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ABSTRACT

More than 800 points of critical heat flux (CHF) data were measured from three test rigs
(UO, MR-7A and MR-1A loops). The UO loop is a multi-fluid boiling loop located at the
University of Ottawa, in which HFC-134a, HCFC-123, HCFC-22, CFC-12 and CFC-11 have been
tested. The CHF data of HFC-134a and HCFC-123 are the first ever published for these fluids.
HEC-134a and HCFC-123 are non-ozone and low-ozone depletion fluids. The CHF data from the
UO loop cover the range of mass flux from 1 to 4 Mg m™ 5", pressure from 7 to 10 MPa of
water-equivilent (water-equivalent is defined as the same dimensionless parameters, e.g. PP,
and v, of flow condition for non-aqueous fluids as those for water) and heated length from 0.5
to 1 meter. The inner diameter of the test section is 4.2 mm. The MR-7A and MR-1A loops are
the refrigerant and boiling water loops, respectively, located at the Chalk River Laboratories of
AECL. In the MR-7A loop. CHF data were measured using HCFC-22 as a coolant for the
following conditions: mass flux: 1—8 Mg m* s°', pressure: 7 and 10 MPa (water-equiv.), heated
length: 0.67—1.61 m, and inner diameter: 4.38 and 8 mm. The CHF data for water from the
MR-1A loop cover mass flux: 2.5—8 Mg m™* s”, pressure: 7 and 10 MPa, heated length: 1.75 m,
and inner diameter; 8 mm. HFC-134a, HCFC-123 and HCFC-22 are found suitable to replace the
CFC’s in the CHF experiment for water CHF simulation.

The CHF fluid-to-fluid and multi-fluid prediction techniques were examined based on the
CHF data of various fluids measured in the present work. Two analytical CHF models were
assessed and compared to data from the 5 fluids tested in this investigation. The CilF similarity
between water and refrigerants was also examined via the analysis of geometric, thermodynamic
and hydrodynamic similarities. A new methodology has been established to investigate the
limitations of the CHF fluid-to-fluid scaling technique. The analysis of CHF similarity through
the thermodynamic relationship leads to the conclusion that, not only the local thermodynamic
quality, but also the upstream history (e.g. heating, flashing, friction, changes of kinetic energy
and potential energy, etc.) are important factors in determining the CHF scaling accuracy. Finally,
the limitations of the CHF fluid-to-fluid scaling technique were determined in terms of the

scaling accuracy.
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Chapter 1

INTRODUCTION

Boiling heat transfer is a very efficient convection process where the fluid is involved in
a phase change (from liquid to vapour). This process has been applied in many industrial systems
such as boilers (steam generators), refrigeration equipment, air-conditioning systems and nuclear
reactors. Two fundamental areas of the boiling process, pool boiling and flow boiling, have
received considerable attention for years. Pool boiling is boiling in which a heated surface is
submerged in a static liquid pool. Flow boiling is boiling in which the heated surface is a channel
wall confining the flow or is surrounded by a flow stream, In the present study, an aspect of flow
boiling has been investigated which is particularly relevant to nuclear reactor equipment.

An important power-limiting criterion for a water-cooled nuclear reactor is the
phenomenon called “dryout", which results in a sudden and dramatic decrease or deterioration
of the heat transfer rate on the heated surface, due to the creation of a low conductivity vapour
film. For a heat flux controlled surface, the surface temperature will rise rapidly when "dryout”
occurs. This phenomenon is also referred to as "burnout” although a physical burnout does not
necessarily occur. However, a more general term, “boiling crisis”, is widely accepted in the
literature, and the term "critical heat flux" is used to represent the heat flux at boiling crisis.

Many other terms have also been used to depict the boiling crisis phenomenon with a

particular sense of mechanism, e.g. the flow patterns shown in Fig. 1-1. There are two distinct



mechanisms. The first mechanism is characterized by a transition from nucleate boiling to film
boiling (see Fig. 1-1b). The terms "fast burnout", "departure from nucleate boiling (DNB)" and
*burnout of the first kind" are thus used in the literature (Bergles, 1979). These terms normally
refer to the subcooled or low-quality flow condition. The second mechanism occurs in the annular
flow regime at low heat flux, where the liquid film on the wall becomes depleted or consumed
by evaporation (see Fig. 1-1a). Here, the terms "slow burnout”, "dry-out” and "burnout of the
second kind" are used, and denote the high-guality flow condition (Bergles, 1979). In general,
the term "critical heat flux (CHF)" is used for either case.

Full-scale experiments for boiling crises in nuclear reactors are very costly and sometimes
are risky. Instead of using the fuel elements in the reactor, CHF meusuremerﬁs are usually
undertaken in out-reactor loops using a similar test-section geometry, The reactor fuel is
simulated by electrically heated bundles. Because of the high heat of vaporization and high
critical pressure of water, equipment for measuring CHF, especially for complex geometries (e.g.
rod bundles), is very expensive. Therefore, CHF fluid-to-fluid sculing theories have been
developed which permit the use of scaling fluids (also called "modelling fluids™) such as
refrigerants (chlorofluorocarbons or CFC’s). The advantages of sculing fluids include a lower
CHF experimentation cost and less severe test conditions such as lower pressure, lower
temperature and lower heat flux. For example, to scale the CHF requires an equal density ratio
of liquid to vapour. CHF in water at 7 MPa would correspond to CHF in CFC-12 (trade name
Freon-12 or R-12) at 1 MPa; at these pressures the heat of vaporization of CFC-12 is only 5%
of water. This reduces the CHF power to 6% of the water CHF value. Lawther and Miles (1973)

have also concluded other important advantages from using the scaling fluids:
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1. The lower heat flux and lower temperature result in much lower temperature excursions

at boiling crisis conditions. Thus, the possibility of physical burnout is extremely remote;

2. The accuracy and reproducibility of CHF data are much better than with water, so that
parametric effects can be more fully investigated;
3. Instrumentation is less complex and experimental testing is safer, easier and quicker.

A review of the relevant literature shows that refrigerants are used extensively us the
working fluids in most CHF simulation tests. However, CFC-12 (R-12), CFC-11 (R-11) and some
other types of refrigerants have recently been considered harmful to the environment by depleting
the ozone layer in the atmosphere. Therefore, new fluids to substitute for the above refrigerants
are required, and CHF tests using these new fluids are also needed. Some fluids such as
HCFC-123 (R-123) and HFC-134a (R-1344) have been found to be friendly to the environment
(with a zero or very low ozone depletion index): and the thermophysical properties of HCFC-123
and HEC-134a are close to CFC-11 and CFC-12, respectively. Table 1-1 summarizes the basic
properties of HCFC-123, CFC-11. HFC-134a, CFC-12 and HCFC-22: and Table 1-2 is the
summary of the environmental charucteristics of some refrigerants and several .promising
alternatives.

For refrigeration, air-conditioning and heat pump applications, it has been concluded that
HFC-134u and HCFC-123 are the most likely substitutes for CFC-12 and CFC-11, respectively.
HCFC-22 also is considered to be a temporary replacement fluid for CFC-12 during a transition
period. The CHF test results for both HCFC-123 and HFC-134a have not yet been reported in

the literature.



If the fluid-to-fluid scaling technique is proven to be suitable for CHF conversion from
one fluid to another, this technique can also be used as a CHF prediction method for one fluid.
for which no data are available, based on another fluid. for which either data or prediction
methods are available. The experimental part of this investigation has provided systematic CHF
measurements with HFC-134a. HCFC-123 and HCFC-22. CHF measurements tor CFC-12 and
CFC-11 were also performed to compare the CHF results with those from the CFC substitutes.
The analytical part of this study examined the validity of the fluid-to-fluid scaling technique as
well as the multi-fluid CHF prediction methods such as non-dimensional CHF equations and
theoretical models. Also, the limitation of the fluid-to-fluid scaling technique was studied so that
its range of application can be determined.

Chapter 2 will be devoted to a brief description of CHF mechanisms at various flow
conditions. CHF scaling theories and a survey of various CHF scaling technigues and prediction
methods. Chapter 3 will describe the details of CHF test equipment including the test procedure
and the measurement uncertainties as well as the test matrix. In Chapter 4, the CHF test data will
be summarized from the data reduction procedure and the observation of the parametric trends
as well as the comparison against the CHF data from the literature. Chapter 5 then is devoted to
the examination of the CHF scaling techniques and other CHF prediction methods based on the
present CHF test data. In Chapter 6. the limitations of CHF fluid-to-fluid scaling technigue will
be investigated and its application range is determined. Finally, in Chapter 7, the conclusion of
the CHF experiments using the CFC replacements, the validity of CHF sculi'gg techniques and
other CHF prediction methods as well as the recommendations for the (’r‘"uture work will be

presented. e




Several appendices will also be appended to this thesis including a list of publications
generated during the course of this study (in Appendix I), measurement uncertainties (in appendix
11), equations of property prediction for new refrigerants (in Appendix III), tabulated CHF data
measured from the present work (in Appendix [V) and the pressure drop derivations required for

the analysis in Chapter 6 (in Appendix V).



Table 1-1 Physical properties of HCFC-123, CFC-11, HFC-134a, CFC-12 and HCFC-22 (DU

PONT data).

Pronerties

HCFC-123 CFC-11

HFC-134a CFC-12 HCFC-22

Chemical formula
Molecular weight

Boiling point at 1 atm (°C)
Freezing point (°C)
Critical temperature (°C)
Critical pressure (MPa)
Critical density (kg m™)
Liquid density at 25°C
(kg m?)

Vapour pressure at 25°C (kPa)
Evaporation heat at boiling

point of 1 atm (J g’")

CHCLCF, CCLF

152.9

3.61

583.4

1461

01.7

169.9

137.4

23.8

-111

198.1

4.41

554.2

1476

105.6

180.4

CH,FCF, CCLF,

102.0

-25.5

-101

100.6

3.95

488.5

1203

661.9

219.8

120.9

-29.8

-15%

112.0

4.12

5574

1311

651.6

165.3

CHCIF,
96.47
-40.8
-160
96.15
4.97
513.0

1190

1040

182.5




Table 1-2 Environmental characteristics of regulated CFC's and several promising

alternatives (Watanabe, 1990).

Refrigerant Atmospheric lifetime ODP* GWP
(year)'

CFC-11 65 1.0 1.0

CFC-12 120 0.9 -1.0 28-34
CFC-113 90 0.8-09 1.3-14
CFC-114 180 0.6 - 0.8 37-41
CFC-115 380 L.3-05 74 -7.6
HCFC-123 1-4 0.013 - 0.022 0.017 - 0.02
HCFC-124 - 0.016 - 0.024 0.092 - 0.1
HFC-125 - 0 0.51 - 0.65
HFC-134a 6 0 0.24 - 0.29
HCFC-22 20 0.04 - 0.06 0.32 - 0.37

3

Time required for a chemical compound to reduce the concentration to /e (37%) of its
original value.
Ozone depletion potential (relative to CFC-11, which is assigned the value 1).

Global warming potential (relative to CFC-11, which is assigned the value 1).
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Figure 1-1 Flow regimes in directly heated tubes.



Chapter 2

LITERATURE SURVEY

2.1 Two-phase Flow Regimes

As illustrated in Fig. 1-1. two types of flow regimes may occur in a heated channel. For
low heut flux conditions (Fig. 1-1a), a single phase liquid enters a heated tube and the evolution
of the flow patterns at the downstream of the entrance may be bubbly flow, slug or froth flow,
annular flow, dispersed flow and single phase vapour. The boiling crisis occurs at the dryout
location at downstream end of the annular flow regime. For high heat flux conditions (Fig. 1-1b),
the evolution of the flow patterns inside the heated tube may be single phase liquid, bubbly flow,
inverted annular flow, dispersed flow and single phase vapour. The boiling crisis in this case
occurs between the bubbly flow and inverted annular flow regimes. A detailed description of two-

phase flow regimes can be found in Hewitt and Hall-Taylor (1970) and Collier (1981).

2.2 CHF Mechanisms

2.2.1 Subcceled and Low Quality CHF

Bused on Tong and Hewitt’s (1972) and Bergles’s (1977) reviews, Hewitt (1978)
concluded that there are three conunon postulated mechanisms for CHF in subcooled and low
quality region. They are:

(n Near-Wall Bubble-Crowding and Vapour Blanketing

9
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As shown in Fig. 2-1, bubbles generated from the heated surface will form a
"bubble boundary layer" along the flow and such a layer is thick enough to prevent
enthalpy transport between the heated surface and the subcooled liyuid core. Several
hypotheses have been made to precisely describe the phenomenon ovcurring in the
vicinity of a heated surface:

(a) Kutateladze and Leont’ev (1966) observed a "blowoff” or "breakaway” of the
"bubble boundary layer", which indicates the evaporation of u stagnant liquid layer
that leads to the overheating of the heated surface.

(b) Tong et al. (1965) suggested that there is a critical superheat in the liquid wall
layer which is formed by separation of the "bubble boundary layer”.

(c) The vapour accumulating at the heated surface leads to an overheating of the
surface because of the limitation of vapour removal by condensation and by axial
transport of bubbles (Hebel and Defavernier, 1977).

(d)  Film boiling is formed at the heated surface when the rate of vapour removal from

the nucleation centre reaches its maximum (Maroti, 1976).

Local Overheating Following Bubble Growth from s Nucleation Centre

When the bubble grows at a nucleation centre, a dry patch is formed on the heated
surface. Then, tix Q};}face is rewetted foliowing the bubble departure. Kirby et al. (1967}
suggested that, when the heat flux is sufficiently high, the dry patch spreads rapidly and

cannot be rewetted after the bubble removal. Therefore, the temperature on the surface

will continue to rise and leads to boiling crisis. For this type of boiling crisis, Kirby et

10



al. concluded that CHF depends on local bulk enthalpy and there is no upstream effect.

Figure 2-2 illustrates the heat transfer around the area of the dry patch.

3) Critical Phenomenon Associated_with Vapour Clot or Slug Formation

In slug flow, a micro-layer may form underneath a large volume of vapour which
blocks the access of subcooled liquid to the heat surface as illustrated in Figs. 2-3a and
2-3b. The boiling crisis can thus occur (Fiori and Bergles, 1970). Molen and Galijee
(1977) commented that the vapour slug is not sufficient to cause the boiling crisis, but
it results from the separation of vapour slug and heated wall by bubble overcrowding in

the layer. This can be seen in Fig. 2-3c.

Semeria and Hewitt (1974) made a qualitative chart in which all the mechanisms
described above can be applied in different regions as shown in Fig. 2-4. Hewitt (1978)
concluded that since so many different mechanisms exist, the detail of the phenomenon is not

fully understood.

2.2.2 High Quality CHF

Hewitt (1978) defined the boiling crisis in an annular type of two-phase flow as follows:
"to a reasonable approximation, the boiling crisis in annular flow occurs when the film flow rate
falls locally, and smoothly, to zero. This condition arises as a result of a combination of liquid
evaporation and liquid entrainment over the whole annular flow region preceding the critical

point. Counteracting these film denudation processes, there is the process of droplet deposition
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which tends to replenish the film". To describe the mechanism of separation between the liquid
and the wall, the measurement of the film flow rate at the end of the channel has been employed.
A number of experiments have been performed in different laboratories and they were reported
by Hewitt (1970), Mayinger and Langner (1977). Subbotin et al. (1978) and Semeria and Hewit
(1974). Generally, the film tlow rate is expressed in terms of local quality along the channel. As
a result, the CHF curve is also frequently demonstrated as a function of local quality. Figure 2-5
is a typical CHF curve observed by USSR researchers in which the region 1 is associated with
the flow regime in Fig. 1-1b, the region II corresponds to the so called "limiting quality” effect,
and the region 111 occurs at very low heat fluxes. However, Hewitt (1978) has made some points
to discuss this curve:
().  "The form of curve is by no means universally obtained in practice, particularly if a
subcooled mlet condition is used.”
(2).  “In most of the USSR experiments in this area, mixed inlet conditions are employed and
one would certainly expect to see an effect of inlet mixing pattern and length-to-diameter

ratio for such tests: the generality of the curve iy therefore doubtful.”

In summary, the CHF for high quality (regions Il and 111) flow can be represented in the

following form

$, = AT, P,, G, L, D) (2-1)

and the CHF for low quality (region I} flow can be expressed as
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¢c =f(Xca Pos G, D) . (2-2)

where the symbols are defined in the nomenclature.

2.3 CHF Scaling Theories and Scaling Techniques

2.3.1 (eneral Theory
Strictly speaking, in fluid-to-fluid scaling, geometric and dynamic similarities must be
matched. Usually, by using the same L/D ratio in model and prototype, geometric similarity is

achieved, i.e.,

5.6,

where subscript "M" denotes the modelling (or scaling) fluid and subscript "W" indicates the
equivalent value for the water or prototype system. The dynamic similarities include
thermodynamic and hydrodynamic similarities. Thermodynamic similarity can be achieved when
the thermodynamic qualities in both systems are the same at any axial location (z/D) along the

length, i.e.,

x(2)y = XDy (2-4)

From the heat balance eation,

(@) = 4(&](£) . (fﬂ) @9
26\p) ™2
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where the AH, is the inlet subcooling enthalpy. It follows that the dimensionless groups also must

be equal:

Bo - (i] - (_";] (2-6)
AG),, \iG),

and

X, = (AH"] - (AH"] 2-7)
‘ A‘ M A’ W

where Bo is the so-called boiling number and X, is the inlet subcooling quality. For

hydrodynamic similarity, a similar density ratio in both systems is needed. i.e.,

SR
pS M pS W

as well as the dimensionless mass flux in both systems

Gy = Gy (2-9)
where G” is derived based on the classical dimensional analysis associated with experimental
evidence and can be expressed in various ways depending on the investigators (e.g. Steven and
Kirby (1964), Dix (1970) and Ahmad (1973)).

To convert the scaling fluid parameters into water-equivalent system parameters, requires

the introduction of the scaling factors:

F, = D,/ D, (2-10)
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Fj; = Gyl Gy @11)

Fyy = (AH)gl (AHY, = Ayl Ay (2-12)

Fq; = (‘bc)wl (¢¢)M = FG * FAHi (2-13)

2.3.2 Scaling Laws and Scaling Factors
2.3.2.1 Barnett’s CHF Scaling Laws

Barnett (1963) employed classical dimensional analysis to find the most likely scaling laws
which describe the boiling heat transfer for forced convection of a vertical up-flow in a uniformly
heated tube. He found that there are six quantities of system parameters representing the
oceurrence of a burnout situation at particular combinations. These parameters are tube diameter
(D). tube length (L), inlet pressure (P,), outlet pressure (P,), inlet temperature (T;), and heat flux

(¢). The relation of these parameters can be written as
¢, =fL,D,P,P,,T) (2-14)

where ¢, represents the critical heat flux and is treated as a dependent variable. Then, the mass
velocity (G) is used instead of P, (there is a unique relationship between P-P, and G), p/p, is
used to replace P, to ensure that the voidage is scaled under steady conditions, and the inlet

subcooling of enthalpy (AH;) is used to substitute (T}). Thus, Eq. (2-14) becomes
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b, = f(L,D.plpe, G, AH,) (2-15)

Barnett (1963) considered P, and the corresponding saturation temperature to be the
significant conditions from which to select the properties required in non-dimensionalized
Eq. (2-15). Therefore. the liquid density (py), vapour density (p,). thermal conductivity of liquid
phase (k). specific heat of liquid phase (Cp,) and heat of vaporization (A) are evaluated at the
conditions of P, and its corresponding saturation temperature. In addition to these properties, two
other properties may be used if the analysis shows that they are required. They are the surface

tension () and the slope of the saturation temperature vs, pressure, which is expressed as

p=sm 2-16)

where the subscript “sat” indicates the saturation condition.

Barnett (1964) suggested that the properties of p. p, and A are obviously important in the
case of forced-convection boiling heut transfer because their presence ensures that the meun
conditions of voidage and quality are correctly scaled. Also, p; and p, could be combined as the
density ratio of liquid to vapour (p/p,) which is a significant parameter for evaluuting void
fraction and slip ratio and is a unique function of pressure: it is always possible to find pressures
for which any two fluids have the same value of p/p,. Therefore, Burnett (1964) constructed 14
possible ses of scaling laws with the help of examining the experimental data for water and
CFC-12. and based on the consideration that those possible sets of scaling laws contain only one
dimensionless group, p/p,. Which involves only properties. These 14 possible sets of scaling laws
are illustrated in Table 2-1. The scaling laws contain various fluid properties, including v, which

has not been introduced before and is defined as
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_ ‘d(Pf/Pg)w (2-17)
dP

After testing the 14 sets of scaling laws by comparing the water-equivalent CHF of CFC-12 with
actual water data, Barnett (1964) concluded that the scaling law 4 shown in Table 2-1 gives the
best comparison between the actual and equivalent water CHF data (within £6%). Scaling law 4

s written us

112 1j2

¢,y - f _L_ , DCPfle , G-\:ll-’- ’&,ﬁﬂ (2-18)
12 . 2 2

leP L ka & pr Pg A

To use Eq. (2-1%), each dimensionless group at the right hand side (RHS) should be equal in both
fluid systems. Then the values of the dimensionless CHF at the left hand side (LHS) in
Ey. (2-18) will be the same in both fluid systems.

