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Abstract 

In a postulated critical break LOCA in a CANDU reactor it is possible that heatup of a 

pressure tube (PT) causes ballooning contact with the calandria tube (CT). Stored heat 

in the PT is transferred out, yielding a high PT -CT heat flux, which can cause dry out of 

the CT and establishment of pool film boiling on the outer surface of the tube. The safety 

concern associated with this condition is that if the temperature of the CT experiencing 

film boiling gets sufficiently high then failure of the fuel channel may occur. However, 

quench heat transfer can limit the extent and duration of film boiling as has been 

experimentally observed. Current estimates of quench temperatures during pool film 

boiling are based primarily on experimental correlations. In this dissertation a novel 

mechanistic model of pool film boiling on the outside of a horizontal tube with diameter 

relevant to CT (approximately 130 mm) has been developed. The model is based in part 

upon characterizing the vapor film thickness for steady state film boiling under buoyancy 

driven natural convection flows around a tube located horizontally in a large liquid pool. 

Variations in steady state vapor film thickness as a function of the incident heat flux, the 

temperature of the CT outer wall, and the subcooling of the bulk liquid are analyzed. The 

calculated effective film boiling heat transfer coefficient is compared to available 

experimental data. Finally a transient equation is developed which quantifies the 

instability of the vapor film and a possible occurrence of rapid quench when a step 

change in governing parameters occurs, such as liquid subcooling. This mechanistic 

model can be employed in safety analysis to demarcate the conditions under which fuel 

channel failure will not occur in a postulated critical break LOCA. 
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Chapter One 

1.0 Introduction 

McMaster- Engineering Physics 

This dissertation presents a model of film boiling and quench heat transfer on the outside 

surface of a horizontal tube submerged in subcooled water at atmospheric pressure. A 

mechanistic model for pool film boiling on the outside of a horizontal tube with diameter 

relevant to calandria tubes (approximately 130 mm in diameter) has been developed. 

The model is based in part upon characterizing the vapor film thickness for steady state 

film boiling under buoyancy driven natural convection flows around a tube located 

horizontally in a large liquid pool. Variations in steady state vapor film thickness as a 

function of the incident heat flux at the pressure tube inner wall, the temperature of the 

calandria tube outer wall, and the subcooling of the bulk liquid are analyzed. The 

calculated effective film boiling heat transfer coefficient is compared to available 

experimental data. Finally a transient equation is developed which quantifies the stability 

of the vapor film when a step change in governing parameters, such as inner wall heat 

flux and liquid subcooling, occurs. The conditions under which the vapor film is 

destabilized are derived and are applied to establish conduction for which when a rapid 

quench occurs to force a transition from stable film boiling to surface rewet and nucleate 

boiling. The dissertation is concluded with potential application in safety analysis to 

demarcate the conditions under which fuel channel failure will not occur in the postulated 

critical break LOCA. 
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1.1 Background to the Problem 

In a limiting postulated large break Loss of Coolant Accidents (LOCA) in a CANDU 

reactor (referred to as a critical break LOCA) it is possible that heatup of a pressure tube 

(PT) can occur to the extent that creep deformation of the pressure tube occurs. If the 

internal pressure is sufficiently high then uniform ballooning deformation forces the hot 

pressure tube into contact with the calandria tube (CT). Following the contact of the hot 

pressure tube with the calandria tube there is a high heat flux into the calandria tube as 

stored heat is transferred out of the pressure tube. This high heat flux can cause dryout 

of the calandria tube and establishment of pool film boiling on the outer surface of the 

tube. The safety concern associated with this condition is that if the temperature of the 

calandria tube experiencing film boiling get sufficiently high then failure of the fuel 

channel may occur. However, quench heat transfer can limit the extent and duration of 

film boiling as has been experimentally observed. Current estimates of quench 

temperatures during pool film boiling are based primarily on experimental correlations. 

1.2 CANDU Reactor and Fuel Channels 

A typical CANDU (CANada Deuterium Uranium) PHW (pressurized heavy water) reactor 

core, as depicted in Figure 1 [ 1 ], consists of about 380 (CANDU 6) or about 480 

(CANDU 9) fuel channels laid horizontally inside the calandria vessel, which is a large 

cylinder with dimensions of 6 m long and inside diameter of 7.6 m (CANDU 6) or 8.5 m 

(CANDU 9), and filled with large volume (-250,000 liters) of cool 0 20 heavy water fluid 

under atmospheric pressure. 
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Each fuel channel traverses the calandria vessel from one end to the other, containing 

0.7 wt% natural Uranium fuel bundles through which heavy water coolant flows (Refer to 

Figure 2 [1] and Figure 3 [1]). Each single fuel channel contains twelve nuclear fuel 

bundles within a pressure tube. 

1 CALANDRIA 

2 CALANDRIA END SHIELD 

3 SHUT-OFF AND CONTROL RODS 

4 POISON INJECTION 

5 FUEL CHANN EL ASSEMBLIES 

6 FEEDER PIPES 

?VAULT 

Figure 1: CANDU assembly (AECL[1]) 
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The close-up side view of part of a fuel channel clearly shows the construction. Each fuel 

channel is composed of an outer CT surrounding a PT, with a gap containing gas C02 

between them. The PT and CT are separated by four garter springs located along the 

length of the fuel channel (Figure 3) . The CT is made of Zircaloy-2 material and has an 

inside diameter 129 mm and a wall thickness of 1.4 mm. The PT, which is made up of 

Zirconium-2.5wt% Niobium, has an inside diameter of 103.4 mm and a wall thickness of 

4.2 mm. Each of the 12 fuel bundles in a fuel channel contains 37 identical fuel elements 

(CANDU 6 and CANDU 9). In normal operation situations the heat generated in the fuel 

via nuclear fission reactions is removed by the pressurized coolant flowing through fuel 

channels. 

Figure 2: Side view of CANDU calandria and fuel channels (AECL[1]) 
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Figure 3: Close-up side view of part of a fuel channel (AECL[1]) 

The unique CANDU design provides passive safety features that allows heat release 

from the CT directly to the surrounding fluid should the PT deforms during an accident. 

The large mass fluid, which is circulated by pumps and cooled by heat exchangers, plays 

a supplementary role as a heat sink in CANDU reactors. Even if the emergency core 

cooling is unavailable, fluid is available for stored heat and decay heat removal from heat 

channels. 

1CM -
Figure 4: Cross-section of a CANDU 6 fuel channel in normal operational situations 
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1.3 LOCA and PT/CT Contact 

Calandria Tube No strain or Partially 

~ 
Strained Pressure Tube 

\. I' ~ 

1 .. ~~ ., 
\ 

Pressure Tube 
Ballooning 

I ,.,..,.. 

McMaster- Engineering Physics 

Fuel Boundle 
Sagging 

I Garter Spring 

I 
_J__ ~I& ,, 

' ,. .. 
J 

Figure 5: Ballooning of PT into contact with CT and fuel bundle sagging (AECL[2]) 

A loss of coolant accident (LOCA) involves a break in the primary heat transport system 

(HTS). The pressure and coolant flow reduce in some fuel channels as the coolant 

inventory decreases. The reduction of coolant mass flow due to the break results in 

degradation of heat transfer in fuel channels of particular passes of the HTS. The 

temperature of nuclear fuel elements will increase because of degraded convective heat 

transfer. The fission heat, decay heat and heat stored in these fuel elements drives the 

increase in fuel temperature. Heat is transferred by conduction radially from the uranium 

fuel pellets to the fuel sheath. The heat transferred from the fuel elements to the PT is 

mainly by convection in a small LOCA and by a combination of convection and radiation 

in a large LOCA. Under severe cooling degradation the temperature of the PT can 

increase significantly. In the conditions of high or intermediate [3]channel pressure, the 

PT may deform uniformly (so called "ballooning") in large LOCA If PT heatup is delayed 

then the PT tends to sag into contact with the CT. PT deformation by either mechanism 

results in partial or complete contact with its associated CT (that is, PT/CT contact) [3]. 
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Figure 5 [4] depicts this scenario in the longitudinal view of a fuel channel. Figure 6 [4] 

depict this scenario in the cross-section view of a fuel channel. The thermal conductance 

between the two tubes increases significantly and consequently forms a path for heat 

removal by conduction with the potential for high heat flux. After PT/CT contact, large 

amounts of heat can be rejected to the fluid . If the nucleate boiling mechanism on the 

external CT surface dominates, then the CT will not experience significant increase in 

temperature. However, if the heat flux is high especially in the initial-contact phase, then 

the superheated CT wall may experience a rapid transition of boiling heat transfer from 

nucleate boiling to film boiling . Subsequently the external surface of CT will be blanketed 

by a vapor film during the post-contact phase. 

Figure 6: Ballooned PT contacts with CT and fuel bundle sags into contact with PT 

following a large LOCA (AECL [2]) 

Obviously, sustained film boiling in the post-contact phase is not desirable since the 

integrity of fuel channel is challenged by creep strain failures of PT and CT. The 
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objective of this study is to investigate the characteristics of stable film boiling and 

triggering effects of quenching mechanism outside of CT submerged in sub-cooled fluid. 

One of the key issues is to find the critical vapor film thickness over a range of given 

conditions for which quenching will be initiated. After quenching starts, a small part of CT 

is wetted by fluid. This may result in a rapid collapse of the vapor film blanket. During this 

transient collapse process, the stable film boiling regime changes to transition boiling 

regime and proceeds to nucleate boiling regime as the CT wall superheat is reduced. In 

order to quantify this process it is necessary to develop an expression for the transient 

vapor film thickness in terms of various thermal-hydraulic parameters. 

1 .4 Goals of the Dissertation 

The first goal of this dissertation is to develop a mechanic model describing the physical 

phenomena associated with the film boiling on the calandria tube for the limiting 

postulated large break LOCA event for a CANDU reactor. 

Based on the developed model, the second goal of this dissertation is to analyze the 

characteristics of vapor film in terms of key parameters, such as subcooling temperature, 

under the steady state condition. 

The third goal is to analyze the vapor film thickness, as well as the heat flux and the wall 

temperature at the beginning to quench. 

The transient behavior of the film thickness given a step change in subcooling is also 

addressed in this dissertation. 
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1.5 Dissertation Outline 

Chapter one introduces the direction and goals of the dissertation. It describes the 

characteristics of a LOCA event in a CANDU reactor. 

Chapter two provides a review of open literature regarding the theory and empirical 

investigations associated with film boiling and vapor film thickness. A review of minimum 

film boiling temperature as linear function of subcooling is also presented. 

Chapter three outlines key aspects of fluid mechanics and heat transfer which are 

essential to the derivation presented in Chapter four. 

Chapter four details the theoretical derivation of film boiling and quenching model based 

on hydraulic pressure and heat transfer balances. An expression for the transient vapor 

film thickness is given as a second-order, nonlinear and non-homogeneous ODE. A 

steady state equation is also obtained by assigning the derivatives to be zero. To 

perform calculation of the transient equation and the steady state equation, two 

additional theoretical derivations are also provided in this section. One is for the 

vaporization velocity and the second is for the buoyancy-induced free steam velocity. 

Both expressions are developed as functions of subcooling temperature. 

Chapter five provides results obtained by the film boiling and quenching model under 

steady state condition. Discussions based on the comparison of the model output and 

the available film boiling test data is also included in this chapter. In addition, a short 

discussion about the assumptions is provided. 
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Chapter six presents a preliminary analysis of the influence of a step change in 

subcooling temperature to the vapor film thickness oscillation. This is of importance 

dynamic development of the quench process. 

Chapter seven outlines the conclusions and recommendations 

In addition, three appendixes are included. The first is the calculation of the calandria 

tube outer surface heat flux based on PT incident heat flux. The second is a sample of a 

Matlab code that calculates vapor film temperature at the given steady state vapor film 

thickness. The third lists tables of thermophysical properties used in this dissertation. 
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Chapter Two 

2.0 Literature Review 

2.1 Literature Review on Vapor Thickness of Film Boiling 

2.1.1 M. S. Genk and A. G. Glebov 

Film boiling from a downward-facing curved surface in saturated and 5"C, 10"C, and 

14"C subcooled water was investigated experimentally by Genk and Glebov [5]. Surface 

rewetting in saturated boiling was hydrodynamically driven, while thermally driven in 

subcooled boiling. Consequently, surface rewetting in the former occurred earlier at 

higher minimum heat flux, qmin· The critical film thickness, r5v.crit , prior to rewetting was 

thicker than that at 10"C and 14"C subcooling, but thinner than at 5"C subcooling. 

Surface rewetting occurred first at lowermost position, 9=0", then subsequently at higher 

inclinations. For saturation boiling, the critical film thickness was -0.085mm at 9=0" and 

0.18 mm at 9=8.26", respectively. For subcooled boiling at 9=0", the critical film thickness 

(-0.05±10%mm) at this lowermost position was weakly dependent on subcooling 

temperatures. The critical film thickness increased, however, with inclination and 

decreasing subcooling temperature, reaching -0.175 mm at 9=8.26" and 5K subcooling. 

The vapor film thickness shown in Table 1 are predicted values based on the Genk and 

Glebov's correlation. 
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The experimental condition is worth noting. An oxidation-free treated 23TC copper 

curved section, with an area of 20.4cm2 (r= 2.55cm), a thickness of 2cm and a surface 

curvature radius of 14.8cm, was submerged in a water pool at atmospheric pressure. 

Table 1: Vapor film thickness variation with subcooling and inclination angle 

9=0" 9=3.29" 9=4.94" 9=8.26" 
LlTsub=5"C 0.055mm 0.070mm 0.090mm 0.175mm 

LlTsub=10"C 0.052mm 0.065mm 0.080mm 0.140mm 
LlTsub=14"C 0.050mm 0.060mm 0.070mm 0.110mm 

Note that the calculated results from correlation in Table 1 have a much higher degree of 

resolution than would be supported by experimental data. 

In summary, the conclusive results for pool film boiling on this paper are generalized as 

follows: 

• Film boiling quenched earlier at higher water subcooling; 

• The lowermost position quenched earlier than other positions; 

• The vapor film thickness increased with inclination and was thinnest in the 

lowermost position, where inclination equals zero; 

• The vapor film thickness increased with decreasing subcooling temperature; 

• The minimum film boiling heat flux qmin increased with subcooling; 

• The minimum film boiling heat flux qm;n increased with decreasing inclination and 

reached largest at the lowermost position; 

0 

• Surface rewetting occurred when the film thickness reached a critical value, 

which was dependent upon water subcooling and local inclination on the boiling 

surface; 

• The minimum wall superheat, (L'lTsat)m;n. was independent of local inclination due 
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to high heat conductivity through the wall, and varied between 35 and 42"C 

corresponding to 5"C -14"C subcooling; 

2.1.2 P. J. Berenson 

Berenson [6] applied Taylor-Helmholtz hydrodynamic instability theory to film boiling heat 

transfer from a horizontal surface. He found that the bubble spacing and growth rate, 

near the minimum film boiling heat flux, is determined by the Taylor instability neglecting 

the effect of fluid depth and viscosity. Analytical expressions for the minimum film vapor 

thickness, the heat transfer coefficient near the minimum in film boiling from a horizontal 

surface were derived based on a simplified geometrical model. The author claimed ±10% 

agreement with experimental measurements made using n-pentane and carbon 

tetrachloride fluids. 

It is noted that the results based on these two fluids may have additional uncertainties 

when applied to water. 

Berenson's derivation was based on the following assumptions: 

• momentum forces are negligible in comparison with the viscous forces; 

• The flow is laminar; 

• The kinetic energy of the vapor is negligible in comparison with the enthalpy 

change; 

• The average value of vapor properties are equal to those at the average 

temperature of the hot surface and the saturated liquid; 

• Heat is transferred through the vapor film by conduction. Radiation is negligible at 
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the temperature difference less than 530 ·c; 

• Vapor flowing to any one bubble is generated in an area of half wavelength of 

bubble. 

Calculations based on experimental results indicated that the film thickness is in the 

order of 10-3-10-2 mm; and that the vapor velocity is relatively low in the order of 0.3 

m/sec. 

Berenson showed that the characteristic dimension of the bubble is two orders of 

magnitude greater than the film thickness. Therefore the order of critical film thickness 

can be roughly estimated from experimental measurements of bubble diameters. The 

average bubble diameter, cited in the paper [6], was 0.28 inch (0.7cm) for n-Pentane. 

This implies the critical vapor film thickness to be 0.07mm. 

The vapor film thickness near the minimum in film boiling took the form below 

(1) 

where(]" is the surface tension, which was not provided in Berenson's paper [6]. The heat 

transfer coefficient close to the minimum was expressed as 

k 3h ( ) 
hMFB = 0.425 v JgPv9 Pt - Pv 

I:::!.T~ Mj sat ( ) 
g Pt- Pv 

(2) 
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The minimum superheat temperature is characterized by: 

(3) 

The surface tension in Equation (3) is for n-pentane and carbon tetrachloride fluids rather 

than water. Note that the vapor film thickness presented in Figure 7 is calculated by 

applying water surface tension. Water surface tension can be found from a steam table 

written by Liley [ 7 ]. Equation (3) needs a specific vapor temperature in order to 

determine the thermo-physical properties. By assuming the minimum vapor film 

temperature prior to quench, the critical film thickness can be calculated. 

Equation (3) allows one to predict the minimum vapor film temperature prior to quench 

using iterative technique. If a linear relationship between the vapor temperature and 

surface superheat is applied, and an arbitrary vapor temperature is initially assumed, a 

value of wall superheat is determined from Equation (3) by assigning values of 

temperature-dependent hydraulic and thermo-physical properties; then compare to the 

value calculated by Equation (4); adjust the estimated value of vapor temperature until a 

convergence occurs. 

