* ———P  Tsurf for "Actual” is a predicted value from the original 9-node T-Net
model. Therefore, the new T-Net value is more accurate.

Temperature Distribution Along Heater
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--®-- Actual Data (C)
—&— T-Net (C)

Temperature (C)

93 +

92

Position (mm)
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Temperature Distribution
Actual Data vs. Thermonet Model

Velocity 40%
Temperature 60
Poslition
UP Along Actual
Heater Data (C) T-Net (C) | Difference
(mm)
T7 0.00 252.40 252.40
L] 16.20 205.10 204.73
9 30.40 156.30 156.18
T10 40.60 123.50 123.50
Tsurf * 45.20 110.52 109.35

* ——% Tsurf for "Actual” is a predicted value from the original 9-node T-Net
model. Therefore, the new T-Net value is more accurate.

Temperature Distribution Along Heater
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Appendix D

Experiment Data Sheet #

Date:

Velocity:
Water Temperature:

Volitage (V):

Current (A):

17 (°C)

T8 (*C)

T9 (*C)

T10 (°C)

Heat Flux (W)

Magnification:

Departure Diameter:

Cavity Diameter (in):|

Tape Location:
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