Barnett (1964) concluded that scaling law 4 scales the water CHF reasonable well by using
CFC-12 CHF data. However, scaling law 4 may not contain all the information which is required
to model the water CHF data. For example. scaling law 4 assumes the Cp;, k, and y are the
important properties in addition to p,. p, and A. Barnett suggested that the property B may
improve the scaling law 4 if B is included to form another dimensionless group. Barnett and
Wood (1965) continued the investigation of the validity of scaling law 4 by testing a third fluid
system, CFC-21. They also examined whether B is an important physical property by adding B
in scaling law 4. A dimensionless group of properties. Ay/BCp;. thus is formed and is included

in scaling law 4. The addition of B to scaling law 4 yields
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b1 AL DOy Gy By MM, ay @-19)
lp}p D kaIF’- p}fz pe A BCp

The investigation by Barnett and Wood (1965) showed that
1. The scaling law 4 containing A. py. p,. Cpy. k; and y was successtul in scaling the CHF data

for water by using CFC-12 and CFC-21 within £7%.

!\.)

The CHF data of CFC-12 and CFC-21 are related within 3% whether B is included in
scaling law 4 or not. This implies that B may not be an important property.

3. The above finding suggest that the properties involved in scaling flow boiling CHF can be
categorized as follows:

The primary properties; " P P, and 7.

The secondary properties: Cpy k; and 8.

Not important properties: All others, with a possible exception of u;.

2.3.2.2 Stevens and Kirby’s Mass Flux Scaling Factor

Stevens and Kirby (1964) presented a graphical correlation to scale the CHF data of CFC-12
at 1 MPa (155 psia) to those of water at 7 MPa (1000 psia) for vertical up-flow in uniformly
heated round tubes. For the same values of py/p, in water at 7 MPa and in CFC-12 at | MPa,

Stevens and Kirby (1964) proposed that if

(ﬁ) - (E] (2-20)
D F D w
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(Eﬂ] _ (ﬂ} (2-21)
}' F 2’ w

and

1 1

(GD %), = (KGD*),, where K = 0.658 (222)

then

5) el
iG): \AG),

where the subscript "F" indicates the CFC system and the subscript "W" refers to the water
system. Note that in Eq. (2-22), GD' is not a dimensionless group and it does not seem to have
any physical meaning related to CHF occurrence. However, this empirical function, Eq. (2-22),
did improve the CHF prediction. Figure 2-6 shows the thermodynamic quality of water at CHF
conditions vs. the function KGD™(D/L)*™* as well as the best fit of CFC-12 data. Both the
CFC-12 and water data correspond to a subcooling ratio (AH/A) equal to 0.2. Figure 2-7
illustrates the comparison between the water-equivalent CHF of CFC-12 data and the actual water
CHF data as a function of mass velocity for various L/D conditions. The shaded area indicates
the regions of uncertainty given by three different experimental sources. Stevens and Kirby
(1964) claimed that the accuracy of their scaling technique is within the range of experimental
uncertainty.

To obtain the water-equivalent CHF from a CFC-12 system, requires the use of several

scaling fuctors for various system parameters, €.g.
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$., = F¢¢c r (2-24)

AH.y = FAH,AH.-.F {2-25)
Gy = F G, (2-26)
D, = F,D, (2-27)
and
Ly = F,L; (2-28)

Substituting Egs. (2-24)—(2-28) into Eqs. (2-20)—(2-23), yields

F, = F, (2-29)
FAH = i‘l’ (2-30)
! A
F
Ay 2-31
F, = — Fg (2-31)
F
and
1 _
FG = E )‘:I:'Dl"'4 : (2'32)

Note that for p,/p,=20.63, K=0.658.
If F, is chosen, F, and F, can be obtained accordingly. Since Fyy; is fixed to 11.72 when

P/P,=20.63 and since F =Fy, the corresponding water-equivalent values and parameters can be

calculated.
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2.3.2.3 Staub’s Scaling Study

Staub (1969) suggested a modification of Stevens and Kirby’s scaling technique in which
the equilibrium boiling length (L,) is used in Stevens and Kirby’s scaling relation instead of the
total heated length (L) without changing the scaling constant (K=0.658). Figure 2-8 shows that
Staub’s HCFC-22 data agree with the best fit of Stevens and Kirby’s correlation where the L in
the abscissa is replaced by L. Because of this modification, Staub concluded that 2 change in
heated length (L) has a negligible effect on the CHF occurrence. In Fig. 2-8, the HCFC-22 data
for inlet subcooling from 0.04 to 0.26 fall on the same curve. Therefore, the effect of inlet
subcooling becomes unimportant because of the use of the equilibrium boiling length (L,). This
reduces the system parameter approach (Eq. (2-1)) to the local condition approach (Eq. (2-2)).
Staub also concluded that the scaling constant (K=0.658) does not dramatically respond to a
change of pressure. However, this correlation can still be improved by adjusting the scaling

constant as & function of pressure.

2.3.2.4 Coffield et al.’s Subcooled DNB Investigation of CFC-113

Coffield et al. (1969) measured the DNB (defined in Chapter 1 and in the Nomenclature)
type of dryout for CFC-113 flowing vertically through a uniformly heated round tube. These
subcooled CHF data were used to examine Barnett’s (1963) and Stevens and Kirby’s (1964)
scaling techniques, which were developed for the low- and high-quality CHF conditions. Coffield
et al. found that both the Barnett’s and Stevens and Kirby’s methods simulate the subcooled
CFC-113 CHF data to the equivalent subcooled water CHF data within +15%, that is, the

methods of Barnett (1963) and Steven and Kirby (1964) can be extended to the subcooled region.



However, Stevens and Kirby’s scaling technique was recommended by Coffield et al. because
of the convenience of selecting a diameter scaling factor. Coffield et al. concluded that the value

of constant K in Stevens and Kirby's scaling function varies with the density ratio (p/p,). They

found that
K = 0684 for B 2206 (7 MPa water-equiv) (2-33)
g
K =0.690 for L ERTR: (10.3 MPa water-equiv.) (2-349
Pg
and
K =075 for 2 - 72 (14 MPa water-equiv) (2-35)
Pg

The inlet subcooling may also affect the value of K.

2.3.2.5 Dix’s Technique for CFC — Water Scaling of CHF in a Round Tube
Dix (1970) modeled the water CHF in round tubes by using CHF data obtained in CFC-114.
The parameter ranges of the CFC-114 tests are listed in Table 2-2. For a uniformly heated test

section, the energy balance at thermal equilibrium is given by

Q' = mx\ + mAH, | (2-36)
where Q' is the power added to the test section, rh the mass flow rate, x the flow thermodynamic

quality. It can be expressed in terms of dimensionless groups if the heat flux ¢ and mass flux

G are introduced, i.e.,
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9 _ A [x ; A”f] (2-37)
A, )

where A is the flow cross-section area and Ay is the heated-surface area. For the case of both
fluids having identical geometries (Ag/A;) with equal thermodynamic quality (x) and
dimensionless subcooling values (AH/A), these two fluids would have the same value of
dimensionless heut flux (§/GA) in the above equation. Then Dix (1970) added a mass velocity
relation between the CFC-114 (G;) and water (Gy), where this relation completely defines the

scaling of the two fluids for CHF and is written as
G, = K, Gy (2-38)

where K, is a factor, not necessarily a constant. The factor K, is determined by a graphical
technique, where the dimensionless heat flux (Boiling number) for both fluids is plotted against
the flow quality. The K, value is then determined based on various parameter values. The scaling
factor K, obtained from the above method was found to be a function of density ratio, length to

diameter ratio and mass velocity. It is expressed as

G 0.09G
K=—F= ¢ 10-—%|(104- 90 Ly 410,02 21 (2-39)
Gy 108 100 D Pg

where C is a scaling constant depending on the type of fluid. Table 2-3 illustrates the C; values
for various fluids and the range of K, predicted by Eq. (2-39). Note that the C; values shown in
Table 2-3 were determined from the data for pressure at 7 MPa (1000 psia) water-equivalent
only; and the water data used in the above scaling relation were calculated by using Biasi et al.’s

(1967) water correlation. Dix claimed that the RMS error for the CHF prediction from his scaling
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technique against his experimental data was found to be 4.2%. which is also shown in Table 2-3.

2.3.2.6 Ahmad’s Scaling Technique
Ahmad (1973) applied Buckingham's Pi theorem to the dimensional analysis for CHF
scaling. Similar to Barnett’s (1963) CHF scaling law, he found 13 dimensionless groups from the

Pi theorem for CHF scaling where these dimensionless groups can be expressed as

Hl = f(]:['_l) H3 T H]3) . (2-4”)

Because the parameters from [, to I1;, have a weuk influence on CHF, Equation (2-40) becomes

I, = @ I, ) (2-41)
where IT1,—T1, are defined in Table 2-4.
Ideally, if

(ngpmmtypc = (n‘.’.)mmlr:l

(ni\)pmlmypc = (HS)mndcl

(n'f)pmlulypc = (n'?)mmicl

then

(nl)prmmypc = (nl)mudcl

In fact, for many cases the above condition is difficult to satisfy. For example, when

(nﬁ)promlypc = (nﬁ)mmlcl
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but
(n4)prululypc * (nd)modcl
then

(n l)pmlulypc # (I-l 1 )modcl

Ahmad called this case the distorted model. Therefore he used the so-called compensated

distortion technique to create a parameter (W) for CHF scaling, i.e.

Yepr = S@, I, T (2-42)
The functional relationship between dimensionless groups in Eq. (2-42) can be expressed by a

product of power functions, that is,

Yepr = I X H;l X ]I:: (2-43)
The n, and n, are empirical constants. If values of n, and n, are known then the CHF prediction

equation can be written as

0, = f(Yegr, Ly, Tg, 1) (2-44)
Therefore, if

(Wenphprotoype = (Wettrhmode
(AH/A) protarype = (BH A moga = Tls
(P1/Pprotctype = (PL/Pmoser = e
and
(L/D)pototype = (L/D)meaer = Iy
then

(q)c/ G;\')pmlntype = (¢c/ Gl)model': nl
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An optimizadon program has obtained values of n, and n, as 2/3 and -1/5, respectively.

Therefore, Equation (2-43) becomes

wle

Vepr = W, = (GD) x
By

1
A (2-45)
By

B }
aDpf
Note that n, and n, were based on CFC-12 and water CHF data at p/p, =20 obtined in tubes.
However, Ahmad claimed that Eq. (2-45) is general in nature and is applicuble to different fluids,
density ratios and geometries.

For some fluids, the property of surface tension may not be predicted accurately. To avoid

the difficulty for obtaining a reliable scaling parameter W, Ahmad suggested an alternative form

of scaling parameter

1 \2
3 3 |
GD YT Belg (2-46)
Vepr = ¥y = [ ] X 1;; X (-—f]s :
By DPf Pe

where v is defined in Eq. (2-17). Ahmad concluded that Eq. (2-46) can be recommended for
practical application and for this reason only. In fundamental investigations, Equation (2-45)
should be used for the scaling parameter.

According to Eq. (2-44), the Boiling number (¢/GA) vs. y, relationship for the model and
prototype should be identical if pgp,, AH/A and L/D are the same for both cases. Ahmad
compared this relationship for water, CO, and CFC-12 based on data obtained from uniformly

heated tubes at p/p,=20. Figure 2-9 shows that the results fall along the same curve.



2.4 CHF Prediction Methods

2.4.1 Non-Dimensional CHF Equations
2.4.1.1 Ahmad’s Empirical Dimensionless Correlation

Ahmad (1973) employed his fluid-to-fluid scaling technique, which has been discussed in
previous section, to develop an empiricul dimensionless correlation for CHF including the effect
of complex geometries. To incorporate the effect of the complex geometries, the equivalent
heated diameter (D,.) is used as a parameter in the CHF equation. The dimensionless CHF

(Boiling number) is rewritten as the following function:

R e T O (2-47)
G » 9, DD

Ahmad introduced a dimensionless power number (W*) defined as

foL | AH
+
I (2-48)
AH, AH,
1+— 1+
) A

where the top represents the quality increase during a channel experiencing CHF and the bottom
represents the maximum possible quality rise. Equation (2-48) can also be arranged in the same

form as Eq. (2-47), i.e.,

‘} (2-49)

Note that the range of W' is



0wl

Ahmad then proposed a functional form for Eq. (2-49), i.e..

W* = 1-et¥D (2-50)
where
AH, p, L D
y* = , —d L= ke (2-51)
f(q’cm»' A Pg D D}

Then, Ahmad derived Y* as a product of power function, i.e.,

b ¢
AH)\ (p, Y (LY (D 2-52
Y= Kl 12| | L1 (2] | = (2-52)
“FC”F[ l] (pg ] (D] (D
K. and g—e are constants to be determined empirically.

For a circular geometry, Ahmad used the CFC-12 data of a round tube at p/p,=20 to

optimize these constants. These constants result in another form of Eq. (2-50), i.e.

-0.522
L @59
where
E
E" s ————— 2-54
(1+AH, /l)’"""z @59
and




. Yenr (2-55)
(L/Dy*

Figure 2-10 shows the plot of W* vs. E* from the CHF data for various fluids. Note that

Eq. (2-53) also agrees with water and HCFC-22 data.
For an annular geometry, Ahmad compared 233 published water CHF data with his empirical
dimensionless correlation and obtained 8% of overall RMS error. This correlation also compared

with Barnett’s (1966) correlation and obtained 5.9% of RMS error.

2.4.1.2 Katto’s Generalized Correlation for CHF in Vertical and Uniformly Heated Round
Tubes
Katto (1978) presented a generalized correlation for CHF in vertical and uniformly heated
round tubes. The work of this generalized CHF correlation has been continued by Katto (197%(a),
1979(b), 1980(a), 198G.L), 1980(c), 1982) and Katto and Ohno (1984). Katto and Ohno’s version
will be mainly discussed in this survey.
Katto (1978) applied dimensional analysis to find the important dimensionless parameters
controlling the CHF, that is,
L . f(&, 2 £] (2-56)
GA pr GL D
where ¢, is the CHF at the zero inlet subcooling condition. Katto then proposed a linear

relationship between the CHF and inlet subcooling enthalpy (AH), i.e.,



AH,

where K, is the inlet subcooling parameter. In Katto and Ohno’s version, the CHF is divided into

the regimes of p/p<0.15 and p/p>0.15. CHF cun be calculated by one of the following

correlations:
0.043
S o[l L @-5%) .
GA GL) LD
where
C=0.25 for L/D<S0
C=0.25+0.0009[(L/D)-50] for 50<L/D<150
C=0.34 for 150>L/D
0.133 13
LN LA e L L (2-59)
GA Py LG'"'L 1+0.0031(L/D)
0.133 0,433 n
& - 0.098 | P2 " op, (LD (2-60)
G o,) l62L) 1+0.0031L/D)
(bo ) pg 0.6 pr 0.173 1
= - 00384 |—£| | — — 061,
o] \ G2 2-
! 1+0.28| —2 (—"‘-]
GL D
and
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ibg_ i 0234 & 0.513 opf 0.433 (L/D)O'ﬂ (2-62)
GA o,] \G3%) 1+0.0031L/D)

The inlet subcooling parameter K, can be calculuted by one of the following equations:

1.043
ap; 0.043 (2-63)
G*L

K, =

sc|

K - 5 0.0124+(D/L)
3% . 13 -
(o, 0133( f&] (2-64)
Pr G*L

and

pr] 233+2
GL L (2-65)
0.6( opf

0.173
G"LJ

1.52(
K, = 112
P
Py
For CHF in the rcgirﬁc of p/p,<0.15, the 9, is determined as
if 9,(2-58)<9,(2-59). §,=0,(2-58)
if 0,(2-58)>9,(2-59). then
if 9,(2-59)<¢,(2-60). ¢,=¢,(2-59)
if ,(2-59)>9,(2-60). ,=¢,(2-60)
In this case. K, is calculated as
if K4(2-63)>K;(2-64). K;=K,(2-63)

if K (2-63)<K,(2-64), K,;=K4(2-64)
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For CHF in the regime of p/p>0.15, ¢, is determined as
if 0,(2-58)<$,(2-62), $,=0.(2-38)

if 6,(2-58)>0,(2-62), then

if ¢,(2-62)>0,(2-61), ¢,=0,(2-62)
if ¢,(2-62)<0,(2-61), ¢,=0,(2-61)
also, K, is calculated as
if K,(2-63)>K,(2-64), K;=K4(2-63)
if K,(2-63)<K;(2-64), then
if K,(2-64)>K,(2-65), Ky=K;(2-64)
if K4(2-64)<K;(2-65), K;=K,(2-65)
(Numbers in parentheses correspond to equation itembers)

The numerical accuracy of this correlation was not reported by Katto and Ohno. However,
it was compared graphically with their own CFC-12 CHF data. Figures 2-11 and 2-12 show the
comparison between the correlation and CHF duta for the dimensionless CHF vs. op,/G*L. Katto
and Ohno concluded that there is an intermediate regime in the region near p,/p=0.15, and o,
and K, also exhibit transitional characteristics between the two regimes. Katto and Ohno (1984)

did not state clearly the application range of their generalized CHF correlations.

2.4.1.3 Shah’s Generalized Correlation for CHF in Uniformiy Heated Vertical Tubes
Shah (1979) presented a generalized graphical method to predict CHF in uniformly heuted
vertical tubes. Later, in 1987, Shah derived an improved version of this generalized correlation,

permitting a computerized calculation from the graphical method und extending its use to more
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fluids. In both versions, the Boiling number is expressed as

i&:f y,l‘.,p,x_,x (2-66)
Gl D r ] c

where P, is the reduced pressure and Y is Shah’s correlating parameter, which is written as

)06
y - Pe Fr°"(-—f) (2-67)
IJ'S
where
GDC,
Pe = s (Peclet number) (2-68)
kf
and
__G?
Fr = — (Froude number) (2-69)
pr&D

In Shah's correlation, CHF is divided into the upstream condition correlation (UCC) and the local
condition correlation (LCC). In UCC, CHF is determined mainly by the effect of inlet subcooling.
However, in the LCC, CHF depends on the local thermodynamic quality. For details of the CHF
calculation, see Shah (1987).

Shah (1979) compared his correlating parameter (Y) with Ahmad’s scaling parameter (y.),

which is shown below:

0.8
k 0.4 p,s

C 0.6
Y = GLD °-ﬁ(_._ff_](ﬁ] (2-70)
‘Pr &

and
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06_0225 0375
Pr bg Fr

0.6
‘IF;'S - Gl.SDO.ﬂ[ Y ] (2-71)
Shah (1979) concluded that both parameters are identical in G and D but are different in property
function. Shah also concluded that the use of P, appears to be no different trom the use of p,/p,
to determine CHF for P£0.9. Shah’s correlation chose P, because P, is easier to calculate. The
improved Shah’s correlation has been tested for the CHF data from 23 fluids instead of the 11

fluids tested on the earlier work. The mean deviation of the improved version against 62

independent sources is about 16%. The parameter ranges of this new version are shown in
g

Table 2-5.

2.4.1.4 Green and Lawther’s Dimensionless Empirical Correlation of CHF for CFC-12 and
Water

Based on dimensional analysis, Green and Lawther (1981) proposed ~an empiricul
dimensionless correlation for CHF in uniformly heated vertical tubes. Their empirical correlation
wa\s developed based on the experimental data obtained‘ from CFC-12 and water, and their
correlation is not recommended for use at the following parameter conditions:

(1). Mass flux < 300 kg m™ s

(2). Dryout quality < 10%

(3). Water-equivalent pressure < 3.5 MPa or > 12 MPa
The dimensionless groups resulting from the dimensional analysis and the relation of CHF with

these dimensioniess parameters are as follows:
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¢.0 :f(PUwD},(uCP), o b ¥ & Cp L (2-72)
ot BoJg VK g pDA b iy k, Cp, D

where ¢.D/p ) is the critical-heat-flux number, (pU_D/u), the vapour Reynolds number, (uC/k),
the vapour Prandtl number, o/p,DA the surface tension number and L,/D the dimensionless
saturation length (boiling length). After examining the relation of CHF with these dimensionless
groups, e.g. the trends for CHF vs. (pU.D/p), and L,/D etc., Green and Lawther derived a
dimensionless correlation for CHF at moderate and high flow rates (for flow <300 kg m* s” use
Green (1982)). The final form of this correlation is expressed as

¢D 1 (pguwp]n(pf)m[ g ]}(%}Pr;(hﬁl)(l-a ) (2-73)

B 170000 g, p,) \ p DA

where
n = l-exp[-0.0067L,/D]
m = 0.1+exp[-0.007L,/D]
p = -0.5(0.15+exp[-0.007L,/D])
g = -(0.22+0.6exp[-0.011L,/D])
ALJ/D) = exp[4.25exp[-0.00366L,/D]]
8, = expt-0.14x10%(c/p,DA)-0.02(L/D)Pr,]
8, = 0.75exp[-B(L/IDYGo/pt)]
and
B = 130.5exp[5.0exp[-0.02L/D]]

Note that 3, is a modifier for short tubes, i.e. when the aspect ratio (L/D) is less than 120, and
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8, is a modifier for the flow at the lower region of the parameter range. i.e. 300 £ G < 1000 kg
m™* 5. For CFC-12 CHF data, Green and Lawther claimed that the mean ratio of calculated to
experimental CHF is 0.992 and the RMS error is 3.3% for 1760 CHF data. For water CHF duta,

they claimed that the mean ratio of calculated to experimental CHF is 0.982 and the RMS error

is 5.8% for 2063 CHF data.