Or 

1 
-b. Tsat + T,at 
2 

(4) 

(5) 

It is worth noting that Berenson's model ignored the heat loss by conduction and 

convection to subcooled liquid, so this model is applicable for only saturated pool boiling 

31 



M.A.Sc. Thesis- Jian Tao Jiang McMaster- Engineering Physics 

condition but not for subcooled conditions. In subcooled pool boiling, vapor film thickness 

will decrease. Therefore the prediction of Berenson model overestimates the vapor film 

thickness. Berenson's model also did not consider the radiation heat transfer effects on 

vapor film thickness. Because the effect of radiation heat transfer tends to increase as 

the vapor film thickness increases, the Berenson model will hold for wall superheat less 

than around 500"C, which is claimed in his paper [6]. However, Berenson did not prove 

why the radiation heat transfer can be ignored at the temperatures below around 500"C. 

Personally, I doubt this assumption. 

2.1.3 L.A. Bromley 

Bromley derived a natural convection stable film boiling heat transfer coefficient [8] from 

a horizontal tube by an approach similar to Nusselt's equation for condensers. Later 

Bromley et al. proposed the condition of U(gD/05 <1.0 to fit for forced convection film 

boiling problems [9]. The heat transfer coefficient in the vapor film without radiation 

effects is given by: 

h = 0.62 4 kv3(Pz - Pv)Pv g [ hfg + 0.4Cp,v(T"' - T.,at)] 
c Dttv(T"' - T.at) 

(6) 

where D =tube diameter, 

Cp,v = specific heat of vapor at its average temperature, 

Cp.l = specific heat of liquid at boiling temperature. 

For heavy water, 

Cp.t = 1.903 kJI(kg-K) (at boiling point}, 
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From the relation of heat transfer coefficient and vapor film thickness we have 

h = kv 
c 8 

v 

(7) 

Combining equation (6) and (7), yields the following expression for film thickness: 

(8) 

Applying Equation (8) results in a steady state thickness of 0.277mm at wall temperature 

27TC. This is much larger than predictions of other investigations. 

If a Nusselt's number, Nu, is given at the minimum film boiling on a horizontal tube, one 

may calculate the corresponding heat transfer coefficient via the definition of Nusselt's 

number: 

h - ku 
conv- Nu D (9) 

The corresponding vapor film thickness can be calculated as 

(10) 

where h is the combined heat transfer coefficient. The radiation heat transfer coefficient, 

hrad. is defined as 

h - __ O"___;·~·-b~-
rad - 1 1 

-+--1 

(Tv; - Ts!t) 
(Tw- T,at) 

where (J"s-b is the Stefan-Boltzmann constant. 
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Equation(10) may suggest that, in the case of constant incident heat flux from the tube 

wall surface, the inclusion of radiation heat transfer effect would result in a thinner vapor 

film thickness in Equation(1 0) than in Equation (8) that ignores radiation heat transfer. 

2.1.4 Y. P. Chang 

Chang [ 1 0] analyzed heat transfer for natural convection film boiling from a horizontal 

and a vertical surface from the viewpoint of wave theory. A critical wave length was 

suggested as 

1 

l =21T[-(J" ]2 

cr g(pl - P,J (12) 

The vapor should break the interface in a spacing approximately equal to this critical 

wave length during the development of a thin vapor film. 

The critical film thickness is to be determined by 

(13) 

where ac is the equivalent thermal diffusivity. For subcooling less than 1 OOC, ac is defined 

as 

(14) 
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Figure 7 : Literature review of critical vapor film thickness in saturated water pool boiling 

Figure 7 represents the critical vapor film thickness in terms of metal wall temperature in 

the conditions of saturated water pool boiling. It is observed that 

• the vapor film thickness is not for subcooled pool boiling 

• these vapor film thickness values vary significantly. 

2.2 Literature Review on Empirical Correlation of Quench 

Temperature in Terms of Subcooling. 

A number of experimenters suggested empirical correlations of minimum film boiling 

temperature as function of water subcooling on various metal surfaces using the 

equation ilTMFB=aLJT.,ub+b, where a and bare constants. 
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The most representative one was performed by M. Mori [11] in 1980 for water on Zircloy-

4 rods. 

~TMFB = 7.5~1'_,ub +140 (15) 

This simple equation agrees perfectly with the data of Mori et al and is adequate for 

bottom reflood of LWR fuel assemblies. 

Other empirical correlations are available from the literature for minimum film billing 

temperature as a function of fluid subcooling as follows. 

Bradfield [ 12] : 

~TMFB = 6.15~1'_,·ub + 200 (16) 

Adler [13]: 

~TMFB = 7~Tmb + 175 (17) 

Lauer, Hufschmidt [14]: 

~TMFB = 5.893~T,ub + 228.6 (18) 

Groeneveld and Stewart [15, 16]] 

104 C ~T 
TMFB = 284.7 + 44.1?- 3.72?2 - p,l sub 

(2.82 + 1.22P)h19 

where P is pressure in MPa. At atmospheric pressure (0.101 MPa), the Groeneveld and 

Stewart correlation is fitted by simpler linear relationship with subcooling, given by: 

~ TMFB = 6.3~ T_,ub + 189 (19) 

Ohnishi [17] 

~TMFB = 5.1~T,ub + 350 (20) 
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Dhir and Purohit [ 18] 

(21) 

Nishio [ 19] predicted that the minimum film boiling temperature is a constant for 

saturated water at atmospheric pressure based upon the temperature-controlled 

hypothesis as 

D. TMFB = 100 

Figure 8 shows those empirical correlations except Nishio empirical correlation. 
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Figure 8: Review of minimum film boiling temperature correlations (T MFB = ~ T MFs+ Tsat. 

Tsat =1oo·c at atmospheric pressure) 
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Chapter Three 

3.0 Fluid Mechanics and Heat Transfer 

This chapter provides a short description of relevant theory in fluid mechanics and 

heat transfer pertinent to the problem of interest. Section 3.1 introduces a potential flow 

over a cylinder, which provides a relationship between free stream flow velocity and 

tangential velocity at the cylinder surface. Section 3.2 contains classification of 

hydrodynamic pressures (static pressure and dynamic pressure). The result will be used 

in Chapter Four. Section 3.3 provides the heat transfer mechanisms, namely conduction, 

convection and radiation heat transfer, with special consideration of cylindrical geometry. 

Section 3.4 discusses the film boiling mechanism and Sideman's "thin liquid layer 

conduction" theory. This theory will be used in the next chapter to evaluate heat transfer 

from the vapor-liquid interface to the subcooled bulk liquid. The concept of latent heat 

and superheat are covered in Section 3.4. In section 3.5, the quench mechanism is 

introduced. Lastly, thermal properties of heavy water, steam and zircaloy as functions of 

temperature are given. This treatment facilitates iteration calculations of computer codes. 

3.1 Potential Flow over a Cylinder 

Of interest is the velocity and pressure distribution for inviscid flow over a cylinder. lnvisid 

flow does not satisfy the no-slip condition, and boundary layers do not form on the 

cylinder surface. 

3.1.1 Velocity Potential and Stream Function 

A potential function <1> is defined such that v = v ¢> 
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Figure 9: Cylinder in a uniform flow 

If <j> is two dimensional and satisfies the conditions of irrotationality and incompressibility, 

then 

u = o¢> a nd v = o¢> (23) 
OX oy 

Likewise, a stream function \!f can be defined such that continuity equation is 

automatically satisfied for incompressible flow. 

o'lj; 
U= -

oy 
o'lj; 

and v = - ­ox (24) 

Equations (23) and (24) are for Cartesian coordinates system, In cylindrical coordinates, 

the following expressions are obtained: 

o¢> 
u = ­

r or 

1 o'lj; 
'U = - -

,. r oB 

a nd 

and 

1 o¢> u - --
8 - r oB 

o'lj; 
uo = - -or 

3.1.2 Uniform Flow 

For a uniform flow in x direction shown in Figure 10 [20] , u = U, and v = o. 
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Equation (23) gives u = a¢> =U ax 

_. N 

~N~.--.0 ~ ~ 
II II II II II 

-€).. -€).. -€).. -€).. -€).. 

-~~-~~ ---!-1-~1 ---!-1- ur = c3 
I I I I I "' 

_....._~: ---J.-1---A-1- lfl = c 2 

-+---+-1 -:-:-+1-1--+- lfl = c 1 

-+--t:-y- lt--t-1 -t- lfl = 0 
I I XI 

--r--r"-T-r---r- V' = - c 1 

--;--;---;.-r---;- lfl = -c 2 

--!--~---!--!--~ lfl = -c 3 

Figure 10: Uniform flow 

and v = a¢> = 0 . So that 
8y 

¢> = Ux + f(y) + canst---'81>.!..../D-"-y-=O:....___,¢> = Ux +canst 

Similarly, from equation (24) 

'lj; = Uy + g(x) + canst--'-v=_---"D-"-1/llt...:.D.=..x=_O:....__., 'lj; = Uy +canst 

For convenience, let the constants to be zero. Hence 

¢> = Ux and 'lj; = Uy 

In cylindrical coordinates, 

¢> = UrcosB and 'lj; = UrsinB 
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3.1.3 Point Source and Point Sink 

A point source is a point where in a two-dimensional system a constant mass flow enters 

this point and leaves out in all directions in a plane. Cylindrical coordinates are the best 

coordinates for this flow. For incompressible flows with constant volumetric flow rate, if q' 

represents the volumetric flux per unit length with direction into the page, then q '=27rf"u, 

and uo = 0, where ur is the velocity in the radial direction, uo is the velocity perpendicular 

to radial direction, and r is the radial coordinate. 

Using equation(26) one has 

q' 8¢ 1 8'1/J 
u =-

r 27lT 8r r 80 

So 

q' q' 
¢ = -ln r, and '1/J = - e 

2Jr 2Jr 

By contrast, a point sink is a point where fluid exits the flow field and fluid enters equally 

from all directions. The volumetric flux per unit length is negative, so there exist 

q' q' 
¢ = --lnr and '1/J = --e 

2Jr ' 2Jr 

3.1.4 Source-Sink Pair: Doublet 

A useful flow results from letting the distance 2L between a source sink pair tend to zero 

while allowing their strengths q' to tend to infinity so that the product q 'L remains 

constant. This product is defined as the strength of the doublet. By adding a uniform fluid 
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stream to the doublet in the positive x direction, the most inner streamline can be a 

perfect circle. These streamlines represents the velocity distribution around a cylinder 

(Figure 11) 

Figure 11: Streamlines of a doublet in a uniform stream [21] 

Without loss of generality, assume that the distance between source and sink is 2L. A 

combined source-sink pair satisfies 

The source is labeled with subscript 2 and the sink with subscript 1 in the above equation 

and in Figure 12. 

When the source and the sink are close enough such that the distance 2L is small, fh -()2 

q' LsinB K . 
7/J = ---- = --smB (28) 

1r r r 
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where K can be a constant and equals q 'Lin. Under these conditions, this kind of source-

sink pair is the doublet. The velocity potential of a doublet is defined as ¢ = K cos e 1 r in 

fluid mechanics 

y p 

u 00 

.,\' ·,_ / Sink X 
........... / ......... £.! 

Source 

:::: r (81-62) :::: Lsin81 + Lsin82 :::: 2Lsina 
•lc L -------1 

Figure 12: Combination of a source and a sink 

3.1 .5 Flow Over a Cylinder: Superposition of Uniform Flow and 

Doublet 

Flow over a cylinder can be simulated by a superposition of uniform flow and doublet. 

This is shown in Figure 13. 

Adding the stream function for a uniform flow with velocity U in the direction of the 

positive x axis (Equation(27)) to the stream function for a doublet (Equation(28)) yields: 
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+ 

* 
= ~ 
~ Uniform Flow 

Source 

* 
~l/ ~ + + --- = 
~ Uniform Flow /l~ 

Source Sink 

source and sink come close together- get a doublet 

Figure 13: Superposition of uniform flow and doublet 

'ljJ =Ursin(}- K sinO= UrsinO (l- K I u) 
r r 2 

(29) 

Substituting Equation(29) into Equation(26), yields 

and 

fJ'lj; . ( K/U ) u8 = - - = -Usm(J 1 + --
fJr r 2 

(30) 

r = (KIU) 112 on the surface of the cylinder, so u, = 0 and 

u8 = -2U sinO (31) 
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This is to say, radial velocity ur on the surface is 0 since the surface is a stream line. The 

tangential velocity (or surface velocity) Us on the surface is variant to angle. The minus 

sign is due to angle e defined as positive anti-clockwise (refer to Figure 12). If we 

redefine the angle B* as clockwise deviation from x axis, which is same as the direction 

of flow, equation (31) becomes 

uT = 2UsinB * (32) 

where ur stands for tangential velocity. For convenience, thereafter the star sign *on the 

angle e will be dropped, but it must keep in mind that the angle is clockwise deviation 

from the flow direction. 

As shown in Figure 14 , the normal velocity and tangential velocity around the circular 

surface has the relationship: 

Combining equation(32) and (33), yields , 

u1 = u!, - u~ = u!,(l- 4sin2 B) 

Figure 14: Normal and tangential velocity 
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This result is applicable to a solid cylindrical surface. Accounting for the movement of 

vapor-liquid interface with velocity 15 = 86 1 ot , then 

u2 =(u +b?(l-4sin2 B) 
N 00 

(35) 

3.2 Hydrodynamic Pressures 

According to the conservation law for fluid momentum, the following one dimensional 

expression for linear momentum of a fluid applies: 

du dP 
pu-=--

dx dx 

where p is the density of the fluid, P is the pressure, x is the direction of the flow, and u is 

the velocity in the x direction. Rearranging the above equation yields: 

dP du 
-+pu-=0 
dx dx 

For a constant density (incompressible flow) the density and viscosity terms can be 

placed inside the differential: 

and then gathering all the terms, yields: 

d ( 1 2) - P +-pu = 0 
dx 2 

Integrating this differential equation: 

1 2 
P.tatic +- pu = constant = ~otal 

2 
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This equation has the same form as the incompressible Bernoulli equation. Each term in 

this equation has the dimensions of a pressure (force/area); P. is the static pressure, the 

constant P1 is the total pressure, and 112(pu2
) is the dynamic pressure associated with the 

flow velocity, u. Assigned the letter Pdyn for the dynamic pressure, 

1 2 
pdyn = 2pu 

The dynamic pressure is a defined property of a moving flow. We have performed this 

simple derivation to determine the form of the dynamic pressure. In Chapter 4, the 

relationship between dynamic pressure and static pressure will be applied to describe 

the flow motion passing around horizontal cylinder submerged in liquid. 

3.3 Heat Transfer 

Heat transfer is a process of energy transfer. Whenever there exists a temperature 

difference, heat transfer must occur. The basic modes of heat transfer process are 

classified. The first mode is conduction which occurs across a medium. The medium 

may be a solid, a liquid fluid or a stationary gaseous substance. The second mode 

convection refers to heat exchange between a surface and a moving fluid when they are 

in different temperature level. The third mode we use the term thermal radiation to 

account for the cases between two or more surfaces in which an intervening medium is 

absent. All surfaces of finite temperature emit energy in the form of electromagnetic 

waves; therefore a net heat transfer exists between two surfaces at different 

temperatures. 
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The energy transferred in the above three mechanisms is sensible energy by the 

indications of temperature difference. When a medium experiences a phase change, for 

example, boiling of a liquid or condensation of a gas, the temperature remains 

unchanged at a fixed pressure. But there exists heat gain for a liquid during boiling 

process or heat loss for a gas during condensation process. The two reverse processes 

are referred to phase-change problem and usually associated with the term latent heat. 

3.3.1 Conduction Heat Transfer 

Heat Conduction is induced by temperature difference between molecules by which a 

molecule at higher temperature imparts energy or heat to adjacent molecules at lower 

temperature levels. This type of heat transfer occurs in solid, liquid, or gas system in 

which temperature gradients exists. Fourier in 1822 first stated a formula describing this 

phenomenon: 

q II= qx = -k dT 
x A dx 

(36) 

where Qx is the heat transfer rate in x direction with Sl unit Watt (W); A is the area normal 

to the direction of heat flow with Sl unit m2
; qx" is heat flux in x direction with Sl unit W/m2

; 

the negative sign indicates that the heat flow is in the direction of a negative temperature 

gradient. k is the thermal conductivity with Sl unit W/(m.K), it depends on space, 

temperature, varying significantly with pressure only in the case of gases subjected to 

high pressures. At atmospheric pressure and for isotropic materials, k is a function of 

temperature alone. Under a steady-state conditions and the temperature distribution is 

linear, the temperature gradient becomes 

dT =~ow- Thi 
dx {j 

(37) 
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where J is the thickness of the medium in the x direction. Substituting equation(37) into 

equation(36), yields 

T. - T. 
q "=k hi low 

X /j 
(38) 

To account for a temperature-dependant k an average thermal conductivity may be 

simply calculated as: 

A more general expression of conduction heat transfer can be written as 

--; ~ 

q" = !L = -k\!T 
A 

(39) 

(40) 

Equation(40) is the vector form of Fourier rate equation, often referred to as Fourier's law 

of heat conduction. 