2.4.1.5 Hauptmann and Lee’s Thermodynamic Similarity Correlation for CHF in Tubes
and Bundles

Hauptmann and Lee (1983) developed a general correlation for CHF in tubes and bundles
based on the assumption that fluid-to-fluid scaling invelves the simultaneous similarities of
thermodynamics, hydrodynamics and geometry. In their study, CHF experiments were also
conducted by using CO, in vertical upflow channels, with test conditions corresponding to that
of benchmark test in water and CFC-12.

For thermodynamic similarity, the prototype and scaling fluids should have similur heat
transfer mechanisms and equivalent thermophysical properties. According to Reid and Sherwood
(1987), the properties of various fluids can be written as functions of T,, P, and Z,. For example,

the liquid viscosity and thermal conductivity can be expressed as

MepP

= ¢ 2-74
b= £ 2) 2-74)

[

and
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les

L 275
k, T 1., z) (2-75)

where
P=P/P,
Z.=P.V.M/(RT)  (critical compressibility factor)
P,  critical pressure
M  molecular weight
T, critical temperature
and

V. critical volume

For CHF in flow boiling, Hauptmann and Lee proposed a relation including hydrodynamic

and geometric similarities, 1.e.,

_ (GD) (| L (2-76)
—cn

where f, is the thermodynamic similarity function, f, the hydrodynamic similarity function and

f, the geometric similarity function. Therefore, the CHF is written as

-~ 2 . d
b - a (RT,P.:Z ] P GD (ﬂ} @ 2-77)
M ke ) \D €

where R is the universal gas constant and L, is the equilibrium boiling length. In a dimensionless

fqrﬂi. Equation (2-77) becomes
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A bc;D‘l-z,dc

The constants a., b, ¢, d and ¢ were optimized from experimenta! CHF data. The optimized
constants for both single tubes and bundles are given in Table 2-6. For single tubes, the
optimized constants were obtained by using the CO, data (Hauptmann et al., 1973) and water
data (Lee and Obertelli, 1963). The RMS error for the correlation compared with experimental
data are 11.2% and 12.7% for CO, and water, respectively. Also, these constants yields 10.3%
of RMS error when compared with Stevens et al.’s (1964) CFC-12 CHF data. The purameter
ranges for the three fluids correlated are shown in Table 2-7. For the bundle case. the optimized
constants were obtained from the water and CFC-12 data (McPherson and Ahmad, 1971). The
RMS error between the predicted and measured CHFs for water and CFC-12 are 6.96% and
7.4%, respectively. No CO, data are reported for the above comparison. The purameter ranges

for the two fluids are shown in Table 2-8.

242  Tabular Approach

The USSR Academy of Sciences (1977) produced a series of standard tables for CHF. The
CHF values are tabulated as a function of the local G, x and P for a tube of 8 mm inside

diameter. The CHF for the tube diameter other than 8 mm can be approximated by

12
¢c.Dn8mm = ¢c.D-8mm X (%) (2—79)

where 4 < D < 16 mm. Note that the standard CHF table from USSR Academy of Sciences has
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shown a parametric trend of a so-called "limiting quality” phenomenon (Doroshchuk et al. 1970)
as illustrated by region Il of Fig. 2-5. Several reviewers (Hewitt, 1978; Bergles, 1979 eic.) have
concluded that this is cause by a mixed inlet condition (vapour and liquid). Therefore, the
generality of the parametric curve (in Fig. 2-5) is doubtful.

Groeneveld et al. (1986a) also presented a standard CHF table, which is considered accurate
and reliable (based on 15000 CHF data), for water in round tubes covering a very wide range of
quality, mass flux and pressure. By using the correction factors, this standard table can predict
CHF in various flow geometries, e.g. rod bundle, etc., for different flow orientations, and in flow
channels with a non-uniform distribution of heat flux. Employing the scaling parameters from
the fluid-to-fluid scaling technique (e.g. Ahmad (1973) and Katto and Ohno (1984)), Groeneveld
et al. (1986b) converted their standard CHF table for water into a dimensionless form and
obtained satisfactory predictions when compared with Weisman and Pei’s (1983) and Katto and
Ohno’s (1984) predicting methods and with CHF data for various fluids.

The CHF wble presented by Groeneveld et al. (1986a) is based on local conditions. It
presents the CHF for water in tabular form for discrete values of pressure (P), mass flux (G) and
critical quality (X,). The table was derived for an 8 mm tube with vertical upflow of water by
statistically averaging the experimental CHF values within each P, G and X, interval. CHF values
for a tube of D=8 mm are obtained from

bc.pesmm = Pe.Degmm x(%]’ﬁ (2-80)
for 2 £ D £ 16 mm. Linear interpolation is required for non-table P, G and X, values. CHF

values for fluids other than water also can be predicted from this table method. It requires the
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use of the fluid-to-fluid scaling technique (Groeneveld et al., 1986b).

Employing the thermodynamic and hydrodynamic similarities, Eqs. (2-4) and (2-8). the
Boiling number, Eq. (2-6), is assumed to be equal in both fluids if the G” values are the same
in both fluids. For G°, Ahmad's scaling parameters (y, and y.) and Katto's (derived by
Groeneveld et al., 1986b) scaling parameter (y,) can be applied. where Katto's scaling parameter

is written as

G*D (2-81)
Gpy

Y, =

Groeneveld et al. (1986b) concluded that the prediction errors by using the three scaling
parameters are approximately equal. Hence, the use of vy, is recommended because of its simpler
form. Once the similarities of all the scaling parameters are achieved, the CHF for non-aqueous

fluid can be calculated by using Eq. (2-6), i.e.,

d, )

However, CHF prediction error based on the local critical quality (X,) may be questionable
because X, is an experimentally obtained value and is therefore not known prior to the
experiment. As illustrated in Fig. 2-13, the prediction error should be evaluated based on u

constant inlet condition and by satisfying the heat balance equation, Eq. (2-3).
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2.4.3  CHF Theoretical Models

2.4.3.1 Lee and Mudawwar’s Subcooled Flow Model
Lee and Mudawwar (198%8) presented the first model based on liquid sublayer dryout

(similar to Figs. 2-3b and 2-3¢) for CHF in subcooled flow, especially for the flow conditions

in pressurized water reactors (PWRs). They showed schematically the phase distribution of

subcooled flow immediately before and just after CHF as shown in Fig. 2-14. Their model is
based on the following assumptions (which, in turn, are based on observations reported earlier):

(1). Bubble layers (called "Vapour blankets™) are formed as a result of small bubbles piling
up to form vertically distorted vapour cylinders. The development of each blanket is
strongly influenced by neighbouring blankets, which tend to confine its circumferential
growth and to prevent liquid from entering the sublayer from the sides of the blanket.
Therefore, the equivalent diameter of each blanket is assumed to be approximately equal
to the bubble diameter at departure from the heated surface. The departing bubbles are
assumed to merge into a distorted blanket, which maintains a constant equivalent
diameter while stretching in the direction of flow due to the generation of more vapour
by sublayér evaporation. Neighbouring blankets may coalesce circumferentially to form
3 continuourﬁ;_‘hlunket on the inner wall of the tube.

). The velocity of the vapour blanket in the turbulent flow stream is assumed to be the
sum of the local liquid velocity and the relative vapour-bianket velocity, determined by
a4 balance between the buoyancy and drag forces exerted on the blanket.

(3). The thin liquid sublayer beneath the blanket is interrupted by the formation of a dry

patch after a Helmholtz instability at the sublayer-blanket interface (see Fig. 2-15). The
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length of the blanket is assumed to be equal to the critical Helmholtz wavelength.
4). CHF occurs when the rate of sublayer mass loss by evaporation exceeds that of the

liquid entering the sublayer from the core region.

Figure 2-15 shows the control volume surrounding the sublayer and moving at the same
velocity as that of the vapour blanket. The CHF occurs when the dry patch persists and spreads
quickly, preventing the subcooled liquid from entering the sublayer, Thus, the enthalpy balance
cannot be continued between the subcooled liquid and the heated surface. At the onset of CHF,

the energy equation is written as

nD¢,L, =xDG, 8, [A+Cp, (T, -T,)] (2-83)

where L is the length of the sublayer or vapour blanket, §, the sublayer thickness, G,, the
relative mass velocity of liquid entering the sublayer, Cp,_ the specific heat of the liquid and ¥,

the temperature of the liquid entering the sublayer. The term (T,,-T,) is correfated as

Tsa: - Tm = a‘l(Tsar - TL) (2-84)

where a, is an empirical constant and T, is the local meun bulk temperature of the subcooled

liquid. Combining Egs. (2-83) and (2-84), gives

_ G,3,[A+2,Cp(T,,~T))] (2-45)
. .
L

(3

To determine the CHF, parametric relations for the relative sublayer mass velocity (G,), the
length of the sublayer or vapour blanket (L} and the sublayer thickness (8,,) are required.

(1). Sublayer mass velocity (G,,) and vapour blanket length (L)
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The velocity of the vapour blanket in vertical turbulent flow is determined by a balance

between buoyancy force and drag force:

-

2 | 1 nD -
%:-D,,LmAp-g - EPLCD(Ub—UbL)Tb' =0 (2-86)

where D, is the equivalent diameter of the vapour blanket, Ap=p~p,, (Uy-Uy) the relative
velocity of the bubble with respect to the liquid at a position corresponding to the centre line of
the bubble and C,, the drag coefficient which has been correlated by different investigators. The
drag coefficient used in Lee and Mudawwar’s model is based on two references:

Harmathy (1960),

c, = 2p, |BAP (2-872)

and Chan and Prince (1965),

- 48, (2-87b)

> PD(Uy-U,p)

where D,, is the equivalent diameter of the bubble. It is postulated that D, is approximately
equal to the departure diameter, D,, of the coalescing vapour blanket.

To determine the D,, three references are employed:

Levy (1967),

D, = 0015 |92 (2-882)
T

w

Cole and Rohsenow (1968),
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1.25
D, = 1.5x10~ | -2 PLCP T (2-88b)
8Ap |\ P

and Smogalev (1981),

D, = 0.0208 ‘L
ghp

where 1,(=f'G%2p,) is the wall shear stress based on f'=0.046Re™* for a pure liquid flowing ut

1- 0.65(Pc-p)3ﬂe_"£ I (2-88¢)
p,08

Reynolds number (Re) in a tube of diameter D, G the liquid mass velocity, v, the liquid
kinematic viscosity, P the locul static pressure and P, the critical pressure, Combining Eqs. (2-86)

and (2-87) yields the velocity of the vapour blanket:

2L _gAp 2-%Y
Ub=,\——mc * Uy (2-59)
FAS

The velocity profile for a turbulent flow in a tube is represented by the three-layer distribution

of liquid velocity, U,, as a function of distance y from the wali correlated by Arpaci and Larsen

(1984):
U =y%, 0sy°s5 (2-90u)
U; = Sln(y*)-3.05, 5<y*<30 (2-90b)
Up = 25In(y*)+5.5, 3230 (2-90c¢)

where U} and y* are the dimensionless parameters commonly defined in turbulence text books.

Lee and Mudawwar found that the liquid velocity profile around the vapour blanket is within the



buffer region, Eq. {(2-90b), for the PWR condition of their interest. Thus, the mean velocity of

the liguid at the distance of y=8,, + D,/2 from the wall is given by

D,
0.152Re '°"G(6m+—2-) (2-91)

u,, = 0758Re < | -0.61
PL 7

From Eq. (2-89), the vapour velocity is obtained as

0.152Re %G (d +—D—b) .92
2L Ap . mT (2-92)

U, = | =P . 0758Re01.E |in - 061
PLo PL )

Also from Eq. (2-89), the length of the sublayer or vapour blanket can be deduced as

2
AL (2-:93)

where U_(=U,,) is negligible compared to U,. Therefore, the final forms st the relative

m

microlayer mass velocity and the length of the vapour blanket become
G, = .U, (2-94)

and_

- (2-95)
prgUg

m

Lee and Mudawwar postulated that the CHF occurs as a result of the Helmholtz instability; that

is, L, is assumed to be equal to the critical Helmholtz wavelength.
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(2). Sublayer thickness (3,)

The liguid subiayer thickness is determined by a force balance on the vapour blanket
in the radial direction as illustrated in Fig. 2-16. The f;ltc of mo;nentum flow. M, is created by
the vapour generated from the sublayer, pushing the vapour blanket away from the wail. The
lateral force, Fy, is caused by the rotation of the vapour blanket due to U,-U, and 8U,. Just

before CHF., the rate of momentum flow is derived as

M, = p V; DyL, (2-96)
where
v, = R (2-97)
Pt
and
¢b = hsC(Tw-Tw) =¢ - hsc(Tm—Tm) (2-98)

where ¢, is the portion of the heat flux used by vaporization and h,, the subcooled heat ransfer
coefficient correlated by Shah (1977). Combining Eqgs. (2-84) and (2-96)—(2-98), the rate of

momentum due to sublayer evaporation reduces to

Ml - [¢_alhsc(Tsa:-2Tl)]zD sem (2-99)
Pt

Employing Beyerlein et al.’s (1985) derivation for the lateral force on a bubble in

turbulent two-phase flow in a vertical tube, a final form of the lateral force is obtained as
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m
® 5 \ 5, +D,N 9,Cp

m

(@3-0.1) ypn 2
F'=0.421a:,_Re GDbLm{1+ o } ngAp (2_100)

where a, and a, are empirical constants. Balancing the rate of momentum, Eq. (2-99), to the

lateral force, Eq. (2-100), the sublayer thickness at CHF is given by

m 1+ =
[0, (T, -T)P \ 3. DN 0:Cp

0421a,Re®"Gp D, B ] L, ghp (2-101)
Then, CHF (i.e. ¢,) can be predicted by substituting Eqs. (2-94), (2-95) and (2-101) into
Eq. (2-85). However, iterative calculation is required to obtain the final value of the CHF
prediction.

Lee and Mudawwar evaluated the empirical constants a,, a, and a, based on CHF values
recommended by the USSR Academy of Sciences (1977). Table 2-9 shows the empirical values
of a,, a, and 1, evaluated based on various correlations for subcooled heat-transfer coefficient
(Mole and Shaw, 1972; Shah, 1977; Gungor and Winterton, 1986), the bubble drag coefficient
(Harmathy, 1960; Chan and Prince, 19635) and the bubble departure diameter (Levy, 1967; Cole
and Rohsenow. 1968; Smogalev, 1981). The accuracy of their model was also tested against 89
experimental CHF data points from sources other han the USSR Academy of Sciences. Their
model obtained the least mean deviation of 11.94% against USSR’s data base and 13.37% against
other dsta bases when a,, a, and a, are equal to 0.35, 240 and -0.8, respectively. However, the
latter data base yields 13.4% of mean deviation against the W-3 correlation (Tong, 1972). Lee

and Mudawwar claimed that the W-3 correlation requires 17 empirical constants and their model

only includes three constants.
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The validity of Lee and Mudawwar’s CHF model to fluids other thun water remains
unknown, They also emphasized that the development of the model requires the use of availuble
correlations to describe the dynamics of bubbles in the wall region. Theretore, the accuracy of
their model strongly depends on the reliability of these individual correlations. However, this

model can be adjusted by using more suitable correlations for specific ranges of conditions.

2.4.3.2 Katto’s Subcooled Flow Model

Following the same principle of Lee and Mudawwar’s model, ie. similar flow
configuration of liquid sublayer underneath the vapour blanket, Katto (1990a) also presented a
physical model with a somewhat different type of analysis. In Katto’s model, the boiling crisis
is assumed to occur when a liquid sublayer of initial thickness J,, is depleted during the passage
) time (T) of a vapour blanket of length L, anci velocity U, sliding on the liquid sublayer, where
L, and Uy correspond to L, and U, in Lee and Mudawwar’s model. The evaluation of the initial
sublayer thickness (8,) was modified from Haramura and Katto’s (1983) model used for pool
hoiling CHF. The length of the vapour blanket (Ly) is obtained by essentially the same procedure
as that employed by Lee and Mudawwar, i.e. Eq. (2-95). The velocity of the vapour blanket (U)
is evaluated by relating it to the local velocity (U;) of the homogeneous two-phase flow at the

distance of & from the tube wall, i.e.

U, = kU, (2-102)

where Uj is determined from Eg. (2-90) with U} being replaced by Uj and & is the only
empirical constant required in this model to predict the subcooled CHF. It is obtained by

correlating the CHF data of subcocled flow boiling of water in 8-mm-diameter tubes, presented
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by the USSR Academy of Sciences (1977).

The vapour velocity coefficient (k) evaluated in Katto’s model is not continuous in
magnitude at the boundary between two adjacent void fraction regimes, which causes some
degree of discontinuity in CHF prediction and gives rise to a dramatic increase of computational
time if an averaging procedure for the CHF value near the boundary between two adjacent void
fraction regimes is needed. Therefore, Katto (1990b) presented a modified version not only to
improve the evaluation of the vapour velocity coefficient but also to investigate the nature of this
empirical coefficient so that a better prediction of CHF for non-aqueous fluid can be obtained.
The improved version of the vapour velocity coefficient was obtained as

| 242[1+K,(0.355-a)][1+K; (0.1~ )]
[0.0197+ (p, /p)*™*I[1+ 903 (p, /)]

Re 08 (2-103)

where
o void fraction
K,=0 for o > 0.355
K,=3.76 for o0 < 0.355
K.=0 for o > 0.1
=2.62 for o0 < 0.1
Further, Katto (1992) modified his models (1990a and 1990b) to be capable of predicting the
subcooled water CHF for a very wide range of pressure (0.1--20 MPa). Since reliable data for
subcooled water CHF at low pressure conditions (about 0.1 MPa) are scarce, Katto’s (1992)
improved model can facilitate the study of CHF in a low pressure condition. Detailed procedures

of CHF prediction can be found in Katto (1990a, 1990b and 1992). The prediction accuracy of
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CHF of Katto’s (1990b) model for various fluids is illustrated in Table 2-10.

Since there are no existing experimental data to be compared with the predicted values
of &, Ly, Ug and 7. Katto (1990a) compared these quantities predicted from his model with
those predicted from Lee and Mudawwar’s (1988) model by using water table CHF values from
the USSR Academy of Sciences (1977). These predicted quantities from Katto’s and Lee and
Mudawwar’s models are shown in Table 2-11 and Table 2-12, respectively. From these tables,
magnitudes of §_, L, and T from Lee and Mudawwar’s prediction are much smaller than Katto’s
prediction. Because of the large discrepancies in the prediction of §,,. L, and T between these
two models, it is recommended that more experimental and analytical work is needed to permit

a better estimate of these quantities,

2.4.3.3 Weisman and Pei’s Bubbly Flow Model
Based on a similar flow pattern as shown in Figure 2-1, Weismun and Pei (1983)
developed a CHF model for flow at low quality conditions. Here, a "bubble boundary layer" is
formed along the flow; at high heat fluxes, this layer can become thick enough to prevent
enthalpy transport between the heated surface and the liquid core, leading to the occurrence of
CHF. The development of the model is based on the following assumptions:
(0. CHF is a local phenomenon in subcooled and low-quality flow conditions.
(2). The turbulent eddy size in the bubbly layer is insufficient to trunsport the bubbles
radially when the bubbly layer is thick enough to fill the region close to the wall. Then,
the bubbly layer is assumed to be at maximum thickness at the location of CHF.

' (3). ~ CHF occurs when the volume fraction of vapour in the bubbly layer exceeds the critical
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void fraction. The critical void fraction is the void fraction obtained when an array of
ellipsoidal bubbles can be maintained without significant contact between the bubbles.
(4). The volume fraction of vapour in the bubbly layer is determined by a balance between
the outward flow of vapour and the inward flow of liquid at the bubbly-layer-core

interface.

Figure 2-17 shows the control volume segment of two-phase mass transfer at the location
of CHF. The quality in the bubbly layer is assumed as a constant average value, X,. The total

mass balance in the bubbly layer is
thy = An, + I, (2-104)

where 1, is the total flow rate from the core to the bubbly layer. mh, the total flow rate from the
bubbly layer to the core and Arh, the difference between the axial flow in and out of the bubbly-

layer control volume. Then, a2 mass balance of the liquid in the bubbly layer gives

27r)A
rity(1 -x1)=?—”gi2—z—m2mx2)+m2(1-xz) +1it,(1-%,) (2-105)

where ¢, is the portion of total heat flux effective in generating vapour, r the radial position from
centre to the wall of the tube and x, and x, the qualities at the core and bubbly layer,
respectively. Omitting the second order term, Equation (2-105) can be further simplified to a

dimensionless form:

o Mhy 2-106
WG oy | Y (2109

where
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G, = my/[2rAL(R-s)]

s = bubbly layer thickness

h, = enthalpy of liquid

h, = saturated liquid enthalpy

h 4= enthalpy at the point of bubble detachment
Weisman and Pei postulated that the heat flux ¢ in the above equation becomes the CHF when
X, corresponds to the critical void fraction. The critical void fraction was determined based on
the investigations of Tong (1965) and Cumo et al. (1975) that bubbles are approximately
ellipsoidal with the ratio of major to minor ellipse axes being about 3:1. Then it is assumed that
the maximum void fraction can be obtained when the bubbles inside the bubbly layer are just
touching, or cL,=0,-;=0.82. The x, is thus calculated from o, based on the assumption that vapour
slip is negligible, and it is believed that this assumption is reasonable at high mass flow rate (for
water, G2875 kg m* s,

To evaluate the mass transfer between the core and the bubbly layer, the magnitude of

turbulent interchange at the bubbly-layer-core interface is required. Pei (1981) derived an

equation for the turbulent intensity at the bubbly-layer-core interface as

0.1 06 )
ol el [l o
avg Pg

whére K, and a, were obtained by an empirical fit of experimental CHF data and were found to

be
K, = 0.24

g, = 0135, G <9.7x10°kg b* m?
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a, = 0.135%(G/9.7x10%*?
D, is the average bubble diameter and is determined using Levy’s (1966) model, which balances
buoyancy and drag forces against surface tension. For subcooled and low-quality flow conditions,
the flow velocity usually is high enough to neglect the effect of buoyancy force. Therefore,
D = 0.015 (M (2-108)
P fl G?..
where f is the friction factor. The range of bubble diameters is found to be from 0.001 to

(1.005 cm.