3.3.2 Convection Heat Transfer 

Convection heat transfer mode contains two mechanisms. Besides of heat transferred by 

random molecular activity that is similar to the mechanism of conduction heat transfer, 

heat is also transferred due to bulk fluid motion. Frequently the later mechanism is called 

advection heat transport. 
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Convection heat transfer is often classified based on the nature of the flow. We speak of 

natural convection or free convection when the flow is induced by buoyancy forces, 

which arises from density differences caused by temperature variations in the fluid flow. 

As a contrast, Forced convection is used when the flow is caused by external means, 

such as a pump. A combined type of natural convection and forced convection may exist 

in industry. 

A general expression, regardless of particular nature of the convection heat transfer 

process, is known as Newton's law of cooling 

(41) 

where q", the convective heat flux with a Sl unit of W/m2
, is proportional to the difference 

between the wall surface and the fluid temperature, Tw and Tx, respectively; the 

proportionality constant, h with Sl unit W/(m2·K), is the convective heat transfer coefficient. 

It is affected by geometry of the wall surface, nature of the fluid flow, an assortment of 

thermodynamic properties and the boundary layer conditions. In engineering applications, 

the average heat transfer coefficient is often of interest, for example, as in the case of 

calculating the total heat transfer coefficient of a heat exchanger. The convective heat 

transfer coefficient, h, is the parameter that will be examined in the paper for the film 

boiling prior to quench and be compared to available experimental data. 

3.3.3 Radiation Heat Transfer 

While either conduction or convection requires the presence of a material medium to 

transfer heat, radiation does not. The medium can be a vacuum, air or steam. Heat flux 
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emitted by a real surface with temperature Tw is less than that of a blackbody at the same 

temperature and is given by 

(42) 

where Eb is the heat flux emitted by a blackbody; (Js-b is the Stefan-Boltzmann constant 

( = 5.67xJo-11 kW!m2!.K'); and E is the surface emissivity, with a value in the range 

between 0 and 1. It depends strongly on surface material and finish. For an unoxidized 

calandria tube made of Zircaloy-2, a typical value of 0.15-0.19 [22] is applicable for the 

surface emissivity. In the case of a surface at temperature Tw being completely 

surrounded by a much larger, isothermal surface at temperature Tsur. the net radiation 

heat flux can be expressed as 

(43) 

where e effective emissivity between the wall and the surroundings, both Tw and Tsur are 

the absolute temperatures (K). As depicted in Figure 15, for a two-surface enclosure of 

long (infinite) concentric cylinders with emissivities of t:1 and t:2, and with radii r1 and r2, 

respectively. The effective emissivity, e, defined in Equation (43}, is given as [20]: 

(44) 

We need to choose a value of£ for the case of film boiling outside of a calandria tube. In 

the case of film boiling, the media between the two surfaces is steam vapor, which can 

be roughly treated as transparent. The water surrounding vapor film has a thermal 
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emissivity of c:2 = 0.95. The calandria tube wall , which is made of Zircaloy-2 material, has 

an emissivity of approximately c:1 = 0.19 under non-oxidized condition (Figure 16 [22]). 
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Figure 15: Long concentric cylinder experiencing film boiling 
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Figure 16: Total emissivity of unoxidized Zircaloy [22] 
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In addition to thermal emissivities, r1and r2 are almost equal in that the thickness of vapor 

film is extremely thin compared to the radius of calandria tube. Therefore the effective 

emissivity can be simplified as: 

(45) 

3.3.4 Heat Balance and Effective Heat Transfer Coefficient 

Consider a configuration of two-phase involved heat transfer in which heat is generated 

in an infinitely large hot metal plate submerged in a quiescent liquid. Outside of the metal 

plate there is a thin vapor film. The interface between vapor and liquid is at the saturation 

temperature associated with pressure. The direction of heat transfer is from the outside 

surface of the metal plate to the vapor film to the interface, then from the interface to the 

bulk liquid. Conduction heat transfer is dominated by the heat transfer mechanism in the 

vapor layer. Heat transfer from the interface to the bulk liquid is mainly by convection; 

while radiation heat transfer occurs from the hot solid outer surface to the surrounding 

environment. Referring to Equations (38), (41) and (43}, the three heat transfer fluxes 

can be rephrased as following 

Conduction: 
T -T 

q 11 = k w sat 
cond /5 

Convection: "- h(T - T.) qconv - sat b 

Radiation: 

where Tw. Tsar. Tb are the wall temperature of metal plate, the saturation temperature and 

the bulk liquid temperature, respectively. 

The total heat transferred from the metal plate can be expressed as 
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where he.ff is called the effective heat transfer coefficient. 

From the perspective of heat balance, and assuming that there are no other heat losses, 

all heat transferred out of the metal plate should be equal to the above three heat losses. 

Note that the convection heat transferred from the vapor-liquid interface to bulk liquid is 

part of the conduction heat transferred out from the metal plate, and therefore it is 

included in conduction heat. 

Therefore the effective heat coefficient can be calculated as 

II 

h - qw 
eff -

T,,- ~ 

kT -T T -T. 
_ w sat + h sat b + f:(J. (T2 + T. 2) (T + T, ) 
{j T _ T. T _ T. •-b w b w b 

w h w b 

The application of effective heat transfer coefficient provides a "lumped" method to 

describe the overall heat transfer coefficient for some complicated cases. For example, it 

was a common engineering practice to analyze heat exchangers with turbulent two-

phase flow. It is useful when the detailed heat transfer mechanisms are not of the 

interest. 

3.4 Boiling Regime 

This subsection first introduces typical boiling curve and boiling regime, followed by 

introduction to film boiling and transition boiling. 
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3.4.1 Nikiyama Boling Curve 

The pool boiling mode was first proposed by Nukiyama in 1935. The existence of several 

boiling modes over a wire was recognized and these modes are plotted as in Figure 17. 

There are three basic modes of boiling, nucleate boiling, transition boiling, and film 

boiling. Each occurs over a range of superheats. Superheat is defined as the 

temperature difference that the temperature of wall surface exceeds the liquid saturation 

temperature. Regime AC in Figure 17 is called nucleate boiling, the most commonly 

observed and most efficient boiling mode initiated by a small superheat (about 3 to 30"C). 

This mode is characterized by the formation of bubbles from preferred sites randomly 

distributed over the surface. These preferred sites are termed nucleate sites where the 

vapor phase develops with less energy required than in the bulk. The increase in 

superheat results in more and more activated bubble from nucleate sites and therefore 

rapid increase in heat flux. With further increase in superheat the second mode, 

transition boiling, occurs. Bubbles begin to coalesce and local patches forms with 

intermittent explosions of bubbles. Heat flux decreases with increasing superheat. The 

transition boiling is represented as regime CD in Figure 17. At higher superheats, say 

several hundred Celsius degrees, a continuous blanket of vapor film covers heating 

surface with intermittent departure of bubbles at regular frequencies. This mode is called 

film boiling. The film boiling features following characteristics: 

• Since a vapor blanket covers the surface during the film boiling, the heat transfer 

coefficient is greatly less than that of other boiling regimes due to the relatively 

much lower thermal conductivity of the vapor layer. 
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• The surface temperature in the film boiling regime is considerably high compared 

to that of nucleate boiling and transition boiling. 

• Since the high surface temperature, the radiation heat transfer may not be ignored 

anymore. 

·· -· ·- ··-··-··-··-··- ··--· - ·· - ·· - ·· - ·-- ··-··-··- ··-··-··- ··-- ·- -· - -· - ·· - ··- ··- ·· -·· - ··- ··-· ·- -·-·· -··-1 
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Figure 17: Typical boiling modes in terms of heat flux and wall superheat 

3.4.2 Film Boiling and Transition Boiling 

In Figure 17, the range of wall superheat temperature between the Critical Heat Flux 

(CHF) and Minimum Film Boling (MFB) on the boiling curve (between point C and D) is 

usually termed the transition boiling regime. The mechanism of film-transition boiling is 

totally different from that for nucleate-transition boiling. The film-transition boiling usually 
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occurs with quenching. Quenching experiments were used to investigate film-transition 

boiling data. There are relatively less experiments for transition boiling than for 

experiments dealing with other boiling regimes. 

The description proceeded in Section 3.4.1 is under a temperature-controlled surface. If 

the heating surface is heat flux controlled, the independent variable is the heat flux rather 

than temperature. Ramping up of the heat flux would bring the nucleate boiling directly 

into film boiling with a large increase of superheat through dotted path CE in Figure 17. 

Point E is called burnout point. For the opposite condition, reducing the heat flux would 

bring the film boiling directly into nucleate boiling through the dotted path DF, rather than 

path DCF as occurred in temperature-controlled process. Point D is termed by different 

names, such as minimum film boiling (MFB) temperature, rewet superheat temperature, 

or Leidenfrost superheat temperature. This implies the quenching heat transfer is a 

complex transfer mechanism and it affects the heat transfer boiling regimes in a very 

rapid manner. 

3.5 Vapor Superheat and Vapor-Liquid Interface 

The vapor-liquid interface demarcates the superheat temperature and the subcooled 

temperature. On one side the temperature of the superheated vapor decreases from the 

highest value on the metal surface to the lowest saturation temperature on the vapor­

liquid interface. On the other side, subcooled liquid temperature decreases from the 

saturation temperature to bulk liquid temperature. In this subsection we are going to 

introduce the vapor superheat and then discuss the representative vapor temperature. 
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3.5.1 Superheat and Latent Heat 

Before quenching occurs, evaporation from the vapor-liquid interface supports vapor 

generation and maintains the existence of film boiling. The vapor gradually absorbs 

energy as heat conducts from the metal surface to outside. Therefore, the vapor 

becomes superheated. The superheated temperature is higher than the boiling point 

temperature corresponding to the pressure. The temperature that can represent the 

varying vapor temperature will be discussed in Section 3.5.2. 

The amount of energy in the form of heat absorbed or released by a substance during a 

change of phase is called latent heat. Liquid phase at the interface absorbs the latent 

heat and evaporates to vapor phase. The vapor phase can absorbs more heat to 

become superheated. 

3.5.2 Representative Vapor Temperature 

Assume that a smooth vapor film layer blanket a horizontal calandria tube as shown in 

Figure 18. The dashed line represents the centroidal line of the vapor area at 

temperature Tc. This temperature may best describe the average vapor temperature. 

Assume that the CT has radius Rw and temperature Tw; the outmost solid circular line is 

the vapor-liquid interface at the temperature Tsat: Jv is the vapor film thickness; and Jc is 

the distance from the centroid normal to the CT tube surface. 
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Figure 18: Vapor film layer outside CT 

Since the conduction heat transfer dominates in the vapor steam film layer, the 

temperature profile across the vapor film, strictly speaking, is not a straight line, instead, 

is a curve in terms of the cylindrical coordinates. Figure 19 shows the curvature profile of 

the vapor film thickness across the vapor film. The temperature at any point inside the 

vapor film is given as [23]: 

T(r) = w ,<at In + T T -T ( r ) 
In [ Rw / (Rw + 8,) J Rw + 8, snt 

T 

Tc 

I 
I 
I 
I 
I 
I 
I 
I 

-------:----- - - - I 

Tsat 
I I ----- -------- ~ -----
1 I 
I I 

Rw Rw+oc Rw+8v Distance 

Figure 19: Temperature drop across the vapor film 
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The radius of the centroid line can be calculated through the relation of mass. The 

centroid line separates the total vapor mass into halves, so there exist 

where L is the unit length perpendicular to the paper. Solving the above equation one 

obtains 

(47) 

Letting r=Rc and Substituting Eq.(47) into Eq.(46), yields the temperature at centroid: 

T - T 
I R2 + R 6 + ! 62 v w w v 2 v 

T = w sat ln + T..at 
c ln[ Rw I (Rw + 6,)] Rw + 611 

(48) 

One may define the average temperature as the integral of the temperature function over 

a whole range of the vapor film and then be divided by vapor film thickness. This yields: 

Rw+6, 

J T(r)dr 

T =-R,"""""'--- (49) 

where T(r) is given by Equation(46). 

Another way to estimate the representative vapor film temperature is to use the middle 

point temperature of the vapor film. After applying Rmp~Rw+0.5Jv to Equation (46), it follows 

that 

T = Tw- T.mt ln(Rw + 0.56") + T 
mp ln[ Rw I (Rw + 8,)] Rw + 8, sat 

(50) 
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The last approach is to assume a linear temperature profile across the vapor film . The 

temperature at the midpoint can be calculated as 

(51) 

Now there are four methods to calculate the representative vapor film temperature. A 

comparison among vapor film temperatures as function of vapor film thickness, bv , 

ranging from 0.05mm to 0.35mm, is given in Table 2. 

Table 2: Comparison of vapor temperature results of four methods 

Tw=200 C Tw=300 C 

Rw[mm] lSv[mm] Tc T_ave Tmp Tv Tc Tave Tmp Tv 

65.88 0.05 149.98 149.99 149.99 150.00 199.96 199.99 199.98 200.00 

65.88 0.10 149.96 149.99 149.98 150.00 199.92 199.97 199.96 200.00 

65.88 0.15 149.94 149.98 149.97 150.00 199.89 199.96 199.94 200.00 

65.88 0.20 149.92 149.97 149.96 150.00 199.85 199.95 199.92 200.00 

65.88 0.25 149.91 149.97 149.95 150.00 199.81 199.94 199.91 200.00 

65.88 0.30 149.89 149.96 149.94 150.00 199.77 199.92 199.89 200.00 

65.88 0.35 149.87 149.96 149.93 150.00 199.74 199.91 199.87 200.00 

Tw-400 C Tw=500 C 

Rw[mm] lSv[mm] Tc Tave Tmp Tv Tc Tave Tmp Tv 

65.88 0.05 249.94 249.98 249.97 250.00 299.92 299.97 299.96 300.00 

65.88 0.10 249.89 249.96 249.94 250.00 299.85 299.95 299.92 300.00 

65.88 0.15 249.83 249.94 249.91 250.00 299.77 299.92 299.89 300.00 

65.88 0.20 249.77 249.92 249.89 250.00 299.70 299.90 299.85 300.00 

65.88 0.25 249.72 249.91 249.86 250.00 299.62 299.87 299.81 300.00 

65.88 0.30 249.66 249.89 249.83 250.00 299.55 299.85 299.77 300.00 

65.88 0.35 249.60 249.87 249.80 250.00 299.47 299.82 299.74 300.00 
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Tw=600 C Tw=700 C 

Rw[mm] ov[mm] Tc Tave Tmp Tv Tc Tave Tmp Tv 

65.88 0.05 349.91 349.97 349.95 350.00 399.89 399.96 399.94 400.00 

65.88 0.10 349.81 349.94 349.91 350.00 399.77 399.92 399.89 400.00 

65.88 0.15 349.72 349.91 349.86 350.00 399.66 399.89 399.83 400.00 

65.88 0.20 349.62 349.87 349.81 350.00 399.55 399.85 399.77 400.00 

65.88 0.25 349.53 349.84 349.76 350.00 399.43 399.81 399.72 400.00 

65.88 0.30 349.43 349.81 349.72 350.00 399.32 399.77 399.66 400.00 

65.88 0.35 349.34 349.78 349.67 350.00 399.21 399.74 399.60 400.00 

From the above table one can find that the largest deviation occurs when CT wall 

temperature Tw=700°C and bv=0.35mm, the temperature at centroid line is 399.21 °C. 

Compared to the temperature 400°C by linear approximation method, the maximum error 

is less than 0.2%. As shown in the Table all the four methods result in little difference 

between calculated vapor temperatures. The reason for this stems from the vapor film 

thickness being extremely thin in comparison to the CT wall radius. 

In conclusion, the simplest method is the fourth method, which is the linear 

approximation shown in Equation(51). This will provide a simple computational approach. 

The calculated data in the Table above shows that the assumption of linear temperature 

drop is feasible, so the following expression for heat conduction flux across the vapor 

film is employed in Chapter Four. 

q " = - k fJT,w I 
c v or 

l'= Ror 

(52) 
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3.6 Thin Layer Heat Conduction from Interface to Subcooled 

Bulk Liquid 

In this subsection we are going to introduce Sideman's Investigation on Thin Layer Heat 

Conduction [24] near the vapor-liquid interface. The conclusion will be applied in heat 

balance equation in Section Four. 

Considering mass transfer, Sideman examined the apparent equivalence between 

penetration theory and potential flow theory but only under restricted conditions. One 

such condition limits the transfer to a narrow layer near the interface where constant 

velocity may be assumed regardless of the existing boundary on the other side of the 

flowing liquid. The other condition is for large Peclet numbers. The Peclet number is 

defined as 

Pe = velocity· characteristic length = VL = Re· Pr 
thermal diffusivity a 

The Peclet number, Pe, is a product of Reynolds number and Prandtl number. It is also a 

measurement of ratio between the advection and diffusion. Note that in engineering 

applications the Peclet number is often very large. In such situations, the dependency of 

the flow upon downstream locations is diminished, and variables in the flow tend to 

become 'one-way' properties. Thus, when modelling certain situations with high Peclet 

numbers, simpler computational models can be adopted [25] 

For a 2-dimensional curvilinear spherical coordinates, the local flux was calculated as 
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where o.= thermal diffusivity 

co= interfacial concentration 

(;+ = zenith angle 

Rc= radius of curvilinear surface 

Uoo= free stream liquid velocity 

L.C. Witte [26] extended the result to heat transfer in a cylindrical coordinates for a 

horizontal cylinder. The liquid temperature gradient close to the vapor-liquid interface 

was given as: 

2 u 
00 · sin (} · ~ T.ub (53) 

where TL = liquid temperature 

R = calandria tube radius 

t5 = local vapor film thickness 

e = inclination angle 

l1Tsub = subcooling temperature (Tsat- Tb) 

An expression of the heat flux from the interface to the bulk liquid is thus derived from 

the above equation and will be applied in Chapter Four as 

(54) 
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where a conversion is applied in Equation (53) to arrive Equation (54), 

sinO 

-J1- cosO 

2 
. o o 

sin- cos-
2 2 =.J2cos~ 

c. o 2 
v~sm-

2 

The free stream velocity uoo is relpalced by u"" + J with consideration of interface 

movement of the vapor film in Chapter Four. 

3. 7 Thermalhydraulic Properties of Vapor as Function of 

Temperature 

Thermalhydraulic properties of heavy water and steam may be expressed as functions of 

temperature and pressure. Under the fixed pressure condition, the properties can be 

plotted as functions of temperature by adopting well recognized tabulated data. From 

each plot a trend-line of a specific property as a polynomial function of the temperature 

can be obtained. The reason of choosing polynomial functions, when computer-based 

coding and calculation are involved, relies on the fact that polynomial functions have 

better stability than other functions such as exponential, logarithmic or trigonometric 

functions. 

Figure 20 to Figure 24 are obtained by applying heavy water properties data (Hill, 

MacMillan and Lee, AECL [27]). The copies of these data are presented in Appendix C. 

Those thermalhydraulic properties of saturated D20 steam include density, specific heat, 

dynamic viscosity, thermal conductivity, and thermal diffusivity. 
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Figure 20 shows the 0 20 steam density as a function of steam temperature and can be 

expressed by 
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Figure 20: 0 20 steam density in terms of steam temperature (Hill, AECL [27]) 

Figure 21 gives the relationship between 0 20 specific heat and temperature as 
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Figure 21 : 0 20 steam specific heat in terms of temperature (Hill , AECL [27]) 

Figure 22 provides an expression of 0 20 dynamic viscosity in terms of temperature: 

f..Lv = 4 X 10- 8 ~1 + 8 X 10- B 
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Figure 22: 0 20 steam dynamic viscosity in terms of temperature (Hill, AECL (27]) 
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Note that the data available is in the temperature range from about 175 °C to 525 °C. 

The values of dynamic viscosity can be obtained by interpolation for temperature lower 

than 175 °C and higher than 525 °C . 

Figure 23 shows the 0 20 Thermal Conductivity, Kv. as a function of temperature and can 

be expressed as 

(55) 
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Figure 23: 0 20 steam thermal conductivity in terms of temperature (Hill, AECL [27]) 

Figure 24 gives the 0 20 thermal diffusivity as a quadratic function of temperature. 
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Figure 24: 0 20 steam thermal diffusivity in terms of temperature (Hill, AECL [27]) 
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Chapter Four 

4.0 Transient Vapor-Film-Thickness Equation 

In this chapter a transient vapor-film-thickness equation will be derived based on 

dynamic pressure and heat balances. A physical model and associated assumptions will 

be introduced first, then an intermediate equation resulting from pressure balance will be 

derived. An analysis of heat balance then follows. Then a resultant expression for 

vaporization from heat balance will be substituted into the intermediate equation. In the 

end a transient vapor-film-thickness equation will be derived. 

4.1 Physical Model 

4.1.1 Description of the Physical Model 

Film boiling on a horizontal CT is characterized by the existence of a continuous vapor 

film surrounding the heated CT outer surface. The region of the stagnation point at the 

lowest part of the CT is dominated by mass transfer. Continuous vapor formation 

sustains a vapor blanket along the CT outer surface. Vapor departs from the upper part 

of the cylinder, as showed in Figure 25. The vapor transient separation angle, ~v. 

indicates the position at which the vapor transitions from laminar to turbulent flow. 

Similarly, there exists a liquid transient separation angle, ~L. in the liquid zone. 

The cylindrical coordinates system given in Figure 26 is appropriate for this geometric 

configuration. The reference point is taken at the bottom of the CT. Vector z is normal to 

the surface and vector r is tangential to the surface. The stagnation point is located at the 
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lowest point of the vapor-liquid interface just beneath the origin point. The velocity 

components u and v are along with rand z axes, respectively. 

g ~ 
\ Liquid turbulent flow ) 

~ Transition of 
vapor flow 

·,,"'-.. ~/ Vapor boundary 

~ .... ~~~...-~ layer flow 
Liquid boundary~~~__... 

layerflow ~ 

Figure 25: Cross-section of CT experiencing laminar film boiling 

Po (0, o) is the liquid side static pressure at the stagnation point; Px,total (d, o-Ah)is the liquid 

side total pressure of point X at the interface. Px.staticl(d, o-Ah) is the liquid side static 

pressure of point X at the interface. Point X is in the neighborhood of the stagnation point. 

The angle () indicates the vicinity of stagnation point. At the vicinity of the stagnation 

point, the variation in vapor film thickness can be ignored. The pressure inside the vapor 

film, Pv. is assumed uniformly distributed. 
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Figure 26: Physical model of vapor film covering lower part 

of hot horizontal tube wall and coordinates 

4.1 .2 Assumptions 

The following assumptions are made: 

(1) Incompressible homogeneous liquid and vapor 

(2) Vapor film is very thin with comparison to the radius of CT (J«R) 

(3) Inertial and convection effects in the vapor are negligible 

(4) Viscous dissipation in the vapor film is negligible 

(5) Vapor density is uniformly distributed 

r,u 

(6) Thermophysical properties of either vapor or liquid are uniform and are 

temperature dependent 
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(7) Thermophysical properties are evaluated at atmospheric pressure 

(8) CT surface temperature are uniform; there is neither circumferential heat loss 

nor longitudinal heat loss at the film boiling and quenching spots 

(9) Laminar vapor flow covers most of the CT surface 

(1 0) Developed laminar liquid flow exists at the outside of the liquid-vapor interface 

(11) Heat conduction from liquid-vapor interface to subcooled liquid occurs on a 

thin liquid boundary layer near the liquid-vapor interface 

(12) Smooth liquid-vapor interface. This is a reasonable representation of the 

average vapor film heat transfer behavior. 

(13) In the vicinity of stagnation point (B <5° )(refer to Figure 26), the variation in 

vapor film thicknesses are negligible 

(14) The thickness of the liquid-vapor interface is in the order of atomic diameter 

and is negligible when compared to the vapor film thickness. 

Assumption (8) is made considering a uniform ballooning PT/CT contact over a 

significant length of a fuel channel and the whole outer surface of CT is blanket by vapor 

film. The heat flux to the inner of the PT is uniform. If bundle deformation occurs it will be 

well after the PT/CT contact. In this scenario the longitudinal and circumferential heat 

losses will be small and can be ignored when compared to the radial heat transfer. 

Assumption (10) represents the free stream velocity by a fully developed flow. In Chapter 

three a correlation between the fluid velocity normal to the CT surface and the free 

stream liquid velocity was derived based on an assumption of fully developed flow. To 

maintain consistency, the same assumption is therefore made here. More discussions 
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about this assumption can be found in Chapter Seven. 

4.1.3 Dynamic Pressure Near the Stagnation Point 

At a point X that is neighborhood to the stagnation point, the static pressure, Px.static. and 

the total pressure, Px,totat, have the following relationship 

p l=P. + pLu2/2 x,tota J:,stattc N (56) 

where uN is the velocity component normal to the vapor interface. We have already 

derived Equation (35) in Chapter Three as 

Substituting Equation (35) into (56), yields 

. 2 . 2 
Px,total = P.r,static + PL ( u(X) + 8) (1 - 4 sm B) I 2 (57) 

From fluid mechanics [28], the static pressure Px can be expressed as 

(58) 

Substituting equation(58) into equation(57), yields 

Px,total = (59) 

Bradfield [29] investigated the wavy characteristics of the interface in stable laminar film 

boiling both experimentally and analytically. His analysis showed that the disturbances of 

vapor-liquid interface originating at the neighborhood of lower stagnation point of an 
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immersed hot tube are dominated by local acceleration effects rather than by viscous 

effects. In the neighborhood region of stagnation point, the corresponding equation of 

motion is 

P . ·· 2a 
x,stal1c 5 = -P + +-
g x,total Pv R (60) 

where Sis the acceleration of vapor-liquid interface; Pv is the vapor pressure distributed 

in the vapor film; a is the water surface tension; and R is the tube outer radius. 

Substituting equation(58) into (60) and rearranging, gives 

S 2a 
~.total=- g (Po- pLg/1h)+ Pv +R (61) 

Equating equation(61) and (59) to cancel Px,totai, yields 

Rearrange, 

(62) 

Refer to Figure 26, Ah can be calculated as 

11h = (R +50 )-(R +5x)cos0 = (R+5x)(l-cos0)+50 -5x 

= (R+5x)
2 

(1-cos
2

0) +c5. _ 5 = [(R+5Jsin0f +c5. _ 5 
( R + 5J (1 +cos 0) 0 

X ( R + 5J(l + cos 0) 0 
X 
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where the subscription 0 indicates the stagnation point and the subscription x indicates 

somewhere on the liquid-vapor interface at the vicinity of the stagnation point. 

Considering f50 ;:::; f5x;:::; J, r ;:::; d in the neighborhood region of stagnation point, the above 

equation reduces to 

r2 
11h~-----­

(R + 5)(1 +cos B) 

If the vicinity of the stagnation point is of interest, since();:::; 0, Equation (63) results in 

2 

_r_. Equation (63) for ~h is applied for generality. 
R+5 

Substituting equation(63) into (62) and noting that sin() =ri(R+o), yields 

5 r 1 · 2 4r 2(J' 
- 1+- p- +- u +5 1- --"[ 2 ] [ 2] 

Pv- ( g) 0 pLg (R+5)(1+cos0) 2 pL( "' ) (R+5)2 R 

Rearranging the above equation we obtain 

Pv = PL ( g+cS 2(u"' +8)
2

) 2 ( 1 J) v 1 ( S:)2 2(J' --=--+ r + +- L +- p u +u --
(R+5) 1+cosB R+5 g 0 2 L "' R 

Differentiating in terms of r, yields a partial derivative of vapor pressure as 
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Later, this equation will be compared with another expression for 
8
Pv to remove the or 

dependence on Pv· 

4.1.4 Governing Equations 

From Navier-Stokes equations for the vapor film [15], the vapor pressure can be 

evaluated. This vapor pressure must match the vapor pressure calculated in Section 

4.1.3. 

The Navier-Stokes equations can be written as 

Continuity 

1 a av 
--(ru) +- = 0 rar az 

r momentum 

P, (au+ u au+ v au)=_ ap, + f.Lv ~~(.!_ a(ru)) + a2ul 
at or az or or r or az2 

z momentum 

(
av av av) apv 1 a ( av) 8

2v Pv !'lt + u !'lr + v !'lz = Pvg- !'lz + f.Lv --;- r-;- + -2 u u u u r ur ur az 

Boundary Conditions 

At r = 0: u = 0, 

At z = 0: u=O, v = 0, 
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At r=O and z=o· u=O v= 8- v 
• ' evap (71) 

At the neighborhood of stagnation point, the vapor velocity field is strongly dominated by 

mass addition effects through the evaporating interface. This infers that the vapor 

velocity component vis independent of r. i.e. vi- v(r), in other words, v = v(z,t). 

To satisfy the boundary conditions (70) and (71), the velocity component v(z,t) is 

expressed as a power function by 

00 

v(z,t) = ~:C;z;lf/(1) (72) 
i=l 

where c; is an arbitrary constant, and If!(!) is an unknown function. If c1 =1 and i = 1 are 

taken into account, then equation(72) becomes 

Ov 
v(z,t)=z·lf/(1) or -=lf/(1) az (73) 

This assumption is called the von Karman assumption [30] and is applied as a boundary 

condition to solve inertial-dominant Navier-Stokes equations. 

Substituting(73) into the continuity equation(66), yields 

r 
u = --lf/(1) 

2 

Calculate the derivatives of u in terms of r, z, t, respectively, yields 

au r. au 1 au 
-=--If/, -=--If/, -=0 at 2 ar 2 az 
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where ljl = alf/(t) 
at 

Substituted Equations (73),(74) and (75) into the into Equation(67) and rearranging, 

yields 

(76) 

The vapor pressure from Equation(76) at the interface, where y=J, must match the vapor 

side pressure evaluated from Equation (65). Equating the two equations results in 

From equation(73), v(z,t) = lf/(t), one obtains 
z 

a[ -!] . ( ) ( ) z 1 8v(z,t) If/ t = v z,t +-_...::......:........: 
at z at 

=- v(z,t)(az)+.!. 8v(z,t) 
z2 at z at 

and 

Substituting boundary condition (71) into Equation (78) yields, 
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I J-v . 1 ::~[. J . _ evap 5 U 
5 

V _ 
lf/(t) y=t5 -- 52 + 5 ot - evap -

5-v . 1 [ ... J ----:--'eva~p 5 + _ 5 _ V 
52 5 evap 

(80) 

Substituting boundary condition (71) into Equation (79), yields 

(81) 

Substituting equations (80)and (81) into equation(??) yields 

(82) 

Equation (82) needs information on Vevap (evaporation velocity at the vapor-liquid 

interface) for further derivation. In the following Section 4.2 we are going to determine 

this evaporation velocity based on the heat balance analysis in the vapor-liquid interface. 

The resultant expression for Vevap is expected to be a function of 5 and the derivatives of 

6. 

Equation (82) requires information on free stream velocity, u~, as well. In Section 4.5 we 

derive this free stream velocity as function of subcooling. 
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4.2 Heat Balance and Vaporization Velocity 

A solution for Equation(82) is required in order to finalize the vapor-film-thickness. This 

section starts from the heat balance analysis in the vapor film and on the both sides of 

the vapor-liquid interface, and arrives an expression for the vaporization velocity as 

function of the vapor film thickness. 

4.2.1 Heat Balance 

The heat transfer model is shown in Figure 27. All heat transferred from the outside of 

calandria tube is balanced by two heat transfer components, namely radiation heat 

transfer to the bulk liquid and the conduction heat transfer across the vapor film . The 

conduction heat transfer through vapor film heats the vapor film region. This heat 

transfer is indicated as q"sh in Figure 27. At the liquid-vapor interface part of the 

conduction heat evaporates liquid to maintain the vapor film; while the remainder of the 

conduction heat is transferred to the bulk liquid by convection. 

;!iii q "evap 

···- .. . <<' ... · . 
\ 

q " r <I " q 1-L 

<._Vapor-liquid 
interface 

Liquid 

Figure 27: Model of film-boiling heat transfer mechanism 
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The definitions of symbols in Figure 27 are listed as below: 

q"co = total heat flux emitted from CT outer surface (same as q"w in 

figures in Chapter Five) 

q"r = radiation heat flux from CT wall to bulk liquid 

q" sh = heat flux to superheat steam vapor 

q"c = conduction heat flux from CT wall across vapor film 

q"evap = heat flux used to evaporate saturated liquid 

q"i-L = heat flux transferred from the interface to thin liquid layer 

4.2.1.1 heat balance across the vapor film 

Conduction heat flux is expressed as 

(83) 

The saturated liquid absorbs heat at the vapor-liquid interface and evaporates to become 

vapor with saturated temperature. The vaporization heat flux which is due to latent heat 

can be expressed as 

(84) 

where Vevap = evaporation velocity 

latent heat of vaporization 
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Part of the thermal energy conducted across the vapor film is used to evaporate liquid to 

vapor and the remaining thermal energy conducted across the vapor film is dissipated 

from the interface to the bulk liquid. 

(85) 

q " =q" +q". +q" c evap 1-L sh (86) 

Since the water is an excellent heat absorber, an assumption is therefore made here that 

the heat transferred from the interface to a very thin subcooled liquid layer. This 

assumption was also used by Bradfield in his research of two phase interface instability 

[12]. 

When calculating the CT (total) heat flux, q "co. and (total) heat transfer coefficient, the 

radiation heat effects should be taken into account even though it contributes only a fairy 

small part in most quenching cases, which will be observed in Chapter Five. 

The vapor inside the vapor film is superheated when heat is conducted through the 

vapor film. This results in the vapor with higher temperature near the CT wall surface and 

saturation temperature at the vapor-liquid interface. The superheating heat flux can be 

given by the specific heat of vapor multiplied by the vapor superheat temperature and 

multiplied by the vapor density. The average vapor temperature can be taken as 

(Tw+TsaJ12. The reason of using it as the representing vapor temperature has already 

been discussed in Section 3.5.2. The heat flux used for vapor superheating is 
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(87) 

where the specific heat of vapor, cp,v is evaluated at the average vapor temperature. 

This expression is based on the definition of conduction heat flux with the assumption 

that the vapor temperature linearly drops across the vapor film. It is analogous to heat 

conduction in a solid body. 

4.2.1.2 vaporization velocity and its derivatives 

Substituting Equations (54),(83) and (84) into Equation (86), we have 

(88) 

Combining PYevap in the right hand side of Equation (88), yields 

"- v h' +2k ~u.+S . 0 -AT q c - Pv evap fg L COS sub 
7iRaL 2 

(89) 

where h/g = modified latent heat of vaporization ( =hfg + 0.5c p,v (Tw - T.,at)) 

Substituting Equation (83) in to (89) 

k Tw- T.,at - h' V 2k ~u. + J . {} . /',T v - fg Pv evap + L COS sub 
8 7iRaL 2 

(90) 

where kv , kL = thermal conductivities of vapor and fluid, respectively 
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Rearranging yields 

(91) 

Consequently obtains 

() 

av av k ·cos-·11T 
0 a s: k (T - T ) 0 L 2 sub 00 V = ____!!!:!£... = ____!!!:!£... • _v = _ v w sat O _ O 
evap at ao at h'1gpv0

2 h'1gpv~trRaL~u""+J 
(92) 

Having obtained the expression for the evaporation velocity and its derivative, one can 

utilize the information to formulate the vapor film thickness equation. 