The G, in Eq. (2-106) can be derived as

G, = Gyi, (2-109)
and
i(m)
1 2o 1{ Vi 1 Vn 2-110)
= —e - | —lerfq— -
= e
where
v, = L 2-111)
P
and
o, = BG _ i, G e 6 Xppg (2-112)
Pavg P \P; P

Finally. Equation (2-106) becomes
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h~h X
o = &, = AG(x-x)i,p| L2 (2-113)
] h~hy,

For details of the calculations for x,, x,, hy and h,,. see Weisman and Pei (1983). An ilerative

calculation is required to compute .. The ranges of parameters for water considered by the

model are:
Pressure (MPa): 2=20.5
Mass flux (kg m=s™): 972—13600
Heated length (m): 0.36—3.6
Diameter (cm): 0.115-3.75
Oleyr: <0.6

Weisman and Pei set a upper limit of oty to 0.6 rather than 0.82 to ensure the flow is in bubbly
flow condition. Weisman and Pei also extended the application of their model to fluids other than
water without a change of empirical constants. Bused on a comparison of their model with
various fluids, their model underpredicts the CHF for water and overpredicts the CHF for non-
aqueous fluids. However, the comparison of their predicted CHF against the experimental CHF
showed reasonable agreement. Compared with other prediction methods for water CHF, e.g. W-3
(Tong, 1967) and CISE (Bertoletti et al., 1964a), Weisman and Pei’s model obtained a better
prediction.

An independent assessment of Weisman and Pei’s model was conducted by Kiameh
(1986). The resuits of this assessment are summarized as follows:
(1). This mode! underpredicts the water CHF and overpredicts the CHF fer non-agueous

fluids.
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(2).
(3).
(4).

(5).

(6).

The prediction error was reasonable and decreases with increasing pressure.

For pressures lower than 2 MPa, the model has a convergence problem.

The model is applicable for void fractions less than 60% and qualities less than 20%.
The model also performs adequately at highly subcooled conditions: as low as -55%
dryout quality.

The modei is limited to the bubbly flow pattern in which the slip between liquid and

vapour is negligible.

2.43.4 Ying and Weisman’s Bubbly Flow Model for Intermediate Quality Condition

Since the upper limit of Gy in Weisman and Pei’s model is 0.6, at low pressure

conditions (e.g. water at 35 bar) the dryout quality in the model is limited to about 3% only.

Even for water at 140 bar, the dryout quality cannot exceed 18%. Therefore, Ying and Weisman

(1986) extended this model for void fraction in the bubbly region near the woll up to 0.8, which

corresponds to the intermediate dryout quality (e.g. dryout quality<24% for water at 100 bar).

At low average void fraction conditions, Weisman and Pei used a flat void profile across

the central core in tubes and it is reasonable to use average core quality (x,) in Eq. (2-106).

However, as the average void fraction increases, the radial void profile is no longer flat and

begins to take on a parabolic shape. It means that the fluid interchanging with the bubbly layer

is at a quality whose value is smaller than x,. Therefore, the Eq. (2-106) is modified to

¢ Bty
AG; hhyy

- (5%, ) (2-114)

where X, is the quality corresponding to o, and the o in round tubes is correlated as



oy = o for « 50642 (2-115)

0y = 0642 + 037 (a -0.642) for 0.642sa <0.788 (2-116)

and

&y = 0696 + 0.2 (« -0.788) for 0.788 < a 50.81 2-117
where o, is the void fraction in the core at edge of bubbly layer and o is the average void
fraction in the core. The expansion of void fraction range also allows the range of mass flux to
be reduced to 1.8x10° kg m™ h''.

Ying and Weisman claimed that reasonable agreement has been obtained between the
test data and the model although their model results in underpredictions when compﬁr&d <with
water and Freon-11 data. They also concluded that the new application range of o<0.8 is close

to the upper limit of the DNB mechanism and they therefore suggested that, at higher void

fractions, their model would be inapplicable.

2.4.3.5 Whalley et al.’s Annular Flow Model

Following the mechanism observed in high-quality flow conditions as discussed in
Section 2.2.2, Whalley et al. (1974 and 1978) presented a model to predict CHF in the annulur
type of flow condition. Their model analyzes the evolution of the liquid distribution associated
with processes of droplet mass transfer between the vapour core and liquid film along the heated
length in uniformly he-.ed vertical tubes. From the mass balance and upstream information,
liquid-film flow rate, vapour flow rate, liquid film thickness, pressure gradient, droplet

entrainment rate and droplet deposition rate can be determined. The effects of flashing of liquid
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flow, variation of inlet quality, inlet flow transients and flow in complex geometries have also
been investigated.

The governing equations for this model are derived based on the assumptions that the
liquid film does not contain vapour and the average vapour-liquid interface is cylindrical. A
control volume is shown in Fig. 2-18 to describe the mass balances for the different phases.
During the time 8t, the mass fluxes entering the control volume are denoted by liquid film (G,p),
entrained liquid (G,,;) and vapour (Gg); and the mass fluxes leaving the control volume are
expressed as (G +(0G, /0z)8z), (G, +(0G,/92)8z) and (Gg+(8G/02)dz). At the same time, the
heat flux through the wall evaporates the liquid film with the flux of ¢/A. Other mass flux
exchanges such as the entrainment of droplets from large amplitude waves, the deposition of
droplets onto the liquid film and the evaporation of droplets due to the pressure gradient are also
considered.

From the mass balance, the continuity equations for each flux (i.e. G p G and Gg) are

written as below for the limit of dz approaching zero.

8(1-ocD)pf oG, 4 o
= —|D,-E.-=-F (2-118)
& D( p™5ETy ”’]

dfep(l-ap)] pf+ oG, ¢

4 -
T s

and

Oepegp, Gz 4
. _4(d.p .p (2-120)
& o D(l F LE]

where @, is the fraction of the tube cross-section occupied by the droplets and vapour, ¢ the
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fraction of core cross-section occupied by vapour, z the axial location in the channel, Dy, the
droplet deposition rate. E; the entrainment mass flux. F the flashing rate and ¢ the heat flux. The
equation for the overall heat balance is required to form a complete set. Therefore,

9
%(th’-“kaLE*hSGG)*'a?[(I ~ap)p Upp+ ap(l - ag)p,Upe + o, U] =% @-121)

where D is the tube diameter, & the veid fraction in the core cross-section, and U, ,; and U, the
velocities of liquid film and the vapour, respectively.

Equations (2-118)—(2-121) can be simplified for various special cases, e.g. steady state,
thermodynamic equilibrium and non-flashing effect etc., associated with their initial and boundary
conditions. In this section, only the relationships between the variables and some assumptions
common to all special cases are described, permitting the solution for the above set of equations.
Firstly, from the process of classical chemical engineering mass transfer, the relation between

deposition and mass fluxes cun be modelled as
= k- 2-122
Dy = ke (2-122)

where k, is the mass transfer coefficient which has been correlated as u function of surfuce
tension as shown in Fig. 2-19 and c is the mass concentration of liquid droplets in the vapour
core. The velocity of the droplets in the vapour core is assumed to be the same as that of vapour,

Ve and.this leads to the relationships

Secondly, the entrainment process is described by an approximate equilibrium situation
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in adiabatic flow. in which D =E.. From Eq. (2-122), it is written as

E; - k-C (2124

EQ
where Cy, is the local equilibrium concentration. The value of Cy, is caleulited tromy o curve-lit

correlation (Fig. 2-20) by Hutchinson and Whalley (1972) using a dimensionless group

g .- i” (2-125)

a

where T, is the interfacial shear stress, s the liquid film thickness and ¢ the surface fension. In
order to determine S, two relationships are used as follows:
(1 Geometrical similarity relationship

The interfacial shear stress (T,) is expressed in terms of the core velocity

1 2

where f,... is an interfacial friction factor given by Wallis (1970)

360m
Jec =16 ( + D ]

where f, is a modified gas friction factor expressed as

. = 00T9Recl,  Reg, = (Gg+Gpp)> (2-128)
| b

(2) Triangular relationship
The liguid film flow, liquid film thickness and pressure drop are related to each

other by a suitable turbulent velocity profile for the liquid film. Any one of the
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parameters can be determined if the other two are known. From Armand (1946) and
Turner and Wallis (1963), the relation between the liguid film thickness and the pressure

drop Is given as

112
dm | Iy (2-129)
D (dP/d?)
where dP/dz is the total frictional pressure drop approximated by
a4y (2-130)
dz D
and (dP/dz), .. the liquid film frictional pressure drop, is calculated as
2
[_‘Z’_’J _ 26wl (2-131)
dz ) ¢ prD

where f, is the liquid-film friction factor depending on the liquid-film Reynolds number

and is caleulated as

f, = 0079Re !, Rey - G2 (2-132)

Py

An independent computerized program procedure for using this model to predict the

CHF in annular flow has been developed by Chin (1985), in which Hewitt and Roberts’s (1969)

flow pattern map is used to determine the CHF data for annular flow. The CHF predictions are

compared with an experimental data base (15,000 data points) with 44.9% of RMS error. Chin

concluded that such a large error is due to the incapability of determining the existence of

annular flow from the flow pattern map. Detail of his assessment can be found in Chin’s thesis
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(1985).

2.5 Experimental Data Base

CHF experiments have been conducted in many laboratories using various tlaids. Most
of the CHF data were obtained for water becuuse of the importance of CHE in the design and
safety analysis of nuclear reactors. Groeneveld et al.’s (19684) water CHF Look-up Table was
based on a large data base (15000 points). Compared to this water CHF data bank, the
non-aqueous CHF data base is very limited. Since a full-scale experiment ot CHIF for a nuclear
reactor core is usually impossible, smaller scale CHF tests on electrically-heated fuel-bundle
simulators are usually performed in experimental rigs using fluids other than water. The water
CHF then can be scaled through the fluid-to-fluid scaling techniques using the non-agucous fluids
CHE tests. From the literature, the working fluids in most CHEF scaling tests are refrigerants
(CFC’s) because of their lower latent heat und lower critical pressure compared with water,

Table 2-13 summuarizes the non-aqueous CHF data base.

2.6  Summary

The generalized CHF prediction methods can be categorized into (1) non-dimensional
CHF eqguations (2) theoretically based models, and (3) data based CHFE wbles. The
non-dimensional CHF equations can provide accurate predictions, however, only for a limited
range. The application for these CHF equations is thus restricted. The analytical methods can be

applied to more general flow conditions with less accuracy due to their generality. Most
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analytical methods contain some empirical constants. To apply the analytical methnds Tor various
fluids, those empirical constants also need to be generulized. The table method usually is based
on water CHE data due to the large water-CHF data base. Using fluid-to-fluid scaling techniques,
the water-bused CHF table can be applied to various fluids. The application range of flow
conditions {(e.g. pressure, mass flux, dryout quality etc.) are wider than the non-dimensionai CHF
cquations and analytical methods. Among these various methods, the table method has become
popular because of its simplicity and the well developed fluid-to-fluid scaling techniques. All
these methods employ various dimensionless groups associated with the fluid-to-fiuid scaling
theories. CHF experiments for non-aqueous fluids are needed to verify the validity of the scaling
techniques, especially for the particular flow conditions or for complex geometries. A summary
of the CHF scaling techniques and various prediction methods discussed in this survey is given

in Table 2-14.
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Table 2-1 Possible sets of scaling laws (Barnett 1964, (Reproduced from Stevens and Kirby,

196-1)
[
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Table 2-1 (Continued)

Set | Physical [mplied ratio of vadables in water al
No. (prepreries 1000 psi and C1FC-12 155 psi (abs).
assumed Resulting dimensionless eyuation assuming ¢, = f(L, DG A e, the saaling factor IF
impuortant i . ] . _
addition 1o &, I =ty b Fan I
[, and p,
10 Ne Y l1%?1{-’ L DP; Gy"” p, AH, 14 1914 1172 2243
el byl Bl D 1_
Y TN AT
I ¥ :,Ylfl L D Gy" Py AH, 0.4455 1.414 11.72 2243
M AT AT T T
A p}ﬂ Day p}fz Py A
12 Cpya ko B3 " \yip 2 " 0.371 1.968 FLT2 23.06
¢ B¥Cp” _ L DA ot GRPCp, & AH,
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Table 2-2 Parameter range of Dix’s (1970) CFC-114 CHIF test.

Parameter Minimum Maximum Unit
/0, 10.7 200.6 -
Pressure 123 200 psia
Pressure (water-equiv.) 1000 1600 psia
Mass velocity 00.3x10° .S 10° b he! fr*
AH/A 0.03 0.54 —
Diameter 0.393 (1.555 inch
Length 25 76 inch
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Tuble 2-3 CFC scaling constant and heat flux prediction error from Dix (1970).

CIFC ar HCFC

Sculing constant

K, range

No. of points

RMS error (%)

C,
CFC-114 0.740 (0.54—0.87 424 4.2
CIFC-12 (1,300 (1.51-0.80 973 6.3
HCFC-22 (1L.807 0.65-).72 11 3.6
CFC-21 0.920 0.61—0.90 557 8.5
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Table 2-4 Scaling parameters derived by Ahmad (1973),

Parameter Formula Definition
1, o/(GA) Boiling number
i, (Gb)/p,- Reynolds number
I, ni/(eDp,) Weber-Reynoids number
I, uiH, Liquid/vapour viscosity ratio
I, AH/A Subcooling number
, PPy Liquid/vapour density ratio
L L/D Specified geometric similarity
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Table 2-5

Parameter range of Shah’s correlation.

Parameter Range Unit
Diameter (4.315 =375 mm
L/D [.3 — 940 —
Mass flux 4 — 29051 kg m* s

Reduced pressure (P)

0.0014 — 0.96

Infet quality (xg,)

-4 — (1.85

Critical quality (x.)

-2.6—1
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Table 2-6 Optimized constants for single tubes and bundles of Hauptmann and Lee’s (1983)

correlation,

Geometry il b ¢ d ¢

Single tube (1L.0O0O1505 -(L6138644 0.2172085 -0.4R8V4932 (L3618

Bundles 0.0001342 -0.228348 0.480077 -0.40322 3.2300Y
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Table 2-7 Parameter ranges in single tube of Hauptmann and Lee’s (1983 correlation.

CO, water CFC-12
dox i 0.8 — 4.1 1.2 — 8.1 (LY — 3.1
P/P. 0.23 —0.74 0.16 — 0.5 0.26
(GD/px10° 30 — 353 79 — 393 24 — 147
L/D 35— 166 35 — 337 35— 328
No. of data Points 1144} 203 248
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Table 2-8 Parameter ranges in bundles of Hauptmann and Lee’s (19831 correlation.

water CFC-12
Hox10™ (0.34—-13 (.63 — 2,15
P/P, -0.16 — 0.37 019 - 0,31
(GD/u)x10° 47 — 596 36 — 453
No..of data points 76 £19
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Table 2-9 Empirical values of a,, a, and a; evaluated from Lee and Mudawwar’s (1988)

model.

Parameter Reference 4, i a,
Subcooled heat trunster Moles & Shaw (1972) 0.6 240 -().8
cocthicient Shah (1977) 035 | 240 | -0.8

Gungor & Winterton (1986) 0.5 240 -0.8
Bubble drag coefficient Harmathy (1960} (.35 8 -0.8
Chan & Prince (1965) 0.35 24 -00.8
Bubble departure diameter Levy (1967) (.35 10 -(1L8
Cole & Rohsenow (196¥) 0.35 240 -0.8
Smogalev (1981) (.35 56 -(0.8




Table 2-10 Prediction accuracy of Katto’s (1990b) model tor CHF of various fluids.

Data source

Fluid Data of o0 < 0.7 u(Rj) o(R)
USSR (1977) Water 37 (1.U7% TR
Thompson and Macbeth (1964) Water 270 1.021 0.120
Katto and Yokoya (1982); CFC-12 53 1.064 (.291
Katto and Ashida (1982)
Purcupile et al. (1973) CFC-11 37 1.039 0.271
Pappell et al. (1966) Nitrogen 51 1.165 0.145
Katto and Yokoya (1984) Helium 11 1.03% 0179
Ogata and Sato (1976) Helium 4 1.147 (1,260
Coffield et al. (1969} CEC-113 35 1.494 (.3%7
Total 768 1.040 0.210

R = (predicted CHF) / (measured CHF)

n(R) = mean value of R

o(R) = standard deviation of R
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Table 2-14 Summuary of CHF scaling technigques and prediction methods

CHF sculing techniques und prediction methads

Reference

Description

Comment

Scuding 1echniques

Barnet!’s 14 scaling laws

(1964)

stiown in Tuble 2-4

Dimensicnless groups were developed bused on clussical

dimensional analysis, No empiticil constant s reguiced.

Stevens and Kirby's K
factor (1964)

Eq. (2-22)

KGD'(DA % 107 used in Fig. 2-6 is not o dimensionless

fuctor. K is a fixed value within their test range.

Cofficld ¢t al.’s K fuctor
for subcooled fTow (1969)

Egs. (2-33)—(2-35)

K value changes with p,/p, and muy be affected by inlet

subcooling.

Dix's K, lactor (197(0)

Egs. (2-38)—(2-39)

C, in By, (2-3Y) is fluid dependent and is shown in Table (2-3).

Ahmad’s scaling factor

{(1973)

Eqs. (2-45-(2-46)

Wy, and y, were developed hased on classicnl dimensionad

are fluid independent.

Non-dimensional CHF equatiaons

Ahmad’s equations (1973}

Eqs. (2-48)—(2-55)

Only applicable 10 7 MPa water-equiv. pressure with

sutisluctory comparison against dat.

Katto and Ohna’s equation

(1984)

Eqs, (2-57)—(2-63)

Neither the numerical comparisen nor the stalement ol their
application range is reported. Only the graphical comparisons

were presented,

Shah's equations (1987)

Eqs. (2-66)—(2-71)

The application range is shown in Tuble 2-5.

Green and Lawther’s

equations (1981)

Eqs. (2-72)—(2-73)

10 G<300 kg m? &', X <01, P<3.5 and P>12 MPa water-cquiv.

71

analysis and the so-called compensated distortion technique,

23 Muids with a very wide range of flow conditions were lested.

Waler and CFC-12 data were used. Fquations are nol applicable




Table 2-14 {continued)

Reference

Deseriplion

Comment

Hauptinann and Lee’s

equalinng (1Y83)

Eqs. (2-74)—(2-78), Tables 2-6 und

2-7 contain the empirical constants.

Fluid properties at critical points are needed.
Water, COy, und CFC-12 data were used.

Equations alse are applicable to the bundle cuse.

Table upproaches

USSR Academy of
Science (1977)

Water CHF table for an 8 mm inner
diameter tube. CHF is presented as a

function of P. G and X..

For data whese LD is not 8 mm. use Eq. (2-79)

Graeneveld et al.’s CHF

tiuble (1986y)

Water CHF table for an 8 mm inner
dizmeter tube, CHF is presented as a

function of P. G and X..

For data whose LD, is nat 8 mm. used Eg.
(2-80). The table can be used to predict the CHF

for non-gqueous [uids via the scaling technique.

Analytical CHF models

Lee and Mudawwar’s
subeaoled Now madel

(1UX8)

Assumes it liquid sublayer dryout in a
subenoled flow, Information for
sublayer mass velogity, vapour
hlanket length and sublayer thickness

is needed.

Three empirical constiuts were correlited as
shown in Table 2-9, Only water CHF dutu are
compared. The model is used for PWR

application.

Kuatte™s subcooled flow

maodel (19900, 19900)

Assumes o similar dryout mechanism

as 1 Lee and Mudawwar's model.

Only ene empirical constant was correlaled as
shown in Table 2-10. The difference in
maugnitudes of §,. Ly, and T compared with those

in Lee and Mudawwar’s model are large,
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Table 2-14 (vcontinued)

Reference

Desceription

Comumenl

Weisman and Pei’s bubbly
flow model (1983)

Based on the neur-wail hubble-crowding
assumption tor preventing the enthalpy
wransport hetween the beated surface and

subeooled liguid core.

The model can be used for subcooled wud
low quality flows, Empirical constaals
were correlated hased onowater dat.
However. the muodel can be used {ur other

Tuids.