4.2.1.3 incident heat flux from PT to CT and emitted heat flux from CT wall 

As described earlier by Equation (43) in Chapter 3, the radiation heat flux is simply as 

(93) 

where rrs-b =the Stefan-Boltzmann constant ( = 5.67xJo-11 kW!m2!K') 

=the surface emissivity of unoxidized calandria tube ( = 0.19} 

The heat balance equation describing the entire system can be written as 

(94) 

where q "co is mentioned earlier the total heat flux emitted from CT outer surface. 
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Substituting equation(87) and (93) into (94), the expression for the total heat emitted 

from outer surface of CT wall can be written as 

q"co = q"c + &as-b (~;- 1;,4 )+ O.SpYevap Cp,v(Tw -T.at) (95) 

Special attention should be paid when using Equation(95). The q "co is the heat flux 

emitted from outer calandria tube, rather than that emitted from outer pressure tube to 

inner calandria tube. The latter is usually termed as "incident heat flux from pressure 

tube to calandria tube", q ";n,pt. It has a close relationship with the pressure tube heat-up 

rate, which can be easily measured in experiments. Reader can refer to Appendix 7.0 for 

more information about the converting from pressure tube heat-up rate to pressure tube 

incident heat flux. In order to relate q "co and q ";n,pt together, the transient PT/CT contact 

conductance may need to know. In this thesis, q "co = q ";n,pt is assumed as a premise. 

4.3 Solution of Governing Equations 

We have derived an intermediate vapor film thickness expression as Equation (82). 

Substituting equations (91) and (92) into Equation (82) and rearranging in terms of 5 

and t5 yields a vapor-film-thickness equation with regard to the calandria tube wall 

temperature, Tw, the location angle, e, and the fluid subcooling, ATsub. etc. as: 

(1) + (2) + (3) + (4) + (5) + (6) + (7) + (8) = 0 (96) 

where 
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<1) = J [1 + X( R + t5) + .!_ C R + t5 l s: 2 x 1 ~, 
u t5'\/uoo + t5 

(4)= ;[%xc2(R+J)} 

In the terms above, x, C1 and C2 are defined as, respectively, 

87 



M.A.Sc. Thesis- Jian Tao Jiang McMaster- Engineering Physics 

4.4 Steady State Equation 

.. . 
By assigning o = o = 0 , the steady state equation for vapor film thickness can be 

achieved from Equation(96) as, 

(97) 

To evaluate Equation(97), we need to know the liquid free stream velocity, uoo. 

4.5 Free Stream Velocity 

The liquid free stream velocity, Uoo, is dominated by two components, namely the liquid 

phase buoyancy-driven flow and the relative bubble rise velocity of vapor in liquid. 

Natural convection happens when the driving force is the buoyancy force due to the 

density gradients. The density gradients originate from temperature gradients. The 

buoyancy-driven flow arises from the temperature-dependent density gradient between 

the liquid surrounding the cylinder and the bulk liquid and it is a function of liquid 

subcooling temperature. The bubble rise velocity is dependent upon the vapor bubble 

size. The effective free steam velocity is given by: 

4.5.1 Bubble Rise Velocity 

The bubble rises from the bottom of the calandria tube to the top of the cal and ria tube. In 

this section, we are going to investigate the bubble rise velocity by two methods. One is 
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a direct substitution to an empirical correlation and the other is theoretical derivation from 

a model. The results from the two methods agree with each other. 

4.5.1.1 Wallis empirical correlation 

The effect of bubble rise is an effective increase in the relative velocity at the vapor-liquid 

interface. The bubble-rise velocity for a large bubble as given by Wallis [31] is a simple 

correlation of the form 

(98) 

where Rb is the equivalent spherical bubble radius. Since the vapor surrounds the 

calandria tube, the characteristic bubble radius is equal to the calandria tube radius we 

have 

Ubr = 0.8 m/S. (99) 

4.5.1.2 derivation of bubble rise velocity 

A vertical plate is employed here to start with this derivation. A horizontal cylinder will be 

given later. Similarly to the analysis done in Reference [32], we have 

(100) 

Integrating yields 

2 _ J2 (Pv- pr) g d + 
Ubr - X C 

PL 
(1 01) 

We can now Apply Equation (101) to the geometry of a horizontal tube- a large cylinder 

- submerged in liquid. Since the calandria tube is relatively large, we may use the 

above result to estimate the rise velocity of the bubbles. 
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The outer surface of a calandria tube is a curve surface and the gravitational 

acceleration g along the surface direction x should be replace by gsinB, where {) is the 

angle of inclination (the angle departing from the vertical symmetry line of cross-section 

of CT). And dx changes to d(RB), where R is the CT radius. Equation (101) evolves to 

(102) 

It follows that 

(103) 

Simplifying, yields 

(104) 

If PL=Pv. then Ubr =0. therefore the constant c = 0. Calculating the average value of ub/. 

in the range of{) from 0 to ¢ , yields, 

(105) 

The value of ( is decided by the separation point of the laminar flow developing into 

turbulent on the outside of calandria tube. Let's call it separation angle. It has been 

usually considered between 112 1r and 314 1r. Figure 2 shows separation angle(. 
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Assigning the density values and radius value of CT into equation(105), yields the value 

of velocity at o·c sub-cooling temperature as 

(106) 

Comparing Equation(99) and Equation (1 06) we can conclude that the bubble rise 

velocities obtained from the two methods match with each other. 

Separation point 

~ . Sepamtion Angle 

Figure 28: Separation angle 

4.5.2 The Dependence of Free Steam Velocity upon Subcooling 

Here we focus on the sub-cooling effect on velocity of the fluid in a fully developed liquid 

flow next to the vapor film. Figure 27 shows a vertical surface with constant temperature 

1 oo·c (at atmospheric pressure) in a quiescent fluid pool with subcooling temperature 

Tsub ranging from o·c to so·c. 
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X, U 

1 I 

u,v 
g t5r 

fully 
quiescent developed 

liquid flow liquid 

Uoo 

t 
Figure 29: Fully developed liquid flow 

The natural convection flow is induced by buoyancy forces, which is initially induced by 

temperature differences. The heated fluid rises upward while cold fluid is supplied from 

the surrounding quiescent region. Therefore the fluid motion is upward. Assume two-

dimensional, incompressible and fully developed steady liquid flow with constant 

thermalhydraulic properties, and assume the body force is only the gravity force acting 

vertically downward in negative x direction. 

The general equations governing the fluid are, respectively, 

Mass conservation equation 

au av 
-+-=0 ax ay 

the x-momentum equation 

and the y-momentum 
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(109) 

Figure 29 shows the fully developed steady liquid velocity. The heat is conducted from 

the liquid-vapor interface to the neighboring sub-cooled fluid. Assuming that the flow is 

close to fully developed flow in the x direction means that 

aulax=O 

The boundary condition is that the shear stress at the free stream is zero, 

(110) 

where 6L is the fully developed liquid layer thickness. 

Knowing Bx=-pLg and, and applying the concept from Prandtl's boundary layer theory 

[33](u >> v, au I 8y >>au I ax and av I ay >> av I ax) to derive an analogous developed 

flow layer in the liquid such that velocity component u is constant in the x direction, 

equations ( 1 08) and( 1 09) b~come, respectively 

t =O av . 
+- = 0 result m v = const 

aP =O 
ay 

ay 
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Now introducing volumetric thermal expansion coefficient fJ and applying Boussinesq 

approximation, yields. 

fJ = __ 1 (apL) ~ __ 1 _;).p_L = __ 1 Poo- PL,sat 
PL aT p PL ;).T PL Too - T.at 

It follows that(p"'- PL,sat) ~ pJ3(T.at- T"'). Substituting it into equation(112), yields 

d2u ~-pJ3g(T -T) 
d2 sat oo 
Y flL 

Substituting L1Tsub = Tsat -T,,, and integrating, 

du =-pJ3g ;).T y+c 
d sub I 
Y flL 

(114) 

Integrating again, yields 

(115) 

The constant c1 can be evaluated from equation (114) by applying the second boundary 

condition that the shear stress at the free stream is zero, it follows that 

C = fJpLg ;).T J 
I sub L (116) 

flL 

Again, 6L is the fully developed liquid layer thickness. 

Substituting equation (116) into equation(115), obtains 
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u =!... pJJg (28 y-y2 )!J.T +c 
2 L ~ 0 

f.lL 
(117) 

The interest is to find the maximum value of liquid free stream velocity, so lety=6L, given 

that the maximum of u occurs aty = 6£. 

Let 

(118) 

then equation(117) becomes 

(119) 

It shows that u is a linear function of L1Tsub· 

The constant band c0 need to be defined. First, c0 should correspond to zero subcooling. 

From the foregoing analysis one concludes that at zero sub-cooling temperature, the 

fluid close to the liquid-vapor interface is not stagnant; instead, the fluid either moves to 

replace the space where vapor left or evaporates into the vapor film. And the quantitative 

value of this velocity, given by Equation(106), was 0.78 m/s. In another word, it can be 

simply understood as co= ubr =0. 78 m/s. 

The value of constant b can be evaluated approximately through the Blasius's 

solution[34]. This solution suggested the liquid boundary layer thickness. If t5L is known 
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then b is readily calculated. The solution for liquid boundary layer thickness oL in 

equation(118) was given as 

(120) 

where the local Reynolds number, Re~, is evaluated at the position on the circumference 

from the bottom of calandria tube at separation angle ~-

(121) 

where L;; equals ~Rcr: YL is the kinematic viscosity of liquid. 

Table 3 shows 0 20 fluid properties with respect to temperatures. The properties at 20 K, 

subcooling are chosen for calculations of parameter 'b '. 

Table 3: Liquid properties with regard to subcooling 

Subcooling Kinematic .Viscosity[35] Thermal Liquid 
Temperature y =IJ /p expansion[35], 13 Density[36], p 

[ K] [ m2/s] [ K-1] [kg/m3
] 

0 2.92x1o-7 750.1x1o-s 1.076x103 

20 3.62x10-7 641.0x1o-s 1.089x103 

30 4.10 x1o-7 585.0x1o-s 1.096x103 

50 5.52 x1o-7 458.8x1o-s 1.1 08x1 03 

Table 4: Values of bin terms of separation angle, ~ 

Separation angle ~ UI1T =O (m/S] Re~ Liq B.L. Thickness b 
[rad] mb 

BL[mm] [-] 
(3/4) TT 0.62 2.66x105 1.6 0.0233 

"b" is calculated in Table 4. b = 0.23. Thus Usub(ATsub)=0.23ATsub. 
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In conclusion, the free stream velocity can be related to function of sub-cooling 

temperature and take the form 

uoo = u,ub + ubr = 0.0233~J:ub + 0. 78 [ m Is] (122) 
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Chapter Five 

5.0 Steady State Analysis 

Steady-State vapor film thickness equation (Equation (97) ) coupled with information on 

Vevap and u provides the vapor film thickness as function of thermalhydraulic parameters, 

such as Subcooling, t!Tsub, and wall temperature of the calandria tube, Tw· In this Chapter 

we first analyze and discuss the dependence of vapor film thickness upon these 

thermalhydraulic parameters, as well as the dependence of heat fluxes upon these 

thermalhydraulic parameters. In Section 5.1.2 a quenching conditions will be proposed 

and the substitution of the quenching conditions results in separation of quench or no­

quench situations. The comparisons between model outputs and available experimental 

data are given in Section 5.3. 

5.1 Heat Flux, Wall Temperature and Vapor Film Thickness 

In this section, relationships between the variables of interest and specific 

thermalhydraulic parameters will be examined. The variables of interest include heat flux, 

wall temperature, and vapor film thickness. These relationships are derived from 

Equation (97) 

5.1.1 Calandria Tube Wall Heat Flux vs Subcooling 

Figure 30 shows the relationship between calandria tube wall heat flux and the 

subcooling at the steady state of vapor film thickness. It can be observed that at a 

particular thickness of vapor film, the heat flux increases as the subcooling increases. At 

the same subcooling, the heat flux is higher at a thicker steady state vapor film thickness. 
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CT Surface Heat Flux(cond+rad) vs Subcooling 
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Figure 30: Calandria tube wall heat flux vs subcooling 
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5.1.2 Calandria Tube Wall Temperature vs Subcooling 

The Calandria tube wall temperature is linearly proportional to the subcooling as can be 

seen from Figure 31 . At the same subcooling , the thicker the steady state vapor film 

thickness, the higher the wall temperature is. 
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Figure 31 : Calandria tube wall temperature vs subcooling 
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A Matlab code is attached in Appendix B for iteratively calculating the vapor film 

temperature and the CT wall temperature. 

5.1.3 Vapor Film Thickness vs Wall Superheat 

It can be observed from Figure 32 that the vapor film thickness increases as the wall 

superheat increases at a fixed subcooling. At the same wall superheat, the vapor film 

thickness increases as the subcooling decreases. 
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Figure 32: Vapor film thickness vs wall superheat 
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5.1.4 Calandria Tube Wall Heat Flux vs Calandria Tube Wall 

Temperature 

At a constant wall temperature, the Calandria tube wall heat flux decreases with the 

increase in the vapor film thickness. As shown in Figure 33. The increase in vapor film 

thickness will create a higher heat resistance of the vapor film outside of the calandria 

wall. Vapor heat resistance dominates the total heat resistance for the heat emitted out 

of the calandria tube, thus it results in a lower calandria tube wall heat flux. 
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Figure 33: Influence of vapor film thickness increase on CT wall temperature 

5.1.5 Vapor Film Thickness vs Subcooling Temperature 

1000 

In Figure 34, it can be observed that the vapor film thickness decreases with the 

increase in the subcooling, as might be expected. The tendency of vapor film thickness 

decrease is exhibited by a decrease in the calandria tube surface temperature. 
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5.2 Quench or No-Quench 

5.2.1 Quench Conditions 

It is of interest to possibly find the lower bound of vapor film thickness as it is relevant to 

the critical thickness of the vapor film prior to its quench. It can be approached by 

assigning equation (91) with Vevap=O. This condition implies that the vapor film has to 

continuously decrease due to no vapor generation until liquid rewets the wall surface. A 

relationship between calandria wall temperature and the subcooling then can be 

established , 

(123) 
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Equation (97) and (123) now are ready to computer the lower bound vapor film thickness 

in terms of a number of thermalhydraulic parameters, some of which will be varied to 

investigate their impacts on the vapor film thickness. 

5.2.2 Curves Demarcate Quench and No-Quench 

Figure 35 presents a curve that demarcates a boundary between quench and no-quench 

of the CT outside surface based upon the relationship between vapor film thickness and 

the heat conducted in the vapor film. A quench will initiate at heat fluxes below the line, 

while heat fluxes above the line are likely to maintain stable film boiling. 
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Figure 35: Conduction heat flux vs vapor film thickness 

In Figure 36 any CT wall heat fluxes below the line will lead to quenching of the CT wall 

surface due to an inability to maintain a stable vapor film. Conversely, heat fluxes above 

the line are likely to result in formation of a stable film and probable dryout of the CT 
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surface. As indicated in Figure 36 higher heat fluxes on the CT wall are required for film 

boiling when the bulk liquid subcooling temperature increases. 
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Figure 36: CT outside surface heat flux at quenching vs subcooling 

5.2.3 Heat Flux Contribution 

Figure 37 shows the fractional contribution of the radiation and conduction heat transfer 

components of the total heat out of the calandria tube outside surface as a function of 

liquid subcooling at conditions where a quench is about to be initiated. Both components 

are essentially independent of liquid subcooling with radiation heat transfer contributing 

around 4% and conduction heat transfer contributing 96% of the total heat transfer from 

CT outside surface. 
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Figure 37: The contribution of radiation heat flux to the total CT 

outside surface heat flux 

50 

For example, at subcooling (Tsub) of 0 °C I Tsat =1 00 °C 1 and the wall temperature (Tw) 

328 °C, the vapor film thickness (J) when it changes from the steady state to quench is 

modeled to be 0.25 mm. Hence, the conduction heat transfer coefficient is 

k 
h cond = ;J = 0.1413 (kW I m2 I K) 

where kv can be calculated from Equations (55) and (51). 

The radiation heat transfer coefficient under the same conditions is 

where T.v and Tsat are in absolute temperature. 
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Another conditions are for Tsub=50 °C, Tw=623 °C, Tsat =100 °C and o= 0.144 mm. The 

conduction heat transfer coefficient (hcond) and radiation heat transfer coefficient (hrad) 

can be calculated as 0.3547 and 0.0157, respectively. 

The two cases above, one is for lowest subcooling conditions and the other for highest 

subcooling conditions. Both results in ratios of hrad to hcond less than 5 %, which are 

compatible with Figure 37. 

Figure 38 shows that the majority of heat transferred to the vapor-liquid interface is used 

to vaporize saturated liquid to maintain vapor film boiling. With increase in subcooling 

from 0°C to 50°C, the percentage of vaporization heat drops from 90% to 73%. During 

this process the contribution of heat to super-heat the vapor region gradually increases 

to 18% at 50 °C subcooling from 9% at 0 °C subcooling. The interface-to-liquid heat also 

gradually increases from 0% subcooling to 10% at 50 °C subcooling. 
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Figure 38: Contribution of vaporization , super-heating and interface-to-liquid heat 

to the heat conducted through the vapor film 

5.3 Comparison to Available Experimental Data 

Three plots shown in Figure 39, Figure 40 and Figure 41 , generated from application of 

the model to evaluate quench behavior, are compared to the open literature and to 

contact boiling test data .. 