Whalley et al.’s annular

flow medel (1974, 1978)

Based on the liquid film flow dryoul on
the heated channel wall assumption. The
information of the rates Tor liquid

entrainment and deposition is needed.

The model is used For s high quadity tlow

condision and is independent of {nid wype.
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Figure 2-1 Near-wall bubble crowding and vapour blanketing mechanism for critical heat
flux in subcooled and low quality flow (Hewitt, 1978).
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Figure 2-2 Heat flows in around bubble with a dry base (Kirby et al., 1967). (Reproduced
from Hewitt, 197%)
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Figure 2-3 Boiling crisis arising from vapour slug or dot formation in subcooled or low
quality flows (Hewitt, 1978).
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Figure 2-4 Tentative map of regions of operation of various critical heat flux mechanisms
(Semeria and Hewitt, 1974). (Reproduced from Hewitt, 1978}
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Figure 2-5 Critical heat flux curve with a limiting heat flux (Hewitt, 1978).
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Figure 2-6 Correlation of water data superimposed on the best curve for CFC-12 data
(Stevens and Kirby, 1964).
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Figure 2-7 Comparison between CHF data for water and water-equivalent CFC-12 data
(Stevens and Kirby, 1964).

36



1.0

AH,
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L B 004026 CFC-12 data of Stevens et al. (1965}
Correlation of Stevens and Kirby (1964)
155 psi
08
1 0.04-0.26 CFC-12 data of Stevens et al. (1965)
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Q  0.03-0.29 HCFC-22 data of Staud (1969), L=l
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Figure 2-8 CHF data for CFC and HCFC at various inlet subcooling using the correlation of
Stevens and Kirby (1964) as well as the modified of Staub (1964) (Staub, 1969).
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1.0} Fluid | D(in) LID J
COs 0.238 175
CFC-12] 0.307 175
09|l CFC-12| 0.633 178 i
Water | 0.491 175
Water | 0,368 185
08l Water | 042h 160 |
"o 07} o Ip, =20 |
X
=
0]
< 06 i
AHfA = 0.11
0.5 L
04t
0.3 Il 1 1 1 .|
10 20 30 40 50
by

Figure 29 Comparison of water, CO, and CFC-12 data (in tubes) at water-equivalent
pressure 1000 psia, i.e., p/p,=20 (Ahmad, 1973).
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Fag | 21 uo Gx18, AHJ A
(in.) (o ! h-F19)
o | water | 04 | 200-480 10-70 0.04 - 0.08
A water 10,393 100-350 03-28 0.20 - 065
W |HCFC-224 04 152 04-10 0.03-0.29
& |CFC-12(0431] 19157 N4-45 00-0.24
- Prediction from Eqs. (2-31) —(2-53)

W+

Figure 2-10 Comparison of water, HCFC-22 and CFC-12 data (in tubes) with prediction from
dimensionless correlation based on CFC-12 data, at water-equivalent pressure 1000 psia, ie.
p/p=20 (Ahmad, 1973).
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g/p, = 0.109
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Eq. (2-50)
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Figure 2-11 Comparison between the experimental and the predicted ¢, for CFC-12 at
D=0.01 m and L/D=100 (Katto and Ohno, 1984).
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Figure 2-12 Comparison between the experimental and the predicted ¢, for CFC-12 at
D=0.01 m and L/D=100 (Katto and Ohno, 1984).

91



éﬂ
&

Prediction using CHF table

g, : error based on constant
exit conditions

£, : error based on constant
inlet conditions

Heat Balance

AH; /A l

\

Xepred.  %cexpt. quality

Figure 2-13 Errors based on constant exit and inlet conditions.

92



Distorted

Vapour Blanket
Formation Before
CHF

Just After
CHF
Fully-Developad 1 0
iling
Just Befors
CHF +

A
J
08
0
i1

Flow
Diraction

q —_—

Partially-Developsd
Boiling

Single-j;‘ ase Liquid

Figure 2-14 Subcooled flow CHF at high pressure and high mass velocity (Lee and
Mudawwar, 1988),
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Figure 2-15 Schematic representation of the onset of sublayer dryout (Lee and Mudawwar,
1988)
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Figure 2-16 Schematic diagram of a vapour blanket moving in vertical turbulent flow before
the onset of CHF (Lee and Mudawwar, 1988).
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Figure 2-17 Schematic diagram of transport between core and bubbly layer (Weisman and
Pei, 1983).
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Figure 2-18 Mass balance on an incremental control volume (Whalley et al., 1978).
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Figure 2-19 Variation of deposition coefficient with surface tension (Whalley et al., 1974)
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Figure 2-20 Variation of equilibrium concentration of entrained droplets with S (Whalley et
al., 1978).
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Chapter 3

EXPERIMENTAL EQUIPMENT

3.1 General

The CHF measurements were conducted in three test rigs. The University of Ottawa
Multi-fluid Boiling Loop (UO loop) has been tested for the fluids of CFC-11, CFC-12,
HCFC-123, HCFC-22 and HFC-134a with single geometry (i.e. 2 4.2 mm inner diameter (1.I3.)
tube). The other two test rigs, MR-7A und MR-TA loops, are located at the Chalk River
Laboratories of Atomic Energy Canada Limited. The MR-7A loop is also a multi-fluid boiling
loop, but enly HCFC-22 was used in this loop for this investigation, with tests performed on 4.38

and 8 mm L.D. tubes. The MR-1A loop is a water loop and only an 8 mm LD. tube is used.

3.2 Loop Description

3.2.1 U9 Lovp

This multi-fluid boiling loop was designed by this author and was constructed with the
assistance of a University of Ottawa technologist during construction. The loop was designed
specifically to perform CHF tests for non-aqueous fluids such as CFC-11, CFC-12, HFC-134a,
HCFEC-123 and HCFC-22. Due to their low latent heat, about 12 times less than that of water,
the power required for the test is less than 5 kW, and the mass flux can reach 4000 kg m* s’
or more, depending on the pump capacity. The volume of this loop is limited to between 2 and
3 titres. Therefore, the size of the loop is only 80 ¢m deep, 100 cm wide and 170 cm high
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(without including the height of the pressurizer). The maximum pressure of the CHF text for all
fluids is 2 MPa. This provides a generous safety factor as the loop has been designed 1o sustain
pressures up to 3.45 MPa. Most of the material used for building up the loop is stuinless stecl
except for the heat exchanger and some minor connections, which are made of brass. Figure 3-1
is a schematic of the UQ loop and illustrates all major components. The loop consists of gear
pumps, turbine flow meter, preheater, test section, heat exchanger and pressurizer. The vertical
test section as shown in Fig. 3-2 is made of Inconel 718 alloy tube of 4.2 mm LD. (inner
diameter) x 4.6 mm O.D. (outer diameter) x 1.3 m length; the maximum heated length is |
meter. The wall temperature of the test section in the vicinity of the flow exit is measured by
K-type thermocouples, also shown in Fig. 3-2. These thermocouples are fixed on the tube wall
by wood clips. Inside the pressurizer, a tubular heater with 500 W of maximum power is lovated
at the bottom to boil the liquid and a cooling coil is mounted at the top to condense the vapour
so that the pressure can be controlled by adjusting the heater power and the water flow rate in
the cooling coil. A detailed design analysis of all major components can be seen in the author’s

design report, which is included in Cheng et al. (1991).

3.22 MR-7A Lovp

Due to the limitation of the test conditions of the UO loop (e.g. mass flux capacity less
than 4 Mg m® s and power capacity less than 5 kW), the CHF meusurements for non-agucous
fluids in larger test sections and higher power consumption were conducted at the MR-7A loop.
The design of the MR-7A loop is similar to that of the UO loop. However, the major components

such as pump, power supply and heat exchanger have 4 higher flow capacity (mass flux up to

101



[0 Mg m? s') and consumption rate (power up to 30 kW) compared with those in the UO loop.
The schematic of the MR-7A loop is shown in Fig. 3-3. The pressure in MR-7A can be
controlled in the pressurizer (a steel tank containing a bladder) by varying the nitrogen pressure
on the bladder side. The flow rate is controlied by a throttle valve (V2 as shown in Fig. 3-3) and
measured by a turbine fiow meter. The flow temperature at the inlet of the test section is adjusted
by two preheaters (#! and #2) and by the flow in a sub-cooler. Two vertical test sections with
different 1.D.’s but the same length were used in the loop. Their [.D.’s are 4.38 mm and 8 mm,
respectively. Both test sections are made of Inconel 600 and are directly heated by DC current,
and differ only in diameter; they are schematically shown by the same sketch (i.e. Fig. 3-4). The
wall temperature of the test sections are measured by thermocouples (K-type, ungrounded) and
their axial locations are given in Fig. 3-4. The flow temperature at the inlet and outlet of the test
section is also measured by K-type thermocouples. The absolute pressures, as well as the pressure
difference, at the inlet and outlet of the test section are measured by the absolute pressure (AP)
and differential pressure (DP) transducers. The heated length can be changed simply by switching

the connection of the test section to either one of the two lower power clamps.

3.2.3 MR-1A Lovp

To complete the study of CHF fluid-to-fluid scaling techniques, CHF data for water are
required. Therefore, the water CHF measurements for this work were conducted in Chalk River’s
MR-1A loop. The MR-1A loop is specifically designed for water CHF tests and the power and
pressure limitations of this loop are thus much higher than those of the UO and MR-7A loops.

Figure 3-5 shows the schematic of MR-1A loop, which includes a centrifugal pump (<50
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USGPM), an AC preheater (100 kW), a venturi flow meter. a pressurizer, a DC power supply
(350 kW), a condenser and a cooler. The loop main body is composed of stainless steel tubing
with the dimension of 19.05 mm (3/4") O.D. x 2.413 mm (0.095") W.T, {wall thickness) while
the instrument lines are composed of 6.35 mm (1/4™) O.D. x 0.889 mm (0.035") W.T. stainless
steel tubing. The dimensions of the vertical test section are 8 mm LD. x T mm W.T., and is made
of Inconel 718. The L.D. of the test section is the same as that used in MR-7A loop for the
HCFC-22 CHF test. K-type thermocouples are used to measure the fluid and test section wall
temperatures. The locations of the thermocouple on the test section wall are shown in Fig. 3-6.
Only one heated length (1.75 m) is used for the water CHF test as can be seen in Fig. 3-6. The
absolute pressure and pressure difference at the inlet and outlet of the test section ire measured
by AP and DP cells. Similar to MR-7A loop, the pressure is controlled in the bladder-type

pressurizer by varying the nitrogen pressure.

3.3 Test Procedure

Although the detailed operating procedures are different for each of the three test rigs
because of their different component arrangement and instrument installation, the general test
procedures are similar and are described as follows: While the flow is circulating in the loop, the
power supply to the preheater, the test section and the heater inside the pressurizer (for the UO
loop) are turned on to adjust the system temperature and pressure. The test section power is
raised rapidly to about 80% of the CHF power, beyond which the power is slowly increased until
CHF occurs. Meanwhile, the mass flow rate and system pressure are monitored carefully so thut

the flow rate and pressure are maintained steady. When CHF is observed, the wall temperaturc
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at the exit of the test section increases rapidly as seen from a recorder trace. The test section
power is subsequently reduced to 80-95% of the CHF power and the flow conditions are adjusted

for the next CHF test.

3 4 Instrument Calibration and Measurement Uncertainties

34.1 UQO Loup

The estimates for the measurement uncertainties were based on the manufacturers’
specifications and the calibration procedures. Using a so-called electrical-equivalent ice bath, the
errors of the thermocouple measurement at the inlet and outlet of the test section were calibrated
to be +0.2°C. The pressure transducer was calibrated to have 0.6% of RMS error for the full
range (0.1—4.% MPa) by the manufacturer. The flow meter was calibrated to have 1.06% of RMS
error between 1.325 and 13.25 {/m by using water. According to the manufacturer, no correction
factor is needed for different fiuids. The stability of the DC power supply is 0.04 volts for the
voltage mode and 0.63 amperes for the current mode. The heat loss test has shown that the heat
loss from the test section through the insulation increases with increasing wall temperature. The
heat balance test for the test section indicated a 1.9% of RMS deviation with respect to the
power, flow rate and temperature measurements. Details of the heat loss and heat balance tests

for the test section are given in Appendix II.

342 MR-7A Loop
All instruments were calibrated prior to the CHF experiments. The read-outs from

thermocouples, absolute pressure (AP) transducer, differential pressure (DP) transducer and flow
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meter are compared with those from an external reference device. All thermocouples were
calibrated over a range from 30°C to 150°C using 1 JOFRA Temperature Calibrator Model 630
SE and a Thermo Electric Instruments Micromite [1. The errors of the thermocouple measurement
at the inlet and outlet of the test section were found to be 0.5°C. The flow meter was calibrated
by measuring the volumetric flow rate of water and was found to have a 2.5% RMS error
between 0 to 0.45 //m. The pressure transcucers for AP and DP are calibrated to be £3% for 95%
of the test range. A correction equation is used for all the above instruments based on the results
of the calibration procedures. Different values of coefficients were applied in the correction
equation for specific instrument. A series of heat balunces was performed. The heat foss from the
test section is calibrated to be 2.95% by using CFC-12 in a heat balance test und is due to the
inaccuracies of flow meter, voltage and current measurements as well as the inlet and outlet
temperature measurements and enthalpy evaluation in CFC-12. More detailed information can be

found in Blumenréhr et al. (1991).

3.4.3 MR-1A Loop

The thermocouples were calibrated in the same manner as for the MR-7A Joop. The errors
in temperature measurement at the inlet and outlet of test section were found to be £0.5°C. The
venturi flow meter was calibrated within £0.5% of the flow measurement uncertainty and this
calibration is traceable to the National Institute of Standard and Technology of the U.5.A. The
AP and DP pressure transducers are calibrated within £0.4% and 0.2% of error, respectively.
The DC power is calculated by measuring the voltages across the test section and the current

shunt. A series of heat balances was also performed. The heat loss from the test section is

105




calibrated to be 3.12% by using water in a heat balance test and this is due to the inaccuracies
of flow meter, voltage and current measurements as well as the inlet and outlet temperature

measurements.

3.5 Test Matrix

3.5.1 UO Loop

HCFEC-22 is the major test fluid in the present experimental investigation because
HCFC-22 will temporarily be the replacement fluid of CFC-12 before HFC-134a is widely
available in the market. Therefore, the mass fluxes for CHF experiments were first chosen for
HCFC-22. Then, Katto's scaling parameter (y,) is calculated in terms of the flow rate and
properties for the corresponding pressures. The pressure of the CHF experiment for all fluids is
chosen for the water-equivalent pressure at 7 and 10 MPa, that is py/p, equals to 20.26 and 12.38,
respectively. Once the values of y, are determined for HCFC-22, the corresponding mass fluxes
for the other fluids are calculated based on the same vy, values for HCFC-22. Table 3-1 shows
the mass fluxes of HCFC-22, CFC-12, HCFC-123, HFC-1344 and water with respect to the same
W, at the lﬁ.ressure of 7 and 10 MPa water-equivalent. The diameter of the test section is 4.2 mm

1.D. and the heated length varies from 0.5 to 1 m.

352 MR-7A Loup
As mentioned in Section 3.2.2, for the higher flow rate condition (above 4000 kg m* s,
the CHF experiments are conducted at the MR-7A loop. Therefore, the CHF test for HCFC-22

is continued in MR-7A loop for the mass flux values from 4000 to 8000 kg m* ¢!, The diameter
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of the test section is 4.3% mm L.D. and the heated lengths are .68 and 146 m, respectively. In
addition. a tube with 8 mm L.D. is also used for CHF meusurements in the MR-7A foep. The
heated length varies from 0.67 to 1.61 m. The measured CHF data for this geometry will be
compared with the water CHF data measured in MR-1A loop for the same diameter, Table 3-2

shows the test matrix for MR-7A for both the 4.38 and the 8 mm 1.D. wbes.

3.5.3 MR-1A Loup

The main purpose of the water CHF test in the MR-1A loop is to generate the water CHE
data using the sume geometry (8 mm 1.D.) as that used in the MR-7A Toop for the HCHFC-22
CHF test. Therefore, CHF data for water and refrigerant can be compared by examining the
fluid-to-fluid scaling techniques. The mass flux is chosen to correspond to the same Wy, vilues
as in the MR-7A loop for the 8 mm L.D. and the pressures corresponds to the same density ratio
of liquid to vapour. Only one heated length (1.75 m) is used for the water CHF test. Table 3-3

shows the test matrix for the MR-1A loop.
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(a) for pressure at 7 MPa water-equivalent

Table 3-1 Test matrix for HCFC-22, CFC-12, HCFC-123 and HFC-134a in the UO loop.

Pressure=7 MPa water-equivalent; p,/p,=20.26

Mass flux (kg m™s™)

A HCFC-22 CFC-12 HCFC-123 HFC-134a
35.15 1500 1531 1449 1383
46.87 2000 2041 1932 1845
5K.59 2500 2552 2415 2306
70.31 3000 3062 2898 2767
#2.02 3500 3572 3341 3228
93.74 4000 4083 3864 3689

Fluid pressure 1.34 1.06 0.98 1.13
(MPu)
(b} for pressure at 10 MPa water-equivalent
Pressure=10 MPa water-equivalent; p,/p,=12.38
Mass flux (kg m™ s

W HCFC-22 CFC-12 | HCRC-123 | HFC-134a
43.73 1500 1535 1436 1371
58.31 2000 2047 1915 1828
72.89 2500 23559 2394 2286
87.47 3000 3071 2873 2743
102.05 3500 3583 3352 3200
116.63 4000 4095 3831 3657

Fluid pressure 1.96 1.58 1.46 1.66
(MPa)
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Table 3-2 Test matrix for HCFC-22 in the MR-7A loop.

(a) for pressure at 1.34 MPa (7 MPa water-equiv.)

LD, (mm) W Mass flux (kg m= 5" Heated length (n)
95.73 4000
119.6 5000
4.38 143.6 6000 0.68 and 1.46
167.5 7000
191.5 3000
32.35 100
64.6% 2000
8 97.04 3000 (167 — 1.0l
129.4 4000
194.1 6000
{(b) for pressure at 1.96 MPa (10 MPa water-equiv.)
1.D. (mm) W, Mass flux (kg m* ™) Heated length (m)
119.0 4000
148.7 5000
4.38 178.4 6000 (168 and 1.46
208.2 7000
238.0 8000
40.24 100
80.47 2000
8 120.7 3000 0.67 — 1.61
160.9 4000
241.4 6000

9




Table 3-3 Test matrix for water in the MR-1A loop.

Pressure (MPa) Wy, Mass flux (kg m™> 5™ D (mm) L. (m)
64.68 2618
97.04 3928

7 129.4 5238 8 1.75
161.% 6550
194.1 7857
80.47 2563
120.7 3844

10 160.9 5124 8 175
201.2 6407
241.4 7687
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A: Pumps G: Relief valve
B: Flow meter H: Filter

C: Preheater P: Pressure

D: Test section transducer

E: Heat exchanger T: Thermocouples
F F: Pressurizer

Figure 3-1 Outline sketch of the UO multi-fluid boiling loop.
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Figure 3-2 Sketch of the test section in the UO loop.
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Unit: ¢m

t160.5

178

Power Clamps

® Position of Thermocouple

A

Figure 3-4 Sketch of the test section for 4.38 mm and 8 mm LD. in the MR-7A loop
(courtesy of AECL).
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1 Make-up Pump
2 Main Pump

3  Pressurizer

4 Pre-heater

5

Test section

6 & 7 Pump-seal cooler

8§ Cc mnser

9 i

10 Pump-seal water heater

11 & 12 Cooler loop water to pressurizer

13 Nitrogen bottle for maintaining loop
pressure

14 Nitrogen bottle for high pressure

expansion of pressurizer

LEGEND

15

16
17
18
19
20
21
22
23
24
25
26

Nitrogen bottle for low pressure expunsion of
pressurizer

Pressure gage indication test section outlet pressure

Pressure relief valve

Venturi flow meter

Plant air to run make-up pump

Pressure regulator

Loop fill

Loop drain

Plant steam to heat pump-seal water and loop cooler

Plant water for coolers

Vents

Drains

Figure 3-5 Schematic of the MR-1A loop (courtesy of AECL).
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Figure 3-6 Sketch of the test section in the MR-1A loop.
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Chapter 4

EXPERIMENTAL RESULTS

4.1 Data Reduction

The CHF is primarily a function of P (pressure), G (mass flux), D (diameter) and X, {vritical
quality). P is measured directly, while G and X, are calculated tfrom other parameters

(temperature, pressure etc.):

. !
G -1 4pV (4-1)
A, 7w D?
X = Doy (4-2)
¢ A
where
Q 4-3
hexir = hin + “I;l- (4-H)

and enthalpy h, and heat of vaporization A are based on outlet pressure, the volumetric Flow rate
V' is measured from the turbine flow meter, the CHF power Q' is the product of the BC current
and the voltage across the heated length and by, is calculated based on the flow inlet temperature.