5.3.1 Heat Flux on the Calandria Tube Outside Surface 

In Figure 39 the solid line represents the heat flux on the calandria tube outside surface 

obtained from the model , while the dotted line is obtained by converting the heatup rates 

[3] of the pressure tube to equivalent heat fluxes on the calandira tube outside surface. 

The model underestimates by 2.2% the heat fluxes for the subcooling ranging from 0 °C 
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to 30 °C. At higher subcooling up to 50 °C the model underestimates heat flux to a 

maximum of 5%. The agreement between the model and the experimental data is 

considered to be good. 

At the same incident heat flux this model predicts a slightly higher subcooling for a 

quench to occur. For example, at the incident heat flux of 150kW/m2
, the model predicts 

an occurrence of quench at the subcooling of 33.5 °C, which is 2 °C higher than 

experiment data. The maximum over-prediction on subcooling for quench occurrence is 

4 °C at the subcooling of 50 °C. This implies that the predicted quenching requirement on 

subcooling is conservative. 
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Figure 39: Prediction of heat flux at quench with comparison to COG experimental data 
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5.3.2 Effective Film-boiling Heat Transfer Coefficient 

Figure 40 compares the effective film-boiling heat transfer coefficient derived from the 

model with the Gillespie & Moyer correlation [37], given as htb=0.2(1+0.031*L'lTsub) 
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Figure 40: Prediction on effective film-boiling heat transfer coefficient 

with comparison to Gillespie & Moyer correlation 

A relatively constant 7% over-prediction by the model exists for all subcoolings. This 

difference is not surprising since that the Gillespie & Moyer correlation is defined for the 

stable film-boiling, whereas the model predicts the conditions for onset of quench and is 

therefore expected to yield a somewhat higher heat transfer coefficient. The transition 

from stable film-boiling to quench is associated with an unstable reduction in the vapor 

film thickness. In Section 6.3 of Chapter Six, It shows two exampl~s that increase in 
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subcooling affects the reduction of vapor film thickness with a high frequency oscillation. 

The conduction heat flux, kv(Tw-TsaJIJ, will increase due to the reduction of vapor film 

thickness. As shown in Figure 37, approximately 96% of heat transfer from the CT wall is 

due to conduction through the vapor film and any increase in conduction heat flux 

ultimately results in a higher effective heat transfer coefficient at quench than that at 

stable film-boiling. This behavior is expected to occur at all subcoolings. 

The maximum over-prediction error is 8.6 % at subcooling 15 oc and the minimum 

overprediction error is 0 % at subcooling 0 °C. 

5.3.3 Minimum Film-Boiling Temperature 

At the evaluated quench heat fluxes, the model can also predict wall temperature of the 

Calandria tube at quench initiation. Several empirical correlations for minimum film­

boiling temperature, T mfb, from open literatures are plotted in Fig.14, as well as the 

values predicted by the model. The empirical correlations at atmospheric pressure with a 

unit of °C are listed below: 

• Ohnishi [17]: 

• Bradfield [12]: 

• Groeneveld & Stewart [15]: 

• Adler [13]: 

• Mori [11]: 

• Lauer/COG experiment [14]: 

• Dhir and Purohit [18] 

• Nishio [19] 

Tmtb =5.1b.Tsub+450 

Tmtb =6.15b.Tsub+300 

T mfb =6.3b.Tsub+289 

T mfb =7b.Tsub+275 

T mfb =7.5b.Tsub+240 

T mfb =5.893b.Tsub+328.6 

T mfb =8b.Tsub+301 

T mfb =200 
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Note that in Figure 41 the last two empirical correlations are not included. The model 

predictions are in general agreement with the majority of the correlations and are higher 

than the lower bound Mori correlation over most of the subcooling range. The quench 

temperatures predicted from the model are lower than the quench temperatures inferred 

from the contact boiling experiment data with a maximum underprediction of 41 °C at a 

subcooling of 1 o·c. The following four reasons may possibly account for this difference. 
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(1) As mentioned by Carbajo [38] , the minimum film boiling temperature differs from 

the quench temperature. Due to the installation locations of the thermal couples 
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being a certain distance away under the CT surface, the measured temperature 

may be higher than the instantaneous quench temperature. 

(2) The definition of quench temperature may vary with individual judgments. There 

Gl 

~ 
Cl 
Gl 
'C 
(.) 

Gl ... 
::I -I'll ... 
8. 
E 

{!!. 

are two ways of defining quench temperature that prevail over others. Point A in 

Fig.5 corresponds to the temperature at which an increase in negative slope of 

the temperature transient is observable. Point B is a projected temperature based 

on the intersection of the two distinct slopes in the temperature transient. The 

experimenters presented above may refer to Point A for their correlations. The 

quench temperatures predicted from the model are very likely to close to the 

temperature at Point B, based on the prerequisite that the evaporation velocity 

being zero at quench initiation. 

-
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Figure 42: A typical quench curve transient [3] 

(3) The geometry has influence on the minimum film-boiling temperature or quench 

temperature. It was reported [ 39] that small diameter heaters have higher 
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minimum film temperature (T mfb) or higher quench temperature than large heaters 

do. The correlations above are based on tube data and these tubes are smaller 

than the CANDU calandria tube. 

(4) Surface conditions, such as surface roughness and oxidization, affect the T mfb or 

quench temperature as well. The surface conditions were not mentioned in some 

correlations above. In the model, the non-oxidized Zircaloy with emissivity of 0.19 

was used. In general, both T mfb and quench temperature increase as the surface 

becomes oxidized. 

Overall, the model predictions are most similar to Groeneveld & Stewart's correlation. 

5.4 Prediction Error 

This model matches available experimental data quite well. The accuracy of predictions 

by the model is summarized in Table 5. 

Error % in Prediction of CT 
Wall Heat Flux (compared to 
COG contact boiling tests) 
Error % in Prediction of 
Effective film-boiling Heat 
Transfer Coefficient 
(compared to Gillespie & 
Moyer correlation ) 
Error % in Prediction of 
Calandria tube outside wall 
temperature (compared to 
Lauer correlation) 

Table 5: Error percentage in prediction 

IJ.Tsub 

O'C 5'C 10'C 15'C 20'C 25'C 30'C 35'C 40'C 45'C 50'C 

-1.0 0.7 0.9 0.4 -0.4 -1.3 -2.2 -3.1 -3.8 -4.4 -4.8 

1.3 6.13 8.1 8.6 8.4 7.9 7.2 6.6 6.0 5.5 5.2 

-4.2 -5.9 -6.7 -6.8 -6.5 -6.0 -5.4 -4.6 -3.9 -3.2 -2.5 

114 



M.A.Sc. Thesis- Jian Tao Jiang McMaster- Engineering Physics 

Chapter Six 

6.0 Vapor Film Transient Function of Step Change 

In Chapter Five, all conclusions are based on the quench conditions applied on steady-

state equation. In this chapter, a preliminary investigation of the transient vapor-film-

thickness equation in terms of a step change in subcooling will be performed. It is noted 

that the detailed analysis of the transient behavior is beyond the objectives of this thesis. 

Therefore, the investigation presented here may be considered to be preliminary. The 

intention is to show the complexity of the vapor-film-thickness transient equation - a 

highly unstable non-linear Ordinary Differential Equation (ODE). A detailed analysis may 

be considered in a further project to study the oscillatory behavior and the stability of 

liquid-vapor interface. 

6.1 Transient Vapor Film Thickness Equation 

The transient vapor-film-thickness equation was given in Equation (96) in Chapter Four 

as below. 

(1) + (2) + (3) + (4) + (5) + (6) + (7) + (8) = 0 

(3) =; [ -2C1 (R + o)~uoo + r5], 
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<4>=; [%xC2 (R+5)} 

<8) = g(R + 5) + 4(U00 + J)2 

In the terms above, x, C1 and C2 are defined as, respectively, 

It is a second order, no homogeneous nonlinear ODE in terms of time. Note that the free 

steam velocity u can be substituted by u"' = aTsub +b, where a and b are constants. In 

such a way a step change in subcooling can be made to exam the influence on vapor 

film thickness, given that the other parameters are kept unchanged. 
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6.2 4th Order Runge-Kutta Method 

The 41
h Order Runge-Kutta method is used to integrate the differential equation. This is a 

widely used method. A brief description of this method is presented here. To bridge the 

gap between the first-order Euler method and this fourth order method, readers are 

recommended to review a relevant chapter from a math book. Given that f(x,y) is only a 

function ofx, one of the most commonly used is described below [40] 

Y;+i = Y; +i(kl + k2 + k3 + k4)h 

where 

k1 = hf(x;,Y;), 

k2 = hf(x; +1,Y; +1k1), 

k3 = hf(x; +1,Y; +1k2), 

k4 =hf(xi+i•Y; +k3), 

A function in Matlab, called ode45, which implements the 4th order Runge-Kutta 

method, was used to solve ODEs. 
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6.3 Influence of Subcooling Step Change on Vapor Film 
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Figure 43: Vapor film oscillation and stabilization due to 15 OC increase of subcooling 

Figure 43 presents a vapor film oscillation and stabilization triggered by 15 OC drop in 

subcooling (from 20 OCto 35 OC). The initial condition is the vapor film at 0.165 mm. The 

final stabilized thickness stay at about 0.150 mm. 

Figure 44 shows how a 1 OOC increase of subcooling (from 15°C to 25°C) affects the 

vapor film thickness. A sudden increase occurs at time 0.06 second and then stabilizes 

ultimately. The initial thickness was 0.18 mm. Compared to a 15°C drop in subcooling, 
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the lower subcooling drop (1 O"C) has less influence on the reduction of vapor film 

thickness and seems to be less able to stabilize the vapor film at a lower thickness level. 
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Figure 44: Vapor film oscillation and stabilization due to 10 ·c increase of subcooling 

If the subcooling decreases, the vapor film thickness exhibits an unstable response. 

Figure 45 shows that the vapor film oscillates and grows to a fixed layer thickness when 

the subcooling decreases from 30 ·c to 20 ·c. This behavior indicates that film thickness 

increases with reduction in subcooling , thereby making quench less likely to occur. 
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Figure 45: Vapor film oscillation and instability due to 10 ·c reduction of subcooling 
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Chapter Seven 

7.0 Conclusions and Recommendations 

The proposed model characterizes the pool film-boiling and quench on the outside of a 

calandria tube. It provides an understanding of the influence of thermalhydraulic 

parameters on the film-boiling heat transfer. 

At given conditions, such as subcooling, wall temperature (or heat flux), the steady state 

vapor film thickness can be calculated. Those results are plotted as Figure 30 through 

Figure 34. 

The model clearly demarcates the requirements for the occurrence of quench. There are 

tow plots (Figure 35 and Figure 36) show the requirements on heat flux as function of 

either subcooling or vapor film thickness. 

A relationship between quench temperature and subcooling is provided which is close to 

Groeneveld & Stewart's correlation for minimum film-boiling temperature. And the 

reasons are also provided for the under-prediction of quench temperature when 

compared to the result of COG boiling contact tests. 

Considering future work, the transient vapor film equation should be quantitatively 

investigated in terms of subcooling step changes. The influence of step change in 

incident wall heat flux or heatup rate on vapor film stability is also of interest for future 

study. In addition, research into the inherent instability behavior of the vapor film may 
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start with the sensitivity evaluation of the transient vapor-film-thickness equation. 

It is author's opinion that an experimentally based study relevant to this dissertation 

would be an interesting work to examine and assess behavior that has been theoretically 

derived and modeled in this dissertation. 

In Chapter Four, we assumed that a fully developed laminar liquid flow exists at the outer 

surface of the vapor-liquid interface. If a turbulent flow is assumed, the Navier-Stokes 

equations can not be solved analytically. Also assuming developed laminar flow rather 

than turbulent flow will lead to lower heat transfer from the interface to the liquid, which 

tends to retard quench. Therefore, the assumption of fully developed laminar liquid flow 

bounds the case in which an assumption of turbulent flow is assumed. 
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Appendixes 

Appendix A: Calculate CT Outer Surface Heat Flux from a PT 

Heatup Rate 

The volumetric heat rate of pressure tube is 

Ill qpi qpi 

q P =v-= tr(R 2 -R2.)L 
P po p1 

(124) 

where qpi = incidental heat to pressure-tube inner surface 

Rpo = outer radius of pressure-tube 

Rpi = inner radius of pressure-tube 

Vp = volume of pressure-tube 

L = Length of pressure-tube or calandria-tube 

The heat flux to inner wall of pressure-tube from the fuel core: 

(125) 

where Api = inner area of pressure-tube 

From Equation (124)and(125), 

(R2 -R 2 .)q"' = 2R . q" . po p1 p p1 p1 

123 



M.A.Sc. Thesis- Jian Tao Jiang McMaster- Engineering Physics 

The other expression for pressure-tube volumetric heat rate is given by 

dT 
q"' =p C _P 

p p p.p dt 

where cp.p = specific heat of pressure-tube, 0.35kJ/kgrK 

dT Jl'dt = the heat up rate of pressure-tube 

Substituting Equation (127) into(126), yields: 

Density of the pressure-tube is: 

m' p 

where mp = mass of pressure-tube 

m 'p = mass per unit length of pressure-tube, 9.164 kg/m. 

Substituting Equation (129) into(128), yields 

" =~C dTP 
q pi 21iR . p.p dt 

pl 

The heat flux emitted from outer surface of CT is given by 
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(131) 

where Aco = area of calandria-tube outer surface 

Reo = Radius of calandria-tube outer surface 

At the steady state, the incidental heat to calandria-tube outter surface, qco. equals the 

heat emitted from pressure-tube inner surface, qpi· 

qco = qpi 

From Equation (125},(131) and (132}, it follows that 

R 
q" =q"._.E!._ 

co P' R 
co 

Substituting Equation (130) into (133}, yields 

" -~c dTP 
q co - 21lR p,p dt 

co 

Substituting values of m 'p,Rco and cp,p, into Equation ( 134) gives 

" = 9.164 kg I m ·0.35kJ l(k .oc) dTP = 7.75(kJ I mz loC) dTP 
q co 21l(6.5875x10-2 )m g dt dt 

If the unit of dT /dt is given as "°C/s", then the heat flux has a unit of kW/m2
. 
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Therefore, under the steady state situation the emitting heat flux from the calandria-tube 

outer surface can be converted from the heat up rate of the pressure-tube. 

Figure 46 shows the heat flux, from the calandria-tube outer surface, in accordance with 

the heat up rate given in Figure 47. 

Note that the above result may rely on the assumption that the contact between CT and 

PT is tight enough - there is no-gap in between (the contact conductance=O). 
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Figure 46: Heat flux in terms of subcooling 
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Appendix B: A Matlab Code for Calculating Vapor Film 

Temperature 

%% Calculates the vapor tempterature and given situation of % 
% subcooling temp, free stream liquid velocity and vapor film thickness . % 
% Code Author: Jiantao Jiang % 
% June 2007 
% MatLab 7.01 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% %% %%%%% %%%%%%%%%% %%%% 

clc; 
clear all ; 

% Sat Water properties are estimated at 373.15K (or lOOC deg) 
% rhO 1 = Q. 9579*1Q A3; % (kg/mA3]H2Q . if 020 - > 1.0829 *1Q A3 kg/mA3 
rho_l = 1.093 *10A3; % [kg/mA3]D20 at 75C 
h_fg = 2257; % [kJ/kg] latent heat of vaporization 
k_l = 680*1QA( - 6) ; % [kW/m/K)] liquid thermal conductivity 
emisv = 0.2 ; % emissivity of non-oxidated Calandria Tube 
s_bolzm = 5 . 670*1QA( -ll ); % Stefan-Boltzmann Constant [kW/(mA2*KA4)] 
Rco=0.065875; % [m] CT Outer Radius % Rei 0.064478 m 
Rpi=0.051689; % [m] PT Inner Radius % Rpo = 0.056032 m 

R = 6 . 5875*10A( - 2); % [m] CT outside radius 
g = 9 . 8 ; % [m/s A2] gravity 
Tsat = 100; % [C] water saturation temp 
% Tsub=zeros(50 , 6); 
d=lQA(-3) . *[ 0 . 2610 0.2133 

0 . 2259 0.1878 
0 . 2034 0 . 1716 
0.1879 0 . 1607 
0.1766 0 . 1530 
0.168 1 0 . 1473 
0.1614 0.1429 
0 . 1561 0.1396 
0.1517 0.1369 
0.1481 0.1348 
0.1450 0.1330 

l; 

for n=l:l:2 
% d(n,l)=0.2 2 5*10 A(-3)+ 0.01*10 A(- 3)*(n- l); % [m] Thickness of Vapor Film ranges 

from 0 . 105rnrn- 0.135 rnrn 

Liquid. 

for i=l:l:ll 
Tsub(i,n)=(i-1)*5; % Tsub range from 0 - SOC deg 

Tv(i ,l,n )=400; % [C] Initiate a value for Vapor Temperature 

Uinf(i,n)=0.023*Tsub(i,n)+0.78; % [m/s ] Given Ve l ocity of Free Stream 

T error(i,l , n) 

j=l; 
while 

5; % Arbitrary value to let while- l oop begin 

% Initiate j starting from 1 
abs(T_error(i ,j ))>O.Ol ) % Loop Condition if absolute 
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temp error is bigger than 0 . 01 C deg 
Kv(i ,j, n) = lOA (-1 0) *Tv(i , j , n) .A2+5*10A (- 8) *Tv( i, j , n) +2* 1 0A ( - 5) ; 

%[C] Calculate Kv- vapor conductivity 
% rho(i,j,n)= - 0 . 213*reallog(Tv(i,j , n)) + 1.6388; % [kglmA3] 

vapor density 
rho(i, j ,n) 

0 . 002*Tv(i , j , n) + 0 . 8237; 
Cp ( i , j , n) - 3 * 1 0 A (- 9 ) *Tv ( i , j , n) . A 3 + 4 * 1 0 A ( - 6) *Tv ( i , j , n) . A 2 -

0.0008* Tv(i, j, n)+ l .9 1 46; %[kJikgiK] vapor heat apacity 
% Cp(i , j , n) = - 3E-14*Tv(i , j,n)A5 + 6E - ll*Tv(i , j , n) A4 - 5E-

08*Tv(i , j , n) A3 + 2E - 05*Tv(i , j , n) A2 - Q. 0045*Tv(i,j , n)A + 2.1481; 
% a(i , j , n) = Kv(i , j , n)l(rho(i , j , n)*Cp(i,j,n)) ; % [mA21s ] vapor 

thermal diffusivity 
a (i , j , n) =1 . 63*10A (-4) ; % [mA21s] H20 thermal 

diffusivity at 345K(71.85C) 
u(i , j , n) = 4* 1 0A(-8)* Tv( i, j ,n )+8* 1 0A( - 6) ; %[N.sl rn A2 ]dynamic 

viscos i ty 
v( i, j ,n ) =u( i, j , n) . lrho(i , j , n) ; % [mA21s] vapor 

kinarnatic viscosity 

% h_fg_m(i,j , n)=h_fg*(l+0 . 4*Cp(i , j , n)*(Tv(i , j , n) - Tsat)lh_fg)A2; 

Bl( i, j,n) = 12*2A( l l2)*v( i, j ,n )*R . *k l *Tsub(i , n) . l(rh o l *h fg 
*(3 .1 41 59I2*R*a(i , j , n))A(li2)) . *Uinf(i,n)A( l l2); - - -

B2_ s t ar(i , j , n) = 1 2*v( i,j,n )*R . *Kv(i , j , n)l(h_fg*rho_l) ; 
B3(i , n) = g + 4*Ui nf(i , n) . A2IR ; 

Tw ca l c( i,j,n ) = Tsat + (B3(i , n) .*d(i , n)A4 + 
Bl(i , j , n) . *d(i ,n)) . IB2 _ s t ar(i ,j,n); % Ca l culate Wal l Temperat u re 

Tv_calc( i, j , n) = (Tw_calc(i , j , n)+Tsat)l2 ; 
T_error(i , j+l , n) = Tv_ ca l c(i , j , n) -Tv(i , j ,n ); % Temperature 

error 

alone 

heat 

vapor 

Flux 

Tv(i , j+ l, n) = Tv( i ,j , n)+ 0 . 5*T error(l , J+l ,n); % Update Tv 
j =j + 1; 

end 
Tvap(i , n)=Tv(i , j , n) ; j ; 
Tw( i, n)=2*Tv(i , j , n) - Tsat; 

syms K T ; 
a2 = 10A (-1 0); a l=5* 1 0A ( - 8); a0=2*10A (- 5) ; 
K=a2*TA2+al*T+a0 ; % Vapor conductivity as a function of Vapor Temperature . 
% Qc(i,n) = double( - int(K,T , Tw(i , n) , Tsat)ld(i , n) ) ; 
Qc( i ,n) = Kv(i ,j- l , n) . *(Tw(i , n) -Tsat) . ld( i , n) ; % Conduction heat 

Qr ( i , n) = emi sv* s _ bolzm* ( (Tw ( i , n) +27 3) . A4 - ( (Tsat - Tsub (i, n)) +27 3) . A4) ; %Radiation 

h_sh ( i , n) = 0 . 5*Cp ( i , j - 1 , n) . * (Tw ( i , n) - Tsat) ; 
V_ evap( i , j,n ) = rho_l *d(i ,n ) . A31(12*u(i , j - l, n)*R) . *(g+4*Uinf (i , n) .A21R) 
Qsh(i ,n )=h_sh(i,n) . * r ho(i ,j-l , n) . *V_evap(i , j , n) ; % Super-heatting the 

Qct(i ,n ) =Qc( i, n)+Qr (i,n )+Qs h (i , n); 
Qp t_in(i , n)=Qct(i , n) *(RcoiRpi) ; 

% Total heat flux emitting from CT 
% Corresponding PT - inner-wall incide n t Heat 

% Qin2(i , n)= (a2*Tv(i , j , n) A2+al*Tv(i , j , n)+a0)*(Tw(i , n) - Tsat)ld( n,l ) ; 
% Qcond(i ,n)=d(n,l)A3*(g+B3(i , n))l l 2lv( l , J -l ,n)IR*(h f g_m( i, J -

l , n)*rho_l)+2*k_l*Tsub(i,n)*Uinf(i , n) A(li2)1(3 . 14159*R*a( i, j - l , n)) A( l l2); 
r _ c_persentage(i , n )=Qr(i , n) . IQc(i , n)*lOO; 
s h_c_persentage(i , n)=Qsh(i , n) .IQc( i, n)*lOO; 
h e (i , n) =Qc (i , n) . I (Tw (i , n) - Tsa t ) ; 
h r ( i , n) =Qr ( i , n ) . I (Tw ( i , n) - (Tsat - Tsub ( i, n ) ) ) ; 
hr_ eff(i , n)=hr(i , n)*( Tw(i , n) - (Tsat - Tsub( i, n)))I(Tw(i , n) -Tsat); 
hs h ( i , n) =Qs h (i , n) . I (Tw (i , n) - Tsat); 
% ratio_of_h(i ,n )=hr(i,n)lhc(i,n) ; 
h(i , n) =hc(i , n) + h r_ef f (i , n)+ hsh(i ,n ); 
h_aec l (i,n ) = 0 . 2*( 1 +0 . 03 l *Tsub( i,n ) ); 
end 
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if n==l 
figure (l ) , plot (Tsub ( : ,n ) , Qc ( : , n ) , ' r-' , ' LineWidth ' , 1 ) 
hold on 
f igure (2) , plot (Tsub ( : , n) , Qr ( : , n), ' r- ' , ' LineWidth ' , 1) 
hold on 
figure(3), plot (Tsub ( : , n) , Qsh( : ,n), 'r-' , ' LineWidth ' , 1) 
hold on 
figure (4), plot (Tsub ( : , n ) , Qc ( : , n) +Qr ( : ,n ) +Qsh(: ,n ) , ' r-' , ' LineWidth ' , 1) 
hold on 
f igure(S ) , plot (Tsub ( : , n) ,Qpt _in (: , n), ' r ' , ' LineWidth ' , 1) 
hold on 
figure (7) , plot (Tsub ( : , n) , h ( :, n ) , ' r- ' ) 
hold on 
figure (6) , plot (Tw (: , n ) , Qct ( : , n ) , ' r - ' ) 
hold on 
figure( 8) , plot (Tsub ( : ,n ) ,Tw ( : , n ) , ' r- ' , ' LineWidth ' , 1) 
hold on 

end 

if n==2 
figure (1) , plot (Tsub ( : , n) , Qc (: , n) , ' b . - ' , ' LineWidth' , 1) 
hold on 
figure (2) , plot (Tsub (: , n ) , Qr ( : ,n ) , ' b.- ' , 'LineWidth ' , 1) 
hold on 
figure(3), plot(Tsub(:,n) ,Qs h (: ,n ) , ' b. -' , ' LineWidth ' , l ) 
hold on 
figu re (4 ) , plot(Tsub(:,n) ,Qc(: , n )+Qr( : , n)+Qsh(: , n), 'b.- ' , ' LineWidth ' ,l ) 
hold on 
figure(S), plot (Tsub (: , n) , Qpt_in(: ,n ) , 'b.- ' , ' LineWidth ' , 1) 
hold on 
figure (6), plot (Tw (: , n ) , Qct (: , n) , ' b .-' ) 
hold on 
figure(?) , plot (Tsub (: , n) , h (: , n) , ' b . - ' ) 
hold on 
figure(B), plot(Tsub(:,n),Tw(: , n ) , ' b .-' , 'L ineWidth ' , l) 
hold on 

end 

end 

figure(? ) , plot( Tsub (: ,l ) ,h_aecl(: , l ) , ' k--' ) 

for m=l:l: S 

end 

figu re(m) ,legend( ' Upper Bound ' , 'Lower Bound' ) 
figure(m) , xlabel( ' Subcooling , T_s_u_b [K] ' , ' FontSize ' , l 6) 
ylabel ( ' Heat Flux [ kW/m A2 ] ' , ' FontSize ' ,l 6) 

for m=l:l: B 

end 

figure (m) , grid 
figure(m) ,hold off 

figure(l),title( ' Conduction Heat Flux vs Subcooling ' , ' FontSize ' ,l4 ) 
figure(2) ,title ( ' Radiation Heat Flux vs Subcooling ' , 'FontSize ' ,l4) 
figure (3) ,title ( ' SuperHeatting Heat Flux vs Subcooling ' , ' FontSize ' , l4 ) 
figure(4) , title ( ' CT Total Heat Flux(cond+rad+superheat) vs 

Subcooling ' , 'FontSize ' ,l4 ) 
figure(S) , title( ' Corresponding PT Inner Wall Incident Heat Flux' , ' FontSize ' , l4) 
figure(6),title( ' CT Outer wall Heat Flux vs Wall Temperature ' , ' FontSize' ,l4 ) 
figure(6),xlabel( ' Wall Temperature , T w [K] ' , ' FontSize ' , l4 ) 
figure(6) , y labe l( ' CT Outer wall Heat-Flux [ kW/m A2 ] ' , ' FontSize ' , l4 ) 
figure(6) , legend ( ' Upper Bound ' , ' Lower Bound ' ) 
figure(?) , title ( ' Effective Total Heat Transfer Coefficient ' , ' FontSize ' ,l4) 
figure(7) ,xlabel ( ' Subcooling,T_s_u_b [K] ' , ' FontSize ' ,14 ) 
f igure(7) , ylabel ( ' Effective Total Heat Transfer Coefficient 
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[kW/m~2/K ] ' , ' FontS i ze ' , 14) 
figure(?) , legend( ' Upper Bound ' , ' Lower Bound ' , ' Gillespie&Moyer Correlation ' ) 

figure(B) , xlabel( ' Subcoo l ing Temperature , T_s_u_b [ C] ' , ' Fon tSize' , l6) 
figure(B),ylabel( ' Wall temperature , T w [ C] ' , ' FontSize ' ,l6) 
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Appendix C: Tables of Thermophysical Properties ofD20 

(Taken from Hill et al, AECL [36]) 

Table C1: Volume 

T•b1e 3. Llqufef 8Md V•POIJI" 

3 
VO,UIRe. m /kg Enthatpy. kV/kg E"*rgy 1 k"-'/kg Entropy. k"l•v-" ij~ 

~(kPal 90. 911. 100. 90. "· 100. 90. n. 100. 90. 95. 100. p( .. Pa) 

98.11 99.64 101.~ 98.11 99.64 101.0'! 98.17 99.64 101.~ 93 17 se.e• IOI.OS t .... ""' LtQ.fll!lt 0.0()0939t 0.0009402 0.0009412 397.5 403.6 409.5 397 .... 403.5 .t410S..C 1. 2354 1.2518 1. 2675 Ltq.s•t 
Vap.set I.Gesl 1.6048 1.5~95 247$.$ 2478.8 ~·80.9 2324.7 2326.3 23~7 .(I G.UU G.8184 &:.1031 Vap.aat 

t(C) t(CI 

3.8 0.00090-4, 0 .<Xl0$04ll 0.000904~ 0.1 0. I Q.l o.o 0.0 o.o o.o o.o o.o 3.8 
4. 0.00090-45 0.0008045 0.0008045 0.9 0.9 0.9 0.8 o.a 0.8 0.0030 0.0030 0.0030 4 
G. 0.(1009042 0.0009043 0.0009043 9.<1 9.4 9A 9.3 9. 3 9.3 0.0333 0.0333 0.0133 G. 
a. 0.0001104~ 0.000904~ 0.000!1043 t7 .8 17.8 17.8 17.7 17 7 17.7 0.0635 O.OG:JB o.ons 9. 

10. 0.000!1042 0.0009042 0.0009041 26.3 26.3 ~0 3, 26.2 20 2 2S. 2 0.0935 0.093~ 0.0935 10. 

n. 0.0009041 0.0009041 0.()()()9041 34.7 34.7 34' 7 34.& ,. .. 34.6 o. 1233 0.12<33 0.1233 12. 
14. 0. O()()!!OA2 0-00090"2 0.0009042 43.2 ·~-2 43 . 2 C:l. t 43. I 43.1 0. 1'529 o. '\529 0.1629 14. 
15. 0.(1009043 0.0009043 0.0009043 51.7 S1.7 51 .1 51.6 s• .e 51.6 0.18~3 0. t823 0.1823 •e. 
18. .0-0000045 0.0009046 0.0009045 &0.2 6(1.2 60 2 llO. I iO. I &0.1 o.~ 11s 0.2115 0.2115 18 
20. 0.0009047 0.0009047 0.00090U ~B .G 68.6 68. 7 sa.G CS.G 68.6 0.~406 0.2406 0. 2406 20. 

22. 0.0009049 0.0009049 0.0009049 1'7.1 77. I 77. 77.0 77.0 77 .o 0.2694 0.2694 0. 2694 22. 
24. 0.0009052 o.Q009052 0.0009()52 es .6 85.6 85 85.5 85.5 . as.s 0.2981 0.2981 0.2981 24. 
26. 0 . ()(J()906G 0.00090!1G 0.0009056 94.1 94. I 94. I ~4.0 04.0 Q4.0 0.3265 0.3265 0. 32115 2~. 

28. O.QOOOOGO o.ooooo;o 0.00011000 I02.C too,.; 102 .G 102.5 102.1 102.5 0. 3548 0.3549 o. 35•8 28. 
90. 0. 000!1()1;4 0.00090"-' 0 0009061 ' f 1. ~ 1tLt 111. t '111.0 Ht.o Ht.O 0.3829 0.3829 0.382!1 30. 

32. o.oooaoes 0.0009089 0.0009069 119.5 119.!5 119.6 119.15 118.5 1'19.'5 0.4101 0.4107 O.oft07 02. 
34. 0.0009074 0.0009074 0.0009074 128.0 128.0 128.0 127.9 127.9 127.9 0.4384 0-~ Q,43&.t 34. 
311. 0.0009079 0.0009071> 0.0009079 136 .• 13G.11 13G.S 131.4 136.4 13&.4 0.4660 0.4669 o. 465~ 3~. 

38. 0 .OQOQ08S 0.0009085 0.0009085 us.o 146.0 145.0 144.0 .... 9 u•.G 0.4932 0.4!132 0. 493~ 38. 
40. 0.0009091 0.0009081 0.0009091 153.4 tS3.4 153.4 153.3 153.3 153.3 0.5203 0.5203 o. 5203 40. 

42. 0.0009098 0.0009097 0.0009097 1iit .9 161.9 161.9 161.8 161.8 151.8 0.5-173 0.5<173 0.5473 42 
44. 0.0009104 O.OOOSII04 0.0008104 170.3 170.3 t1Q,o4 170.3 170.3 170.:1 0.5740 0.5740 0.5140 ... ..... 0.00081<1 0.0000111 O.oOooH1 na.t t18.1J: 17 •.• 171.7 178.7 na. 1 0.6006 0.6006 O.QOOG 46. 
48. 0.0009i19 0.0009119 0.0000119 187.2 187.2 187.3 187.2 187 2 187.2 0.&270 0.6270 0.6270 48. 
so. 0.0009127 0.0009127 0.0009127 \95.7 195.7 195 7 196.8 195.6 195.6 0.6532 0.6!132 0.6532 so. 
52. 0.00091:15 0.0009135 0.0009135 204. I 204.1 204 I 204.0 204.0 204.0 o.ons2 0.6792 0.6792 52' 
S4. 0.0009143 0.0009143 0.0009143 212.6 212.6 212 .$ 212.5 212 '6 212.8 o.7051 0.7061 o. 706t 54' 
56. 0.0009162 0.00011152 0.00011192 221.0 221.0 22l. 0 230.9 220.1 220.9 0.7308 o. 731)7 0.1307 56. 
n. 0.0009160 0.00091110 0.0009160 229.4 229.4 229.4 229.3 229.3 229.3 0.7563 0. 7563 o. 7563 58. 
60. 0.0009170 0.0009170 0.0009170 237 .s 237.8 237.8 237.7 231.7 237.7 0.7818 0.7818 0. 7816 60. 

$2. 0.000~179 0.0009119 0.0009119 24e .2 24&.2 24<1.2 24G.2 248' 2 z•e.z 0 .8Qtl8 0.8()68 0. D06B 62. 
84. 0.0008181> 0.0008.89 0.00011189 254.6 254.6 254.6 254.6 264.4 204.6 o.u11 0.8G18 o.a3ta 64. 
GG. 0.0008188 O.OOOSIUIII 0.0008UI8 28!1.-0 2&3.0 24t3.0 282.0 263.0 283.0 0.8SG6 0.11566 o. 8$06 ss 
68. 0.0009200 0.00011200 0.0009'109 271-• "'-" ~71.. 27t -• <71 .• 271.4 0.8813 0.8813 0.8813 sa. 
70. 0.0009219 0.0009219 0.0009219 279.8 279.8 2.19.1 279,7 279' 7 279.7 o.soee 0.9088 o. 905& 70. 