The CHEF is then calculated from

Q."
CHF = ¢, = — (4-4)

The symbols are also defined in the nomenclature. The thermophysical properties required for
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the present work are based on Cheng et al. (1993). The details of the property subroutines can
be seen in the Appendix III; all the test data of the present experiment are tabulated in

Appendix 1V,

4.2 Observed Parametric Trends

4.2.1 UO Loop

Tuble 4-1 is a summary of the test results from the UO loop. Note that the CHF data for
HCFC-123 for the high pressure condition (10 MPa of water-equivalent pressure) were not
reported becuuse the high saturation temperature (130°C) created a cooling problem in the heat
exchanger. CFC-11 was also found to have a similar problem. In addition, after a few tests for
CFC-11, a deposit was found on the tube wall of the test section. This is probably due to the
decomposition of CFC-11 at temperatures above 100°C. Therefore, very few data for CFC-11
were taken. The CHF data are plotted against the critical quality (X,) as shown in Figs. 4-1—4-5
for various pressures, heated lengths and mass fluxes. Theses figures show that all fluids display
a similar trend of increasing CHF with decreasing X.. At high quality and high pressure
conditions. a tendency towards the "limiting quality" phenomenon (Doroshchuk et al., 1970) was
observed for all fluids except CFC-11. This phenomenon is in the region IT as shown in Fig. 2-5
and has been discussed in Section 2.4.2. For high pressure and high mass flux values (3000 -
4000 kg m™ s, the effect of mass flux tends to be less significant. The pressure effect on CHF
is shown in Figs. 4-6—4-8; the CHF decreases when pressure increases for constant X values.
However, at high flow rates, the pressure effect on CHF decreases, especially at low qualities.

At most pressures and flow conditions, the effect of the ratio of heated length to diameter (L/D)
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is not significant for L/D between 119 and 238 as shown in Fig. 4-9.

422 MR-7A Loop
4,2.2.1 Results from the 4.38 mm LD. Test Section

Table 4-2 summarizes the CHF test results from the MR-7A loop including the test sections
with an [.D. of 4.38 mun and of 8 mim. For the results from the 4.38 mm 1.D. tube, the CHEF data
again are plotted against the critical guality (X.) as shown in Fig. 4-10 for 7 and 10 MPa
water-equiv. pressures, respectively. Similar to the CHF test results from the UO loop, the effect
of mass flux becomes less significant at high mass flux (4000 - 8000 kg m™® ) but an L/D effect
has been observed, especially at low pressures (7 MPa water-equiv. pressure). Since the LD. is
very close to the one in the UO loop (1.D. difference less than 0.2 mmy), we assume that the CHF
data from both loops should agree with the same test conditions. Therefore, the CHF data for a
mass flux at 4000 kg m? s from both loops are compared by plotting them in the same graph
as shown in Fig. 4-1! for 7 and 10 MPa water-equiv. pressures. At low pressure (7 MPa water-
equiv. pressure), the L/D effect is not significant in the range from 185 to 333. When the L/D
ratio decreases, the effect of L/D on CHF becomes noticeable (e.g. L/D from 185 to 153).
However, at high pressure condition (10 MPa water-equiv.), the L/D effect is not significant for
the whole test range (155<L/D< 333). To obtain a wider range of parametric trends for CHF
against critical quality, the CHF data from the UO and MR-7A loops are incorporated in the
same graphs (1.5 <G £ 8 Mg m?s™") as shown in Fig. 4-12. From both figures, we observed that

the L/D effect on CHF tends to be more significant with increasing mass flux.
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4.2.2.2 Results from the 8 mm L.D. Test Section

CHF experiments in § an mm LD. tube has become a standard test in thermalhydraulic
luboratories. As mentioned in Section 2.4.2, two standard CHF tables (by the USSR Academy
of Science (1977) and by Groeneveld et al. (1986a)) have been established for water and both
tables are based on & mm 1.D. CHF data. The effort to improve the accuracy of the CHF table
continues. One of the methods is to conduct the CHF experiments with the same 1.D. test section
but using fluids other than water. Then, the CHF data from the non-aqueous fluids will be
converted to the water-equivalent values through fluid-to-fluid scaling techniques. Thereafter,
CHF experiments using HCFC-22 in the 8 mm LD. test section were performed in the MR-7A
loop because this loop can provide enough capacities of flow rate and power.

As seen from Table 4-2, CHF data for the § mm [.D. were obtained at 1.34 MPa (7 MPa
water-equiv.) and 1.96 MPa (10 MPa water-equiv.) and 1—6 Mg m? s, The L/D varies from 84
to 199 and the critical quality from 0.02 to 0.6. The CHF data are also plotted against the critical
quality for all mass fluxes and pressures as shown in Fig. 4-13. From this figure, the mass flux
effect on CHF shows the same trend as those for the 4.2 and 4.38 mm 1.D. test sections obtained
from the UO and MR-7A loops. Generally the L/D effect for 8§ mm LD. is negligible for most
mass fluxes and pressures. Only at high mass flux and high pressure conditions, does the L/D
effect become noticeable. The pressure effect is illustrated in Fig. 4-14 which shows that the CHF
decreases when the pressure increases from 1.34 to 1.96 MPa, similar to the trend in the 4.2 and
4.3% mm LD. test sections. Note that the scattering in the data increases at low flow rate
conditions (i.e. 1 Mg my* s'). This is probably because the flow rate and power are the lowest

among all test conditions, and due to the occurrence of flow oscillations as well as the unstable
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CHF condition. The relative measurement uncertainty is thus expected to be higher than at other

flow conditions.

423 MR-1A Leop

Because the values of most properties for water are different by an order of magnitude
compared to those for non-aqueous fluids used in the UO and MR-7A loops. the water CHF data
obtained from MR-1A loop serve two purposes: (1) to examine the validity of CHF scaling
techniques for a wide range of properties, and (2) to validate CHF prediction methods for water,
used for the application in nuclear reactor safety. The CHF test results from the MR-1A loop are
summarized in Table 4-3. Note that only one heated length (1.75 m) and one [.D. (8 mmj) are
used for the water CHF test. The mass fluxes are based on the same values of yr for the
HCFC-22 CHF test in the MR-7A loop. The CHF results are aiso schematically iHlustrated in Fig.
4-15 by plotting the CHF against the critical quality. The parametric trends are generally
consistent with those observed from the UO and MR-7A loops for HCFC-22, that is, the effect
of mass flux on CHF is significant at low mass flux and high quality and becomes less
significant at high mass flux and low quality. Similar to the trend for HCFC-22, Figure 4-16
shows that the water CHF decreases with increasing pressure (from 7 to 10 MPa). However, at
high mass flux and low quality conditions, the pressure effect becomes negligible. Since only one
heated length is used for this water CHF test, the L/D effect on water CHF cannot be observed

from the present work.
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4.3 Comparison against Data Obtained from Elsewhere

To verify the accuracy of CHF experiments from the present results, the CHF data reported
from the literature are used for comparison. However, the author has found it difficult to exactly
match the data with those from the literature in terms of the same test conditions (e.g. diameter,
pressure and mass fiux etc.). In addition, the CHF data for HFC-134a and HCFC-123 are unique
as so far no one else is known to ever have employed these fluids for CHF measurements.
Therefore, only a portion of present data can be used for the comparison, and sometimes the data
for similar but not exactly the same test conditions were used.

Firstly, the CFC-12 CHF data reported by Cheng et al. (1992) are compared with those from
the present work. The comparison is illustrated in Figs. 4-17—4-19: the data show satisfactory
agreement except for the mass flux condition at 2 Mg m* s, where the data do not show good
agreement. Cheng et al.’s data also demonstrate a noticeable L/D effect on CHF.

Secondly, the water CHF data from the present study have been compared with a number
of duta sources reported by different investigators. Generally, as shown from Fig. 4-20 to 4-24,
the water CHF data from the present study are in satisfactory agreement with those from other
sources. As discussed in Section 2.4.2, Groeneveld et al.”s (1986a) standard water CHF table was
derived for an § mm tube by statistically averaging the experimental CHF values with each P,
G and X, interval, For the CHF values at non-table P, G and X, values, linear interpolation within
the intervals of P, G and X, is used. Therefore, the water CHF data from the present study can
also be compared with the table-CHF values for each test P, G and X,. The results of the
comparison are shown in Table 4-4, indicating satisfactory agreement. Table 4-4 also shows that

the CHF table results in lower CHF values than the measurements at low mass flux (e.g. 2.5 Mg
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m™ s for both the 7 and 10 MPa of pressure. In addition. the CHF table underpredicts the CHE
for all tested mass fluxes at 10 MPa of pressure. The experimental result from the UO loop and
the comparisons against other prediction techniques can also be seen in the Section § of next

chapter.
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Table 4-i CHF test results for CFC’s and CFC alternatives from the UO loop for 1.D.=4.2

mm.

Fluid P (MPa) G L/D No. of data X, CHF
(Mg m? §") (kW m™)
HFC-1344 1.13 (7Y 1.3¥-3.69 185-23% 65 0.11-0.48 110-250
HFC-134a | 1.65 (10) 1.37-3.66 185-238 73 0.09-0.40 $5-254
HCFC-22 1.34 (7) 1.50-4.00 119-23% 68 (0.15-0.50 140-270
HCFC-22 1.960 (10) 1.50-4.00 185-238 61 0.12-0.40 100-250
CFC-12 1.6 (7) 1.53-4.08 185-238 58 0.13-0.49 104-215
CFC-12 1.5 (1(h) 1.53-4.09 185-238 69 (0.12-0.40 74-200)
HCFC-123 | (.98 (7) 1.45-3.86 185-238 60 0.07-0.46 100-252

CFC-11 1LI3 (7) 1.05 238 1 (.58 103
CFC-1} 1.65 (1) 1.05-2.17 238 6 (0.17-0.47 80-150

" The number inside the parentheses referred to water-equivalent pressure.
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Table 4-2 CHF test results for HCFC-22 from the MR-7A loop.

ID. (mm) | P (MPy) |G Mg m™ s L/D | No. of data X, CHF (kW m™5

4 -8 155 27 003 -0.2 267 - 415

134 (7Y
47 4-8 333 29 (0.1 - 0.28 130 - 270

4,38

4-¥ 155 42 0- 017 197 - G20

1.96 (10)
4-% 333 35 (.05 - (.26 P40 - 335
1-6 199 22 .14 - 0.6 125 - 200
l1-6 144 21 0.05-0.54 15(r - 250

1.34 ()
1-2 110 1) 0.18 - 0.46 200 - 245
1-6 84 26 0.02 - 0,43 215 - 360

8

l1-6 199 30 (.06 - 1.45 85 - 250

1.96 (10
(1) 1-6 144 25 0.04 - 0.43 120y - 320
l1-6 84 22 0.02 - 0.37 170 - 400

" The number inside the parentheses referred to water-equivalent pressure.
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Table 4-3 CHF test results for water from the MR-1A loop for heated length=1.75 m and

[.D.=% mm.
P(MPa) |G (kgm?s?) W, No. of data X. CHF (MW m™)
2544) 64,68 6 0.28 - 0.39 1.6-25
3800 90.03 6 0.17 - 0.3 20-27
7 5200 129.4 6 0.1-024 2.3-32
6400 161.8 5 0.06 -0.2 2.5-36
7700 1941 8 0.04 - 0.18 26-45
2500 80.47 5 0.14-0.3 1.5 -2.0
3850 120.7 5 0.11 - 0.21 1.6-24
10 5200 160.9 5 0.08-019 | 20-30
6450 201.2 5 0.06 - 0.18 23-35
7700 241.4 4 0.06 - 6.13 2.7-40




Table 4-4 CHF comparison for table prediction (Groeneveld et al. 1986a) against measured
water data from the MR-1A loop based on constant X, condition.

0. of data ass flux (kg m™= § error (Y% v, error (Vo) eun error (4)
N fd Mass flux (k s RMS %Y | A ey | M !
For pressure at 7 MPa
6 2540 10.50 -8.63 9.65
6 3800 4.62 -1.11 341
6 5200 3.99 1.98 371
5 6400 311 7.45 7.45
8 7700 7.05 4.61 6.02
total=31 25407700 7.28 (.89 G.00
For pressure at 10} MPa
5 2500 12.35 -12.04 12.04
5 3850 5.30 -4.20) 4.79
5 5200 6.28 -5.88 5.88
5 6450 409 -3.83 383
4 7700 4.69 -4,12 4,12
total=24 25007700 7.21 -6.10) 6.22
N _ 2
1 R.M.S error = 2 (CHFprdicted CHFmeasurcd
! CHFmeasured
x 100%
N
2 Ava _ i CHF, prdiczed_CHF measure:d
vg. erTor = 1 CHF,__
x 100%
N
N
1 Me: _ E CHF, prdicted _CHFmea.sured
ean error = 1 CHF,__
x 100%
N
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Figure 4-1 Effect of mass flux on CHF for HFC-134a from the UO loop at (a) 7 MPa and (b)
10 MPa water-equivalent pressure.
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Figure 4-2 Effect of mass flux on CHF for HCFC-22 from the UO loop at {a) 7 MPa and (b)
10 MPa water-equivalent pressure.
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Figure 4-3 Effect of mass flux on CHF for CFC-12 from the UO loop at (a) 7 MPa and (b}
10 MPa water-equivalent pressure.
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Figure 4-4 Effect of mass flux on CHF for HCFC-123 from the UO loop at 7 MPa

waler-cquivalent pressure,

131



CHF (kW/m?)

190

Fiuid : CFC-11 o G=1050 kg m-2 3-1

P = 1.65 MPa (10 MPa water-aquiv.)

HL=10m,LD.=4.2mm + Gm2160kgm?s™
160 -

..+_
_|_
130 -
0
100 - +
o}
o)
7% 1 i . .
05 0.15 0.25 0.35 0.45 055

Critical quality, X

Figure 4-5 Effect of mass flux on CHF for CFC-11 from the UO loop at 10 MPa
water-equivalent pressure.
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Figure 4-6 Effect of pressure on CHF for HFC-1344 from the UO loop at fixed mass flux.
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Figure 4-7 Effect of pressure on CHF for HCFC-22 from the UO loop at fixed mass flux.
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Figure 4-8 Effect of pressure on CHF for CFC-12 from the UO loop at fixed mass flux.
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Figure 4-9 Eftect of L/D on UO CHF data for (a) 119 < L/D < 238 at 7 MPa water-equiv.
and (b) 185 < L/D <238 at 10 MPa water-equivalent pressure for various fluids.
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Figure 4-10 Effects of mass flux and L/D on CHF for HCFC-22 from the MR-7A loop at (4)

7 MPa and (b) 10 MPa water-equivalent pressure.
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Figure 4-11 Effect of L/D on CHF for HCRC-22 data obtained from UQ and MR-7A loops at
{(a) 7 MPa and (b) 10 MPa water-equivalent pressure.
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Figure 4-12 CHF vs X for HCFC-22 data obtained from UO und MR-7A lfoops at (a) 7 MPa
and (b) 10 MPa water-equivalent pressure.
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Figure 4-13 Effects of mass flux and L/D on CHF for HCFC-22 from the MR-7A Tloop at (a)
7 MPy and (b) 10 MPa water-equivalent pressure.
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Figure 4-15 Effect of mass flux on CHF for water from the MR-1A loop at (a) 7 MPa and (b)
1(} MPa pressure.
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Figure 4-16 Effect of pressure on CHF for water from the MR-1A loop at fixed mass flux,

143



350
O + G=2041kg m?s’, present work O L=1m,D.=4.2 mm
9904 & 0 G=1950kgm2s’, Chengetal. (1992) + L=0.78 m, |.D.=4.2mm
Fluid : CFC-12 O L=0.69 m, |.D.=4.18 mm
280+ p = 1,06 MPa (7 MPa water equiv.) 4 [=0.36m,1.D.=4.18 mm
260 - A
& N A
g 230 -
%
LIL 200 - [
© O
170 +y
+
140 = O,
%
110 C
80 . . . .
0 0.1 0.2 0.3 04 05

Critical quality, X¢

Figure 4-17 Comparison of CFC-12 CHF data from the UO loop against Cheng et al.’s (1992)
measurements.
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Figure 4-18 Comparison of CFC-12 CHF data from the UO loop against Cheng et al.’s (1992)
measurements.
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Figure 4-19 Comparison of CFC-12 CHF data from the UO loop against Cheng et al.’s (1992)
measurements.
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Figure 4-20 Comparison of water CHF data from the MR-1A loop against other data sources.
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Figure 4-21 Comparison of water CHF data from the MR-1A loop against other data sources.
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Figure 4-22 Comparison of water CHF data trom the MR-1A loop against other data sources.
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Figure 4-23 Comparison of water CHF data from the MR-1A loop against other data sources.

150



7000

P=10 MPa, G=5200 kg m?2s", L=1.756 m,

'I:lsid_: gf:]t;r presant work
o + P=9.8 MPa, G=5000 kg m?s", L=0.69 m,
6000 - Smolin et al. (1979)
0O P=9.8 MPa, G=5000 kg m?s', L=0.78 m,
Smolin et al. (1979)
5000 - + & P=98MPa, G=5000 kg mi%s’, L=1.6 m,
& + Smolin et al. (1979)
E +
£ 4000 Py
m o+
I +
O o Zz
3000 4 oa
A @]
A 9
fa¥ A o
2000 - 2% A 2 O& o
1 : '
0004).1 0 0.1 0.2

Figure 4-24 Comparison of water CHF data from the MR-TA loop against other data sources.
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Chapter 5
EXAMINATION OF CHF SCALING
TECHNIQUES AND OTHER

PREDICTION METHODS

5.1 General

The CHF experimental data for non-aqueous fluids usually serve two purposes. Firstly, they
provide the design data required for the thermal analysis of cooling or refrigeration systems.
Secondly, CHF in non-aqueous fluids can be used to simulate the CHF in water-cooled systems
via the CHF fluid-to-fluid scaling techniques. This is important because of the high cost for CHF
experiments using steam-water. The simulation of the CHF in water using non-aqueous fluid data
requires the technigues of fluid-to-fluid modelling (or scaling), that is, converting CHF from one
fluid to another fluid using dimensionless groups. This technique thus can be categorized as a
CHF prediction method. Other CHF prediction methods for multi-fluid use are: (1) non-

dimensional CHF equations and (2) theoretical CHF models.

5.2 Assessment of Scaling Techniques

The dimensionless parameters (i.e. G* in Eq. (2-9)) derived from the dimensional analysis

are composed of fluid properties (G, py, p, Uy, B, etc.), flow condition (G) and geometry (L or D).
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These dimensionless groups will be examined with the objective of studying the importance of
fluid properties and geometry with respect to the accuracy of scaling bused on the measured data,
A comparison of the sets of dimensionless groups used in CHF scaling could vesult in the
selection of different dimensionless groups, which may have been neglected before. I such
parameters can be found, they will be used to assess the accuracy of the scaling techniques. From
Table 5-1, G" derived from different prediction methods are Yy, (W, and g, w,. Y. op/GL.
(this is defined as y,_ in Table 5-2), Re,, and Re,, where their functionat forms are listed in Table

5-2. The several dimensionless CHF expressions are represented by

Bo = (Boiling number) (5-1)

(CHF number) {5-2)

and

o, = % (Reduced CHF)

ET.:Pcz (5-3)
M

The Bo calculated based on the test data of the present study are plotied against the ., y.,, Y
and ,, respectively, corresponding to the sub-figures from Figs. 5-1 to 5-8. These figures cover
the following ranges:

pi/p,: 20.3 and 12.4 (7 and 10 MPa water-equiv. pressures)

L/D: 185 — 238

1.D.: 42 and § mm
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G: 1.0 — 80 Mg m* s

AH/A: .07 — 017
Note that y,, which has been defined in Eq. (2-81), is termed Katto’s dimensionless group by
Groeneveld et al. (1986b). In fact, y, is a modified dimensionless group based on y, from Katto
and Ohno (19%84). y, is used in this analysis because the test conditions for the study were based
on \f,.

In Figs. 5-1—5-8, w, generally results in larger discrepancies of Bo between water and
non-aqueous fluids than W, ¥, and Y. This is probably due to the diameter effect (LD.= & mm
for water and 4.2 mm for the other fluids) or due to the exclusion of p, and p, in Y. However,
in Figs. 5-3, 5-4, 5-7 and 5-8, W, results in the least scattering in Bo for different diameters in
the same fluid (HCFC-22). In general, Y and wy,; show a similar degree of scattering in Bo for
different fluids. However, both dimensionless groups contain quite different properties except for
p, and p,. Therefore, in addition to p; and p,, the primary properties for fluid-to-fluid scaling
techniyues could be p. G, k; and Cpf. In Table 5-2, none of the dimensionless groups includes
all the properties. If there were such a group, it would be interesting to study its parametric trend
on Bo. Fortunately, the dimensionless group set No. 3 in Table 2-1 provides the information to
form such a parameter. The second and third dimensionless groups in set No. 3 are termed Bl

and B2 below, i.e.

(5-4)

and
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Gk, .
B2 - — 1 (5-5)
a p,Cp;

The ratio of y; to p, is termed B3 below, i.e.

B3 = 2 (5-0)

Combining these three terms with different exponents, a new sculing parameter is obtained

2\ n
K ap:Cp)  \ B,

To decide the values of ny, n, and ny, Wy, is compared with y, yr, and W, where the exponent

of G in these three parameters is set to unity. Therefore, n, is also designated as unity. If n,=1/2
and n,=0, k, and Cp; are cancelled and y; becomes y,, which we want to avoid. In ., the
exponential values of D, u/p, are 1/3 and 1/8, respectively. Therefore, n, and n, are determined

to be 1/3 and 1/8. Thus, the complete form of vy, becomes

. s My (5-8)

The parametric results for Bo vs. y, are then illustrated in Figs. 5-9 and 5-10. From these
figures, y, resulted in a similar degree of scattering in Bo for different tluids as ..

For Katto and Ohno’s (y,), Green and Lawther’s (Re,) and Hauptmann and Lee’s (Rey)
dimensionless groups, their parametric trends of dimensionless CHF (Bo, CHF, and ) are
illustrated in Figs. 5-11-5-12, Figs. 5-13—5-14 and Figs. 5-15--5-16, respectively.

Figures 5-11—5-16 showed that none of “these dimensionless groups resulted in a reduced
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scattering in dimensionless CHFs at the wested flow conditions. Note that 3 showed a similar
scattering in Bo as , although different geometries (L and D) are used in both dimensioniess
groups. This is because

L
¥

X

Y, =

e~

(5-9)

bl S

Since Eq. (2-5) is used to calculate x, the L/D will be the same if p/p,. x, AH; und Bo are the
same for different fluids. Figures 5-1—5-16 showed that, for the same L and D at most flow
conditions, the dimensionless CHFs of non-aqueous fluids (i.e. CFC-12, HFC-134a, HCFC-123
and HCFC-22) satisfactorily fell along the same curve when plotted against all the dimensionless
groups except for Re,. This implies that HFC-134a, HCFC-123 and HCFC-22 are the most
promising fluids of CFC alternatives for CHF scaling and Re, is not a suitable dimensionless
group for CHF scaling. Figures 5-1—5-16 did not illustrate the accuracies of CHF scaling from
these dimensionless groups. For W, W,, Wi, ¥y, Y and Y, (defined in Eq. (5-18)), a water CHF
table will be used to assess the quantitative accuracy in CHF scaling in next section. The
dimensionless CHF equation resulted from the developments of W, Y, W, Re, and Re; also will

be assessed later in this chapter.

5.3 Comparison against Reference Water CHF Table

5.3.1 General
To compare the adequacy of using the , as a scaling parameter with W, v, W, clc.
Groeneveld et al.’s (1986a and 1986b) CHF look-up table is used since the table permits the use

of a scaling parameter (e.g. Y, ¥, and W) as G’. Similarly, the W, and Y can also be used. The
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methodology is to compare the table values with all the experimental data using different scaling
parumeters and calculate the Avg., Mean and RMS errors as defined in Table 4-4. Then, the
overall effect of using , and other dimensionless mass flux scaling parameters on the scaling

acecuracy can be quantified.

5.3.2  Calculation Procedure in Table Method

As the geometric, thermodynamic and density ratio similarities are satisfied (Egs. (2-3), (2-4)
and (2-8)), Bo is assumed to be equal in both fluids if the G’ values are the same in both fluids.
For G, the W, W, Wy Wy or Y may be used. Since the table data are valid only for water in
an & mm [.D. tube, Groeneveld et al. (1986a) suggest that hydrodynamic similarity (same G" for
fiuids with a different 1.D. can be achieved using the following procedure (termed method A):

Mcthod_A: (using W, as an example)

1P 12
62| -2 (5-10)
pf“olﬂ » \Pr a'? "

where the subscript "W" represents the water condition in the CHF table and subscript "M"

represents the modelling fluid condition. Initially assume that D=8 mm for both fluids, then

G 1
Gw=( 2 m) x (b7 o'y (5-11)
Pr 07 )y

and use Gy, to find a CHF value (¢,) from the table. Then, correct ¢, for a diameter other than

8 mm, i.e.
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1/3
@awsMMf=@anwx(%] (5-12)

Finally, the CHF for the modelling fluid is predicted via

¢'c D8 mm -
G = (_GTL, x (G Ay e

According to the scaling theories, there is no need for the diameter correction procedure such
as in Egs. (3-11)—(5-13). A second method thus is also used based on the clussical scaling theory.
The calculation procedure (termed method B) is illustrated below:

Method B: (using W, as an example}

12 i

GD w] i [ oD m] (5-14)

Pr 97w \Pr 97 )y

Let D=8 mm for water (table method) and D for the modelling fluid is kept as it is, thus,
1722 1
12 o
G, = |E2 X(W ] (5-15)
p/fc") 0.008'2 ),

Use Gy, to find a CHF value (0,) from the table. Then, calculate ¢, for the modelling fluid via

P
Fose ” (G l]w P o

If the L.D. for the modelling fluid is also ¥ mm, these two methods would have no difference.

The first method (method A) corrects ¢, from the table prediction indirectly at the end using

15%



y. (5-12), while the second method (method B) corrects the ¢, prediction directly due to the
change of G by varying the flow cross-section. In the method A, the D on both sides of
Eqy. (5-10) will be equal to § mm. This suggests that, if the use of D=8 mm in Eq. (5-10) for
both fluids is replaced by another variable which also has the same unit of length, it may result
in more accurate scaling. For example, the critical wavelength in a hydrodynamic instability

model can be used. The critical wavelength for Taylor’s instability is written as

A,=2m | —2— (5-17)
g8{pr-py)

If D in v, is replaced by A, it results in a new scaling parameter (termed y,) as shown below:

172
llrl = (2 TE] = G - (5-18)
E) P oo

The use of A, in , converts the geometry effect into the property effect and thus the Eq. (5-10)

becomes

G
} (5-19)
M

G -
{p}ﬁ 0"‘(pf—pg)”“L pf” 0" (pp™

Then,

G 12 114 144
G, = x[pf” o™ (p~p "] (5-20)
[p}ﬂ gl (Pf' pg)mL g w

Therefore, the scaling parameter W, is added to G” list of Table 5-2 and is used in method A.
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5.3.3  Assessment of the Table Method for Predicting Water and Non-aqueous Fluid CHF

As discussed by Tain et al. (1993) as well as in Section 2.4.2. the CHF values from
Groeneveld et al.’s table method are functions of X, {critical quality or dryout quality) but the
CHEF should not be predicted based on an experimental value of X, since X, is not known prior
to the experiment. Therefore, the independent parameters sheuld be P, G, D, L and AH/A. The
CHF and X, are calculated simultaneously through the iterations as illustrated in Fig. 2-13; the
prediction error should be evaluated based on constant inlet conditions, else the CHEF will not
satisfy the heat balance equation (Eq. (2-5)). The prediction accuracies from these two methods
(method A and B) are illustrated in Tables 5-3 and 5-4. In both tables, the water CHF from tuble
predictions constantly show an overprediction of CHF for the low pressure (7 MPu) condition
and an underprediction of CHF for the high pressure (10 MPa) condition against the test daty of
water for all scaling parameters. Note that the water CHF predictions do not vary with scaling
parameter. Comparing both methods (A and B) and all mass flux scaling parameters, the
resulted in the best overall prediction accuracy; none of the remaining scaling parameters could
obtain a more accurate prediction for both methods. The results show that g, is a promising
dimensionless group to be used in CHF fluid-to-fluid scaling technique. In Table 5-3, ys, gives
unacceptably large errors; it results in overpredictions of CHF at all pressure conditions and in
all fluidds except water at 10 MPa. This is probably due to the replacement of geometry by
properties, which results in a lower water-equivalent mass flux (Gy) compared with the use of
.. For example, Gy, calculated from vy, is 70% of that from , (i.e. F; from vy, is 309% less than
that from v,). However, the water CHF prediction from table using v, is about 5% of that using

v,. Therefore, the CHF for non-aqueous fluids using Eq. (5-16) is larger when using vy, than
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when using ,. Table 5-3 shows that  results in an overall underprediction of the experimental
CHF and W, results in an overall overprediction of the data; or CHF prediction from vy, is about
20% higher than those from ;.

Finally, from Tables 5-3 and 5-4, method B constantly obtained a better CHF prediction
against the test data than method A regardless of the use of scaling parameters. The classic
scaling theory used in the method B is therefore considered to be superior to the modified scaling

theory used in the method A.

5.4 Assessment of Non-Dimensional CHF Equations

Non-dimensional CHF equations (as discussed in Section 2.4.1) based on dimensioniess
groups derived from dimensional analysis can be derived by employing a regression method and
based on experimental data. Their application ranges are thus limited to the data bases used and,
sometimes, the type of fluid. The non-dimensional CHF equations were examined in Chapter 2
with the objective of selecting those dilnensioéiégls groups controlling the CHF. CHF test results
from the present work are compared with the non-dimensional CHF equations discussed in
Section 2.4.1. They were obtained by Ahmad (1973), Shah (1987), Katto and Ohno (1984), Green
and Lawther (1981) and Hauptmann and Lee (1983). The results of the comparison are shown
in Tuble 5-5, where the Avg. and RMS errors have been defined in Table 4-4. Note that the
comparison is based on the constant inlet condition (AH/A) as discussed in Section 5.3.3.

Table 5-5 shows thaf Ahmad’s equation does not predict the high pressure data condition
(10 MPa water-equiv.) very well because the empirical constants for this equation are derived

based on one pressure condition, i.e. 7 MPa. For 7 MPa, Ahmad’s equation gives reasonable
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agreement. Shah’s and Katto and Ohno’s equations show fair agreement against the test data for
both 7 and 10 MPa pressure conditions. Green and Lawther’s equation gives the best comparison
against the test data although the empirical constants are derived bused only on CFC-12 and
water data base. Hauptmann and Lee’s equation results in the largest error. The dimensionless
parameters used in these equations have been listed in Table 5-1: p/p, or p,/p, represents the
hydrodynamic similarity, while the P, is an index related to the value of p/p, or p/p,. Shah
(1979) has concluded that the use of P, appears to be no different from the use of p/p, or p,/p,.
However, if p,/p, is plotted against P, as shown in Fig. 5-17, the trend of water deviates from
those of non-aqueous fluids. In Table 5-5, Shah’s equation results in the worst comparison for
water ldata vs. modelling fluids. This is probably due to the use of P.

Hauptmann and Lee incorporated Z, (critical compressibility) with P, to avoid the deviition
of p,/p between water and non-aqueous fluids. As illustrated in Fig. 5-18, the use of P,.Z, does
improve the trend not only between water and non-aqueous fluids but also among the non-
aqueous fluids themselves. However, Hauptmann and Lee’s empirical equation results in different
exponents (b and ¢ as shown in Table 2-6) for P, and Z,. As illustrated in Fig. 5-19, the use of
b and e as P,’s and Z,’s exponents yields a different parametric trend of p/p, vs. Z, for various
fluids, especially for water. This may be the reason why Hauptmann and Lee’s equation, as
referred to Table 5-3, resulted in the highest errors when compared to water data. Note that CO,
is included in Figs. 5-17—5-19 because Hauptmann and Lee derived their equation based on CO,
and CFC-12 data as well as the water data.

It is noted that the UQ CHF data for HCFC-123 and HFC-134a often result in larger Avg,

and RMS errors than those of CFC-12 and HCFC-22 when compared with all non-dimensional
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CHF equations. This is probubly because that the derivations of all the non-dimensional CHF
equations were not based on HFC-134a and HCFC-123 CHF data. [n addition, the properties of
the new fluids (HFC-134a and HCFC-123) are less well known than CFC-12 and HCFC-22. The

property predictions for the new fluids are thus less accurate.

5.5 Assessment of CHF Theoretical Models

5.5.1 General

Theoretical CHF models are generally not-fluid specific, hence they can be applied to any
fluid. The CHF data for various fluids obtained from the present work thus can be used to
examine the suitability of the theoretical CHF models. As discussed in Section 2.4.3, the
theoretical CHF models can be categorized as (1) subcooled flow models, i.e. for negative value
of dryout quality (e.g. Lee and Mudawwar (1988) and Katto (1990a, 1990b and 1992)), (2)
bubbly flow models, i.e. for low and intermediate dryout qualities (e.g. Weisman and Pei (1983)
and Ying and Weisman(1986)), (3) annular flow models, i.e. for high dryout quality (e.g.
Whalley et al. (1974 and 1978)). Since the dryout qualities of the test data are all greater than
zero, the assessment of the subcooled flow model is omitted. From Tables 4-1—4-3, the dryout
qualities of the present study range from 0 to 0.6, which cover the ranges of those for the bubbly
flow model and the annular flow model. Therefore, both models will be examined in the

following sections.

5.5.2 Comparison against the Bubbly Flow Model

The Weisman and Pei’s mode! (1983) described in Section 2.4.3.3 was originally derived

163



for the subcooled-to-low dryout quality condition. Later, Ying and Weisman (1986) (described
in Section 2.4.3.4) extended this model to void fractions in the bubbly region near the wall of
up to 82%, which corresponds to the intermediate dryout quality. Ying and Weisman's model is
thus used to compare with the present test data. The graphical comparisons are shown in
Figs. 5-20—5-26, which illustrate the effect of X, on the CHF of the test data and Ying and
Weisman’s prediction for various mass flux and pressure conditions. These figures show that
Ying and Weisman’s model predicts a constant X, (X,«0.17 at p/p,=20.3 and X ~0.25 at
p/p,=12.4), which is the upper limit of the thermodynamic quality prediction and corresponds
to a void fraction in the bubbly layer reaching 82%. At low flows, before the constant uality
condition is reached, the model generally underpredicts the data. The model is not applicable to
higher qualities because the flow regime is no longer a bubbly flow. For G>3 Mg m* s and
X.<0.25 at p/p,=12.4, the model shows an overprediction of the CHF and the trend increases
when the X, decreases from 0.2 to 0.1. However, the difference between the test data and
predictions decreases with decreasing X, between (0.1 and 0. Generally, for conditions away from
the maximum quality limit of the model, CHF vs. X, trends are the same for the model and the

experimental CHF data and the model predictions are roughly in agreement.

5.5.2.1 Mass Flux Effect

From Figs. 53-20—5-26, at low mass flux conditions (G<4 Mg m? ™), the CHF test data fall
along distinct curves for different mass flux ~onditions and the data tend to merge together when
the mass flux increases. At high mass flux conditions (G>4 Mg m™? s™'), the mass flux effect on

CHF can also be seen in the higher X, conditions (X_>0.05), but it becomes less significant at
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the lower guality conditions (X£0.05). Compared with the CHF data, the mass flux effect from
Ying and Weisman’s model is much less significant: the model shows aimost no mass flux effect,

especiaily at high flows.

5.5.2.2 Pressure Effect

The pressure effect on CHF for the experimental data and Ying and Weisman’s model 1s
illustrated in Figs. 5-27—5-32: as expected, the experimental CHF decreases with increasing
pressure (i.e. from 7 to 10 MPa water-equiv.) for all fluids at G4 Mg m™ 5. For G>4 Mg m?
s as shown in Figs. 5-30—5-32, the above trend becomes less pronounced when the X, decreases.
For G>6 Mg m? ", the test CHF shows no pressure effect. However, Ying and Weisman’s
model penerally shows no pressure effect on CHF for all fluids and most mass flux conditions.
In some cases, as shown in Figs. 5-27(d), 5-29(d) and 5-31(a), the model predicts an opposite

trend (compared to the CHF data) for the pressure effect.

5.5.2.3 Diameter Effect

As shown in Egs. (2-79) and (2-80), two slightly different forms of the diameter effect on
CHF have been presented by the USSR Academy of Science (1977) and Groeneveld et al.
(1986a), respectively. The HCFC-22 data for 4.38 and 8 mm from MR-7A loop are used to
examine Ying and Weisman’s model for the diameter effect. Figure 5-33 shows that the diameter
effect on the CHF for the test data and Ying and Weisman's model are similar but are not
identical. Ying and Weisman’s model shows a similar trend to Eq. (2-80); however, the

experimental data are more likely to agree with Eq. (2-79) for the mass flux conditions shown
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1n these figures.

5.5.2.4 Quantitative Comparison

A numerical comparison of Ying and Weisman's prediction with the test CHF is illustrated
in Table 5-6, where the CHF predictions with X 20.17 at p/p,=20.3 and X.20.25 at p/p,=12.4
are omitted as the model does not apply for the higher qualities. This result is observed in 487
out of the 799 test data used in the comparison. Table 5-6 shows that generally the model. which
has not been derived for these data, predicts the data surprisingly well. Ying and Weisman’s
model resulted in better agreement with the CHF data at high pressure conditions (1) MPa water-
equiv.), where it generally overpredicts the data, than at low pressure conditions (7 Ml’u.‘.wulcr-

equiv.), where it tends to underpredict the data.

5.5.3 Comparison against the Annular Flow Model

Whalley et al.’s (1974, 1978) model is the most frequently used model for annular film
dryout. Their model calculates CHF due to liquid film depletion (dryout) on the heated channcl
wall (see Section 2.4.3.5). However, Govan et al. (1988) reported that Whalley et al.’s model
predicts incorrect rates of liquid entrainment and droplet deposition using Egs. (2-124) and
(2-122) and the data shown in Fig. 2-19. Govan et al. then developed new correlations for the

entrainment rate (E;) and the coefficient of the deposition rate (k,), i.e.

P D o] 0316 |
'G—E = 5.75x107°|(Gyp - LFC)2"“££ (5-21)
G ap,
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p D

k, =018 if £ <03 (5-22)
pS
and
D
k, Pe™ _0.083[-S] # £ >03 (5-23)

where ¢ is the mass concentration of liquid droplets in the vapour core defined in Eq. (2-123)

and G, is the critical film flow rate at the onset of entrainment, i.e.

GLFC D . (5.850440.4249%‘/—-2} (5_2 4)

&

Once the k, is calculated from Eq. (5-22) or (5-23), the deposition rate can be calculated from
Eq. (2-122) und the entrainment rate is calculated directly from Eq. (5-21). If G5 < Gy, there

is no entrainment.

5.5.3.1 Comparison of Model with Water CHF Data

Before Govan et al.’s new correlations were developed, the rates of entrainment and
deposition relied on the same parameter (i.e. k). However, using Egs. (5-21)—(5-24), the rates
of deposition and entrainment can be calculated from different equations. The comparisons of our
CHF test data with Whalley et al.’s original model and with Govan et al.’s correlations are
illustrated in Figs. 5-34 and 5-35, where the water CHF data from the MR-1A loop are used. In
both figures, the boundary condition that 99% of the fluid is entrained as droplets (g,) at a

quality of 0.01 is used as recommended by Whalley et al. (1974, 1978). Both models predict the

167



correct trend of CHF variation with critical quality and mass flux.

Figure 5-34 shows that Whalley et al.’s original model overpredicts the CHF tor all mass
flux and pressure conditions. The overprediction trend also increases with the increasing mass
flux. In Fig. 5-35, Whalley et al.’s mode! using Govan et al."s correlations underpredicts the CHF

for most pressure and mass flux conditions, but the prediction error is much smiller,

5.5.3.1.1 g, and k, Effects

Figurers 5-34 and 5-35 show that the new correlations for E;, and k, have strong cffects on
the CHF pradiction for the annular flow model. As shown in Table 5-7(a), Govan et al’s
correlations predict the CHF much better than Whailey et al.’s model. However, the beter
prediction of the CHF data at the high mass velocities, low quality at 7 MPa using the new
correlations as shown in Fig. 5-35 contradicts the intended application range (high quality) of the
original annular flow model (Whalley et al.’s).

Govan et al, (1988) found that a lower value of g, (i.e. £=0.9) can improve the CHF
prediction, Therefore, the effect of the €, on the CHF prediction is also tested using the water
CHF data from the MR-1A loop. Figures 5-36 and 5-37 show the comparisons of the CHIF data
with Whalley et al.’s mode! using Govan et al.’s new correlations for £,=0.95 and €,=0.9. In
both figures, the CHF is overpredicted at higher mass velocities for both pressures und the
overprediction increases with decreasing quality. This is more likely a correct trend, which is
similar to the result of the original annular flow model as shown in Fig. 5-34. In Table 5-7(a),
despite Govan et al.’s correlations resulting in the best prediction for €,=0.99, their corrclations

also showed a similar accuracy of CHF prediction for £,=0.95 compared to €,20.99 while a
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reasonable parametric trend can be retained with €,=0.95.

The equations for k, (i.e. Egs. (5-22) and (5-23)) from Govan et al. were obtained from
curve fitting based on large amount of disperse data. The equation form of k, would probably
change if a larger data base were employed. Therefore, the effect of k, on the CHF prediction
was tested by varying the value of k, as calculated from either the Eq. (5-22) or (5-23). Figures
5-3% and 5-39 show the comparisons of the CHF data with the predictions from Whalley et al.’s
model using Govan et al.’s correlations for k,x10% with &,=0.99. From these two figures, the

model results in a further improvement in CHF prediction with the higher value of k.

553.1.2 Quantitative Comparison

A quantitative comparison of the CHF data with the prediction from Whalley et al.’s original
model and Govan et al.’s modification as well as the €, and k, effects is shown in Table 5-7. The
table shows that Govan et al.’s correlations improve the CHF prediction for the entire mass flux
range over the present test, and underpredicts the data slightly, The change of €, from 0.99 to
(.95 will increase the CHF prediction but does not change the RMS error. However, for g,=0.9
the RMS error is increased significantly. The k, effect also affects the comparison of the CHF
prediction with the test data. The table shows that the predicted CHF increases with the

increasing k, and a better agreement with the data was found for a 10% increase of k.