72. 0.0008230 0.0009230 0.0009230 288.2 UB.2 ~68.2 289.1 288, I 288.1 0.9302 0.9302 o. 9302 72. 
74. 0.0009241 0.00011241 0.0009241 2K.G 2!1&.6 296.6 296.8 296.5 296.& o.9s•• O.Q&44 o.asH 74. 
76. O.OQOS252 0.0009282 0.0009252 305.0 305.0 305.0 304.9 304.9 304.11 0.!1785 0.9784 0.9784 76. 
T8. 0.0008263 0.00011263 0.0009263 313.3 313.3 313.3 313.3 313.3 313.< 1.002• 1.0024 1.0023 7!. 
80, 0.0009275 0.0009275 0.000827'5 321.1 321.7 3:11.7 321.6 321.6 321.6 1.0261 1.0261 1.0261 80. 

!12. 0.0008287 0.0009287 0.0009187 330. I 130.1 330. I 330.0 330.0 330.0 1.0497 1.0497 1.0497 82. .... _ 0-0009299 0.0009299 0.0009299 ~-· na.• 338.4 338.3 338.3 338.3 1.0732 1.0732 1.0732 84_ 
t6. 0.0009311 0. OQOQ111 0.0009311 :Jo$1;.8 ...... 346.8 346.' 346.7 346.7 1.096! 1.0!)115 1.0965 86. 
88. 0.0009324 0. OQOQ324 0.000932. 355. I 355.1 355 .• 355.0 355.0 355.0 t .1197 1.1197 1.1197 88. 
90. 0.0009337 0.0009337 0.0009337 363.5 363.5 363.5 363.4 363.4 363,4 I. 1<127 1.1421 1.1427 so. 

92. 0.00093:10 0.0009350 O.OOOHIIQ 371.8 371.6 371 .e 371.7 371.7 371. '1 1.16llfl ,,1656 1.1656 92. 
94. 0.00093&3 O.OQ093G3 O.OOO!t363 380.1 310.1 3110. I aao.o 3110.0 380.0 1.18$4 1.18113 1.1183 94. 
9G. 0.0008377 0.0008377 0.00093?7 388 •• 388.5 38e.$ :188.4 ~"-~ 318.4 1.~110 1.:2110 1.2110 96. 
08. ~ ~ O.OOO!t390 ...m...! 386.8 396.8 J.2i.! -'ll!!....!. 396.7 ..!..:2ll! ~ '.2335 98. 

100. 1.6970 1.6064 ~ 2411(). I 2479.5 ~ 2l1'1.3 2326.9 ..m...g 6.8440 6.8203 .L.nU 100 • 

105. t.7213. 1.6295 1.5468 2488.5 2418.9 2488' 4 2334.6 2334, I 2333.7 6.66$0 6.9454 6.1230 tOIL 
110. I. 7-'815 1.6&2A 1.5687 2 .. 98.11 2488.3 2497 .I 2341.8 2341.~ 2340,0 c .8037 6.1170:1 G.l478 (10. 
115. 1.7G!illi 1.;753 1.5905 2501.2 2507.7 2507.2 230.!1 l:348.& 2348.2 E.9180 6.8948 6.17:t2: 115. 
120. t.7936 1.8982 1.1i122 2511.5 2Sf7. 1 2E1fi.6 235&. 1 23115.1 2355.4 6.9418 6.9185 6.8962 120. 
12e. I. 81711 1.1209 1.6339 2e26.8 252&.4 2n6.o 23U.3 2362.1 2:382.8 6.9654 8.9420 6.tl&9 125. 
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nao.e :ml0.8 3UQ.8 11.1007 •.• 1&2 a.tslla $80. 
Ul7.3 3287.'-J 328? .~ 1.7472 8c T247 8. 7004 roo. 
3324.2 3324.1 3324. I 8.7931 I 1?06 8.74t3 720. 
:9Hif .3 3381.3 331 I. 2 8.8384 •. 8tb8 8.'l9MS 740. 
3!181.7 3398.7 33te.6 1.8831 ' seos 8.8393 760. 
3438,4 3'36.4 3436.3 8.9272 1.9047 8.8834 7$<). 
3.&1t 3 liiU.] , .. 1 .... 3 8.9707 8.9482 8.92Gll aoo. 
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Table C2: Specific Heat 

T.ablv 8. Spec1rtc Heat at Constant Praccurv 

Spocff1c Heat. J/g.M 

p(kPa l 10. 20. 30. 40. GO. 80. 100. ~00. 300. 400. 600. 800. p(~Pa! 

47.93 G2.00 70.U 77.60 t7 ,. 9'.1.01 101.()5 1~1 .41 134.56 , ••. 53 159.57 171 .02 ... sat 
i<l· sat 4.223 204 4.193 4. 184 •. 173 4.16~ 4.160 4.153 4.158 4. 1.61 •. 189 4.215 Llq.sat 

.sat I. 772 . 799 '.aH~ t. 834 1.161 1.882 1 90~ 1.979 2.043 2.100 2.205 2.302 Vap.sat 

t(C I t(CI 
20. 4.243 .. 243 ... :::z .. 2 4.242 .... 242 4,242 4. 242 4.241 •. 24~ 4.241 4.240 4.240 20. 
:m. 4.240 4 .140 4.240 4.240 4.HO 4.240 4.240 4.240 4.240 4.239 •. 239 4.238 :m. 
40. 4.232 • 232 .4.232 4.232 4.232 4.232 4.232 4.231 4.231 4.231 4.230 4.230 40. 
!50. 1. 7'11 4 220 4.220 4.220 4.220 4.220 4.2Zo 4.220 4.220 4.219 4. 219 4.218 50. 

60. f ,767 •. 207 4.207 4.207 4.207 4. 207 4.207 4.207 •. 207 4.206 4.208 4.2Q5 60. 
70. I. 766 1.793 +Wo ~ .. . 194 4.194 •• 194 4.193 4.193 4.19~ 4. 19:J 4.-192 70. 
80, '. 767 1.788 0 1.831 ..!...!!.!. 4.HH 4.181 4.181 4.18' 4.180 4.180 4. lBO 80. 
eo. 1.170 1. 787 1 .so~ '.82t 1.8S7 +m ~.170 4.170 4.169 4. ~69 4. J69 4.168 90. 

tOO. t. 774 I. 787 j .80~ '-'8!6 1.8~1. . ~ 4,161 4.161 4.160 4.161;1 4. HSt) tOO. 

110. I. 778 1.790 1.801 I. 813 1.e37 1.861 1.486 4.155 ~ .165 •. 116 4' 154 <1. IS~ 110. 
120. I. 783 j. 793 1.803 '.813 1.833 I .853 1.874 4.153 A .153 •• 153 4. 152 4. 15~ 120. 
130. I 78~ 1. 798 1.80G I. S14 1.801 t. 848 1.866 "'1:9!8 ~ 4. !55 A. 154 4. !54 130. 
140. I, 795 1.803 1.810 I. 81? !.83 I I ,846 1.861 1.940 2.026 ...i..J!a 4.161 4.161 140. 
150. 1.802 t .808 1.814 1. 821 1.833 I.U6 I .859 1.927 2.000 2.oeo ~ 4.173 150. 

160. 1.80Q t. 81<1 1.820 1.825 I .83E I, 847 1.858 1.917 1 .9l!1 2 ,()49 2 .~03 4.190 160. 
170. 1. 816 I. 82' 1.825 '.830 I .840 I .849 1.85S 1.\lll 1.966 2.025 2. 156 ...i.:.ll2 170 . 
180. t. 823 t .827 I.U1 1.136 1.844 .853 1.862 1.907 1.9~5 2.007 2.120 2.249 180. 
lBO. 1.830 1.834 1.838 1.842 1.849 .857 1.865 1.$05 1.947 1.992 2.091 2.201 190. 
200:- 1.838 1.841 1.84" 1.848 1,855 .862 1.869 1.904 1.942 1.982 2.061 2.163 200. 

210. 1.8•5 1.8~8 t .851 1.8S4 1.861 1 867 1.873 .905 1.939 1.974 2.04Q 2. 133 210. 
no. 1.853 1.856 1.869 I .8&1 1.867 1.872 1.878 .907 1.937 I. 968 2.03$ 2.109 220. 
230. 1.861 , .863 1.866 1.868 1.873 1.870 1.883 .909 1 .9:1<; 1.964 2.024 2.088 230. 
240. t .889 '.e71 1.87J '.876 t .880 1.88~ 1.880 .913 1.937 I. !t82 2.on 2.072 240. 
250. I .871 t .879 1.881 1.883 1.887 1 891 '.8!15 .1117 I .938 1. 961 2.009 2. Ol)9 250. 

260. 1.885 1.887 1.889 1.89 I 1.894 1.898 a::-m:, 1.9H 1.941 I .JIG! 2.004 2.0411 260. 
270. t .893 1.895 I .896 1.898 t .902 1.905 t. 9011 1.!t26 1.944 1.962 2.001 2.041 270. 
280. 1.801 1.903 1.904 1.906 1.009 I .912 t.9tS 1.931 1.9-48 1,,64 1.999 2.036 280. 
290. 1.910 1.911 1.912 l.914 1.917 1.920 1.922 I .937 1.952 ; .967 1.999 2.032 290. 
~00. !. 918 1.919 1.920 1.922 1.924 1.927 1.930 1.943 1.957 l .911 <.999 2.029 300. 

310 t .9'26 '.sr.J:7 1.11211 t.eao 1.932 1.S3S 1.937 '.949 1.962 1.97111 2.001 2 .028 310 .. 
320. 1.9J5 1.5136 1.937 1 .!1138 1.1140 1.942 1.945 1.$118 1.967 I .979 2.003 2.027 320. 
330. 1.943 1.944 1.945 j .946 1.948 1.11!!0 1.952 1.962 1. 973 I .9,4 2.005 2.028 330. 
340. 1.951 1.952 t .9"'3 1.954 t .95S 1.958 1.9~0 1.969 1.979 I .919 2.009 2.029 340. 
3!0. 1.960 i .96! 1.962 t .se2 t.H4 1.966 1" .968 1.97G 1.U& 1.994 2.013 2.032 3~0. 

360. 1.968 1 969 1.970 1.971 1.972 1.974 1.975 1.984 1.992 2.000 2.017 :2.03~ 31i0. 
370. 1. 977 1.978 1.978 1.979 '.:1181 1,982 1.984 1.&9! t.H9 2.006 2.022 2.038 :no. 
390. 1.98~ 1.9M 1.937 1.9!17 I. 989 1.990 '.992 1.999 2.()Ql; 2.0!3 2.027 2 .()42 Jeo. 
390. 1.0114 1.99S 1.995 1.988 '.997 1.998 2c000 2.00C 2.013 2.019 2.0.92 2.046 390. 
400. 2.002 2.003 2.004 2.004 2.~ 2.007 2 .0011 2.010 2.020 2.026 2.0~8 2.051 400. 

420. 2.020 2.020 2.021 2.021 2.022 2.023 2.024 2.029 2.03S z.o•o 2c050 2.061 420. 
44(), 2.037 2.037 2.0;]8 2.009 2.039 2.040 2.041 2.045 2-050 2.054 2.083 2.073 440. 
460. 2.05<1 2.054 2 .0!54 2 .Q!Ie 2.056 2. 054; 2.057 2.061 2.06~ 2.069 2.077 2.08!1 460. 
480. 2.071 2.071 2.071 2.072 2.072 2.073 2.974 2.077 2.081 2.064 2.091 2.098 480. 
!SOC. 2.088 2.0811 2.088 z.oea 2 .on 2.090 2 090 2.093 2.08. 2.009 2. tOIS 2.112 900. 

520. 2.104 2.105 2.105 2,105 2.106 2.106 2.107 2.109 2. 112 2.115 .2. f21 2.126 520. 
640. 2.121 2.121 2.121 2.122 2. U2 2.123 2. U3 2.126 2. 12e 2.1J1 2' 136 2.1AO 540. 
560. 2.138 2. 13B 2.131 2.138 2.139 2.139 z. 139 2.1<12 2' 144 2.146 2. 1$1 2.155 560. 
580. 2.154 2.1S4 2.154 2.154 2.15~ 2.155 2.156 2.168 2.160 2.162 2. H15 2.170 580. 
&oo. 2.170 2.170 2.170 2- t71 2.171 2.171 2.172 2.17A ,,ITS ~- 177 2.181 2.105 800. 

112.0. z.use 2.186 2.186 2.117 ~. Ul7 2.187 2.181 2. tea 2' 1111 2. !93 2. !96 2.199 620. 
SdO. 2.202 2.202 2.202 2.202 2.203 2.203 2.203 2.205 t.zoe 2.208 2. 211 2.214 640. 
660. 2.218 2.218 2.219 2.218 2.218 2. 21g 2.21!1 2.220 2.222 2.223 '2.226 2.229 61;0. 
sao. 2.233 2.233 2.233 2.233 2.234 2. 234 2.234 2.236 2.237 2.238 2-~·· 2.244 680. 
700. 2.248 :;! .2 .. ~ 2.248 2. 249 2. 24 2.249 2.249 2.251 2.252 2.253 2.256 2.268 700. 
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3 Ill 

0 T/K 276,95 300 350 400 450 500 550 600 625 650 675 700 750 BOO ()' c.... 

< iii' P/MPa ,., 
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Table C4: Thermal Conductivity 

TABLE 11 THERMAL CONDUCTIVITY (16) (l0- 3w;m.:K) ~~~ 

T/K 276.95 300.0 350.0 400.0 450.0 500.0 550.0 600.0 

PjMPa 

0.1 571.2 597.6 630.4 26.23 30.38 35.24 40.67 46.63 

1 571.7 598.0 6 30.9 634.7 612.7 37.41 41.80 47.31 

2.5 572.6 598.8 631.6 6 35 .5 613.7 43.47 4 4.60 48. 87 

5 573.9 600.1 632.8 636.8 615.3 570.0 53.36 53.04 

7.5 'i7"i. 1 601.4 634 .o 638.2 616.9 572.3 509.1 60.15 

10 576.7 602.6 635.2 6 39.5 618,5 574.6 512.6 72 .3~ 

15 579.4 605.2 637.6 642.1 621.7 579.1 519.2 428.6 

20 582.1 607.7 640.0 644,7 624.7 583.3 525.4 442.6 

25 584.7 610.2 642.3 647.3 627.8 587.4 531.2 454.0 

30 587.4 612.6 644.7 649.8 630.8 591.3 536.6 463.9 

35 590.0 615.1 647.0 652.3 633.7 595.1 541.9 4 72.6 

40 592.6 617.5 649.2 654.8 636.6 598.8 546.9 480.6 

50 597.8 622.3 653.7 659.7 642.3 605.9 556.2 494.9 

60 602.8 627.0 658.1 664.4 647.7 612.5 564.9 507.5 

70 607.8 631.6 662,5 669.1 653.0 618.9 573.1 518.8 

80 612.7 636.2 666.7 673.7 658.2 625.0 580.7 529.1 

100 622.3 645.1 675.0 682.5 668.2 636.6 595.1 547.7 

150 646.0 665.3 694.5 702.8 691.1 663.9 6:27.1 585.2 

200 664.5 683.8 713 .o 722.3 712.5 688.0 654.5 616.7 

250 680.1 700.1 730.2 740.5 732.2 709.9 . 679.2 644.3 

T/K 625.0 650.0 675.0 700.0 750.0 800.0 850.0 900.0 

P/MPa 

0.1 49.81 53.12 56.57 60.15 67.75 75.93 84.71 94.1 

1 50.36 53,59 56.98 60.52 68.05 76.20 84.96 94.3 

2.5 51,60 54.61 57.85 61.28 6 B .69 76.75 85.4 6 94.8 

5 54.75 57.11 59.91 6 3. 05 70.08 77.93 86.50 95.7 

7.5 59.74 60.86 62.89 65.51 71.94 79.46 87.83 96.9 

10 67.41 66.28 66.97 68.77 74.30 81.35 89.43 98.3 
1.::; !)!),')2 OS.:l7 ?.O,G~ 70 • .:10 Rn r:.7 R,; ~ ?4 93.47 101.q 
20 379.0 134.3 101.9 93.12 89.56 92.69 98.63 106.2 
25 379.8 348.4 147.7 116.3 101.5 100.8 104.9 111.4 

30 414.9 359.7 268.5 156.3 117.1 110.7 112.3 117.4 

35 428.2 375.8 320.8 222.5 137.7 122.7 120.9 124.3 

40 439.9 390.7 343.3 278.1 164.1 136.8 130.7 131.8 

50 459.1 417.1 373.8 329.3 226.6 171.5 153.6 149,1 

60 474.8 438.0 398.1 359.9 276.9 211.2 180.4 169.0 

70 488.4 455.4 419,6 383.3 312.3 247.7 209.1 190.7 

80 500.3 470.0 437.4 403.6 339.6 279.5 237.0 213.2 

100 521.2 494.1 466.4 437.4 380.7 328.9 285.4 255.1 

150 563.3 540.9 518.4 495.8 451.1 409.2 372.4 341.3 

200 597.0 577.2 557.3 537.6 499.1 462.9 430~1 401.8 

250 626.2 607.9 589.7 571.7 536.7 503.9 4 73.9 447.5 
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