5.5.3.2 Comparisun of Model with Non-aqueous Fluid Data

55.3.

o

1 Mass Flux Effect

The comparison of the CHF data for non-aqueous fluids obtained from the UO and MR-7A
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loops with the CHF predictions from Whalley et al.’s model using Govan et al.’s correlations is
shown in Figs. 5-40—5-45. Whalley et al.’s model using Govan et al.’s correlations does nat show
the limiting quality effect at high pressure, low mass flux (=1.4 Mg m= s condition, which is
typical of the data. Unlike the comparison with water, the model results in overpredictions of
CHF for non-aqueous fluids at the low mass flux condition (G£3 Mg m? s exeept for the
results shown in Fig. 5-41(a). Again, these figures show better agreement between the data and
the predicted CHF at higher mass velocities. Similar to Ying and Weisman's bubbly flow model,
Whalley et al.’s annular flow model is less sensitive to mass flux. At high mass flux conditions

(G>4 Mg m™ s, the model predicts no mass flux effect.

5.53.2.2 Pressure Effect

Figures 5-46—5-51 illustrate the pressure effect on CHF vs. X, for both the test data and
Whalley et al.’s mode! using Govan et al.’s correlations. Unlike Ying und Weisman’s madel, the
annular flow mode!l shows that CHF increases with the decreasing pressure between 7 and 10
MPa water-equiv. for all mass flux conditions, which is in agreement with the observed
experimental trend. The difference of the predicted CHF between low and high pressures
increases slightly with the increasing mass flux. However, the CHF test data showed a declining

effect of pressure on mass flux and no pressure effect at very high mass flux conditions.

553.23 Diameter Effect
Similar to the analysis studied for Ying and Weisman’s model, the diameter effect is ulso

studied for the annular flow model. Figures 5-52 and 5-53 compare the diameter cffect on CHF
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vs. X, between the test CHF and the predicted CHF from Whalley et al.’s model using Govan
et ul.’s correlations, where the test data of the 4.2 and 8 mm diameters for HCFC-22 from the
UO and MR-7A loops are used. In general, both the model prediction and the data show the
usual increasing CHF trend with decreasing diameter. The figures show that the annalar flow
model agrees with the form shown in Eq. (2-79) rather than in Eq. (2-80), which is more likely

to agree with Ying and Weisman's model.

55324 Quantitative Comparison

A comparison of the prediction accuracies is shown in Table 5-8 for Whalley et al.’s model
using Govan et al.’s correlations for all fluids. The table shows that the annular flow model
overpredicts the CHF for most non-aqueous fluids and underpredicts the CHF for water for the
test conditions of the present study. The model generally predicts the data with a relatively low
RMS error for a total of about 800 points. This good accuracy supports the validity of the model
which was originaily developed for water but predicts in many cases the non-aqueous fluids

better than the water data,

5.6 Discussions

According to Fig. 5-17 and Table 5-5, the comparison resuits of Shah’s and Hauptmann and
Lee's equations against the test data show that the use of P, as a pressure scaling parameter
differs from the use of p/p, or p/p;. To improve the relation between p,/ps (or pdp,) and P,
the use of PZ_ probably is a good choice but not PiZ:.

HCFC-123 and HFC-134a are new fluids and their thermophysical properties such as the
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viscosities and thermal conductivities are less known, More work is still to be done in providing

more accurate property predictions so that the CHF fluid-to-fluid scaling technique will be more

reliable..

In general, the comparison between the bubbly flow CHF model (by Ying and Weisnun)
and the test CHF data from the present work shows satisfactory agreement for conditions where
the model is applicable at low and intermediate qualities (i.e. bubbly flow pattern). The model
slightly overpredicted the CHF of most data sources within the model’s application range as
concluded by Weisman and Ileslamlou (1988). However, the bubbly tlow model also resulted in
some unexpected trends:

(1) The mass flux effect on CHF is much less significant compared to the present test data
within its application range.

(2) The model showed a minor pressure effect on CHF for al! fluids in its application range. In
some cases, the model obtained a different trend than the CHF daty, i.e. the CHF increases
with increasing pressure between 7 and 10 MPa water-equiv. pressure.

(3) The model agrees with Eq. (2-80) for the diameter effect on CHF.

The use of Govan et al.’s correlations in Whalley et al.’s annular flow madel showed an
improvement from the original annular flow model when compared with the present test CHF
data. However, the improvement was more significant at low guality conditions (i.e. bubbly flow
region) and this was not expected. Unlike the present CHF data, the annular flow mode! showed
no limiting quality effect in high pressure, high quality conditions. Similar to the bubbly flow
model, the annular flow model showed a less pronounced mass flux effect on CHF than the

experimental data. The annular flow model also predicted the correct pressure effect on CHE and
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obtained good agreement with Eq. (2-79) for the diameter effect on CHF. Finally, the £,=0.95
and k,+10%k, is recommended for Govan et al.’s correlation when used by Whalley et al.’s
model.

Based on the statistical comparison shown in Table 5-3—3-8, the fluid-to-fluid scaling
techniques, using the new mass flux scaling parameter y in conjunction with the CHF look-up
table, provides the best overall CHF prediction. From all the CHF prediction methods which have
been assessed, the fluid-to-fluid scaling techniques can be applied for the range wider than the
other methods and are not restricted by flow pattern. However, this type of application (CHF
scaling) may have its limitation, The limitations of the scaling technigues will be discussed in

the next chapter.
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Table 5-1 Equation functions for non-dimensional CHF equations.

Equation derived

Equation function

by
_ o, AH; p; L D,
Ahmad (1973 — = , —, =2, =, ==
mad (1973) Gn | Vewr = 0. DD
)
Shah (1987) —G—;L =f(Y, %, P, X,, Xc)

Katto and Ohno
(1984)

¢, _f[ e AH,-, op L
P, A GAL D

Green and Lawther
(1981)

$.D = flRe,, Pr,, —2— L K G L
('3 g’ p DA, p b p' b k b Cp L] D
g g Fg g “Fg

Hauptmann and
Lee (1983)
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Table 5-2 Functional forms of dimensionless groups.

Pirwmeter Functional form Reference Eq.
12 V¥ =215 -145
Y, ¥, = ‘ff’ x [EE] y (@] Eq. (2-45)
pf’alp‘ Ks B,
172, N3 18
v, ¥, - [.?2] x Y_:*; x (_"I] Eq. (2-46)
By D Pf’2 [
GDI[Z
\p Y, = Eq. (2-81)
. p}n o2
0.6
v Y = G18p¢ <o, s Eq. (2-70)
k 08 04| B
Pr 8\
ap
Wi, ¥, = GH{ Eq. (2-56)
GD
Re; Rep = —— Eq. (2-76)
Ky
p, U D DGx+(1-x
Re, Re,= —& = (1) (pgl )] (for slip ratio of 1) Eq. (2-72)
B Bg
D3 113 148
v AL, Eq. (5-8)
¥ o Co 1y
¥ = QR ——C
v, A 8 % 1 " Eq. (5-18)
pr 0 (pr=py)
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Table 5-4 (Continued})

Fluid Pressure | No.of | Wy Y
{MPa) data
Avg. error | Mean error | RMS crror | Avg. error | Mean error | RMS error
(%) (%) (%) (%) (%) (%)
Data from UO loop, D=4.2 mm, L/D=155-238, G=1.5—4 Mg m” &'
1.13 (Mt 65 6.81 6.82 7.82 -9.21 9.21 941
HFC-134a
1.66 (1) 73 -442 4,46 478 -12.55 12.55 12.73
1.34 (7) 63 -2.25 2.88 3.65 -8.24 8.24 8.59
HCFC-22
1.96 (1) 61 -8.17 8.17 2.60 -11.56 11.56 11.86
106 (7) 54 1.0t 249 3.00 -8.44 8.44 8.73
CFC-12
1.58 (1) %) -6.3! 6.36 G.80 -12.63 12.63 12.88
HCFC-123 0.98 (7) 60 5.16 5.24 5.81 -12.14 12.14 12.39
Data [rom MR-7A loop, D=4.38 mm, L/D=155—333, G=4—8 Mg m™ "
1.34 () 56 227 4.67 541 =291 4.01 6.17
HCFC-22
1.96 (10) 78 -1.67 405 5.04 -3.28 5.06 6.29
Data from MR-7A loop, D=8 mm, L/D=84—199, G=1—6 Mg m” §
1.34 (7) 79 1.90 541 6.72 -4.78 6.79 8.06
HCFC-22
1.96 (1)) 77 -1.40 0.20 7.56 -4.36 7.94 946
Dala from MR-1A loop, D=8 mm, L/D=219, G=2.5~7.7 Mg m* &’
7 31 1.15 3.02 3.50 1.15 3.02 3.50
Water
10 24 -2.95 3.01 3.57 -2.95 3.01 3.57
Total - 799 -0.74 5.02 6.03 -1.56 8.52 9.63

! The number inside the parentheses referred to water-equivalent pressure,
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Table 5-6 Comparison of the CHF test data against the predictions from Ying and Weisman'’s

mode!
P=7 MPa water-equiv. P=10 MPa water-equiv.
Fluid
No. of Avg. RMS No. of Avg, RMS
data Error (%) | error (%) data error (%) | error (%)

Data from UO loop, D=4.2 mm, L/D=155-238, G=1.5—4 Mg m* s

HFC-134a 14 -3.25 13.41 52 1.24 9.10
HCFC-22 10 -14.88 18.82 33 5.79 10.03
CFC-12 10 -12.52 19.94 42 1.66 8.85

HCFC-123 31 -13.12 21.48 0 — -

Data from MR-7A loop, D=4.38 mm, L/D=155-333, G=4—8 Mg m* g

HCFC-22 56 -1.01 15.81 78 11.71 13.39
Data from MR-7A loop, D=8 mm, L/D=84—199, G=1—6 Mg m* s"
HCFC-22 53 -2.94 26.70 60 14.29 21.98
Data from MR-1A loop, D=8 mm, L/D=219, G=2.5-7.7 Mg m* 5"
water 24 -4.58 12.43 24 4.19 7.56
Subtotal 198 -5.30 20.08 289 7.60 13.83

Total 487" 2.361 16.65

" these numbers combine the 7 and 10 MPa water-equiv. data
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Table 5-7 Comparison of the water CHF data with Whalley et al.’s model and Govan et al.’s

(1)

modification as well as the effects of (a) g, and (b) k,.

Pressure (MPa) g, K, Avyg. error (%) RMS error (%)

7 Whalley et al.’s 18.85 21.37
0.99 model

10 19.72 20.65

7 Govan et al.’s -8.6Y .84
0.99 correlation

10 -4.97 8.41

7 Govan et al.’s -0.12 9,25
(.95 correlation

10 7.64 9.30

7 Govan et al.’s 8,76 i5.17
0.9 correlation

10 19.01 19.90)

(b)
Pressure (MPa) €, k, Avg. error (%) RMS error (%)

7 Govan et al.’s -3.56 5.40
0.99 correlation+10%

10 -0.05 T.83

7 Govan et al.’s -13.94 15.03
0.99 correlation-10%

10 -0.89 11.57
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Table 5-% Comparison of the CHF test data against the CHFs predicted from Whalley et al.’s
mode! using Govan et al.’s correlations.

Fluid Pressure (MPa) No. of data Avg. error (%) RMS error (%)

Data from UO loop, D=4.2 mm, L/D=155-238, G=1.5—4 Mg m*= 5!

.13 (N 65 6.04 7.22
HFC-134a

1.66 (10) 73 9.22 12.67

1.34 (7) 68 1.61 5.39
HCFC-22 _

1.96 (10) 61 13.37 15.49

1.06 (7) 58 2.80 4,97

CFRC-12 _

1.5%(10) 69 9.26 12.84

HCFC-123 0,98 (7) 60 2.32 5.52

Data from MR-7A loop, D=4.38 mm, L/D=155—333, G=4—8 Mg m™ s

1.34 (7) 56 1.21 4.68

HCFC-22 _ _
1.96 (10) 78 -0.25 7.61

Data from MR-7A loop, D=8 mm, L/D=84—199, G=1—6 Mg m™ s’

1.34 (7} 79 -5.25 9.38

HCFC-22
1.96 (10) 77 2.03 12.12

Dats from MR-1A loop, D=8 mm, L/D=219, G=2.5-7.7 Mg m* s

7 31 -8.6Y 9.84
walter i

10 24 -4.97 3.41
Total — 799 2.92 9.69

! The number inside the parentheses referred to water-equivalent pressure.
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Density ratio, pg]pf
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Figure 5-17 Relation between p,/p; and P, for various fluids.
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Density ratio, ;bfpf
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Figure 5-18 Relation between p./p; and PZ, for various fluids.



Density ratio, P f Py
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Figure 5-19 Relation between p,/p, and P’xZ¢ for various fluids.
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Fluid ; HCFC-123
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Figure 5-23 Comparison of the mass flux effect on CHF between UO data and Ying and
Weisman’s model for HCFC-123.
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oop] X © 9 Whalley et al. ‘s model using Govan et al, 's correlations
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Figure 5-43 Comparison of the mass flux effect on CHF between UO data and Whalley et
al.’s model using Govan et al.’s correlations for HCFC-123.
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Chapter 6
LIMITATIONS OF THE SCALING

TECHNIQUE

6.1 General

As shown in Eq. (2-15), the primary parameters governing the CHF prediction are
geometries (L and D), pressure (P), mass flux (G) and inlet subcooling enthalpy (AH,). For the
purpose of fluid-to-fluid scaling, these parameters are converted into dimensionless quantitics
such as shown in Egs. (2-3)—(2-9). The previous literature related to the CHF scaling technique
simply report the scaling result or accuracy based on the experiments with the test conditions but
do not provide any information regarding the limitation of this application. This chapter discusses
the limitations of the fluid-to-fluid scaling techniques, especially for certain ranges of flow
condition.

Among the dimensionless parameters (p/p,, L/D, Weyy: or Wy, and X,), p/p, and Yy (or
y,) are calculated from the measured pressure and mass flow rate. The X, (critical guality) is
calculated based on L/D, pressure, mass flow rate and heat input. The quulity is defined as a
dimensionless enthalpy (i.e. (h-h)/A), assuming thermal equilibrium is present and x>(); also is
defined as the ratio of vapour mass flow rate to the total mass flow rate of the fluid. The vapour

generated in a heated channel depends on contributions to enthalpy generation from the following
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sources: heat input, flashing, wall friction and the changes in kinetic energy and potential energy.
The difference in axial quality gradient due to the effects of friction, kinetic energy change and
potential energy change between water and modelling fluids can cause a dissimilarity in phase
distribution in both systems and thus may limit the application of the fluid-to-fluid scaling
techniques. A better understanding of the limitation of the scaling technique may be obtained if
we can formulate the axial quality gradient from various effects, e.g. friction, kinetic energy
change. potential energy change and flashing. The following sections will discuss the details of

these effects.

6.2 Wall Friction Heat

Rearranging Eq. (4-2), the critical quality is usually calculated from

X = hm-!*Ah-hf . (6-1)
¢ A

where h, is the flow enthalpy at the inlet condition, Ah the enthalpy increase of the fluid in the

heated channel, and h, and A the saturated liquid enthalpy and the heat of vaporization based on

the outlet pressure. In most cases,
Ah = g (6-2)

where q is the heat per unit mass added to the flow channel. As shown by Groeneveld (1972)
in Fig. 6-1, which is a pressure-enthalpy diagram, path 13 is used by most investigators. They
simply add the heat input (q) to the inlet enthalpy h,,. A more accurate calculation for Ah is the

path 1—2, where W, is the friction heat or the thermal equivalent of the work done by the
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frictional pressure drop, defined as

dﬂ{f = -vdP + va'Pg + vdP, = —vde (6-3)

where v is the specific volume of the flow, dP the total pressure drop, dP, the acceleration
pressure drop, dP, the gravitational pressure drop and dP; the frictional pressurc drop. The two
terms vdP, and vdP, can reduce the quality by converting flow energy into potential energy and

kinetic energy, i.e.,

vdP, = -d(P.E) (6-4)
vdP, = -d(K.E) (6-5)

where P.E. is the potential energy and K.E. is the kinetic energy. Complete mathematical
expressions for dP;, dP, and dP, are derived in Appendix V.
For water CHF, path 1—3 is accurate enough to calculate the critical quality because the heat

of vaporization for water is much greater than A(P.E.), A(K.E.) and W, where

A(P.E) = flgd(P.E.) - - ff‘vdpg (6-6)
AKE) = ffd(K.E.) = - flsvdPa (6-7)
and
3 3
W, = [ aw, = - [Vap, (6-8)

The effects of the friction heat and the changes of P.E. and K.E., which affect the calculation of

the thermodynamic quality, can be neglected without a significant loss of accuracy for a
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water-cooled system. However, in a refrigerant system, the effects of A(P.E)), A(K.E.) and W;
may have to be considered because the heat of vaporization for refrigerants is about 1/15 of that
of water while the magnitudes of A(P.E.), A(K.E.) and W, could be of the same order as those
for water. At high mass flow rates and p/p,<30, the friction heat W, can be much greater than
the sum of A(P.E.) and A(K.E.). This may have a significant consequence in fluid-to-fluid scaling
when using refrigerants to simulate water CHF because the friction heat W, can be considered
as extra heat generated in the channel wall. This would have the same effect as reducing the heat

flux required to cause CHF,

6.3 Energy Equation in an Irreversible Process

From the second law of thermodynamics for a control volume (Van Wylen and Sonntag,

[973), the entropy increase for a System can be written as

ds = —
T T

where 8 is the heat input, T the system temperature and 3LW the loss of work. In the present

work, most of the loss of work is due to the friction, i.e.
SLW = 8W, (6-10)
Reuarrunging the Eq. (6-9), it becomes
Tds = 0g + 6Wf (6-11)

There are two important thermodynamic relations that can be used, i.e.
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Tds = du + Pdv (6-12)

and
Tds = dh - vdP (6-13)
Comparing Egs. (6-11) and (6-12), gives
5q + 8W, = du + Pdv (6-14)
or
du = dq + 8W, - Pdv (6-15)
Also comparing Egs. (6-11) and (6-13), yields
&g + 8W, = dh - vdP (6-16)
Employing the Eq. (V-6) in Appendix V in Eq. (6-16), we obtain
g + W, = dh - vdP; - vdP, - vdP, (6-17)
Substituting dh=d(u+Pv) and Egs. (6-3), (6-4), (6-5) into Eq. (6-17), it becomes
8q + OW, = du +d(Pv) + 8W,+d(K.E) +d(P.E.) (G-18)
Cancelling the W, on both sides of Eq. (6-18), yields
dq = du +d(Pv) +d(K.E) +d(P.E) (6-19)

Equation (6-19) is the energy equation of the first law of thermodynamics {no work in the flow

channel) and is derived from Eq. (6-14) or (6-16). Integrating Eq. (6-14) on both sides, gives
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g+ W, = Au + [Pdv (6-20)

The equivalence between RHS and LHS of Eq. (6-20) is illustrated in Fig. 6-1.
As mentioned previously, the magnitudes of A(K.E.), A(P.E.) and W could be of the same
order for water and modelling fluids. However, the ratios of A(K.E.), A(P.E.) and W, to A could

have large differences between water and modelling fluids, i.e.

AKK.E)] . 'A(K.E-)] (6-21)
Al A Iy
ARE)] .. 'A(P.E-)] (6-22)
Ay LAy
and
_EVI << -Iﬂ] (6-23)
My |

The three factors can affect the dryout behaviours for both fluids and thus will determine the

CHF similarity.

6.4 Flashing

Another dissimilarity in refrigerant and water is due to vapour flashing caused by a reduction
in pressure (frictional and accelerational) and the corresponding reduction in saturation
temperature along the channel, which results in the quality change. For example, for adiabatic
two-phase flow at similar conditions of pgp,, W, and L/D for water and HCFC-22, the quality

increase from inlet to outlet for HCFC-22 is approximately three times as high as for water. The
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larger drop in saturation temperature and increase in quality for HCFC-22 results in a difterent

upstream history than for water, i.e.

(& here e (&)
dz HCFC-22, flashing dz water, flashing

This difference in x and dx/dz will also cause differences of axial and radial void fraction

(6-24)

distributions and thus different dryout behaviours may occur in water and the modelling fluids.
The vapour generated in a heated channel depends on contributions to enthalpy generation
from the following sources: heat input, flashing, friction and the changes in kinetic energy and

potential energy, i.e.

dx _ E) . E) . (6-25)
where
ﬂ] - i"ﬁ) _ Ex_] _ Ex_) (6-26)
dz)y dz), &)y Rpg

The subscript "F", "H" and "q" represent the flashing effect, enthalpy increase and heat input,
respectively. Although the frictional effect is not shown in Eq. (6-26), as illustrated in the later
derivation (i.e. Eq. (6-27)), frictional heat has an effect on the internal energy calculation. Friction
further changes the entropy, pressure and thus the fluid properties compared to the cuse without
friction. For a high-pressure steam-water system, the effects of P.E., K.E., friction and flashing
are negligible. However, in a low pressure refrigerant system, these effects become important at
high flow and high quality conditions. Since the quality distribution (Eq. (2-4)) is one of the most

important factors for the similarity in CHF between water and modelling fluids, caution should
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be taken when converting high flow or high quality refrigerant CHF data to water CHF.
In the present study, the quality gradient along the flow channel thus will be studied by
solving a differential energy equation including all the above effects. To achieve this, the energy

equation for an irreversible process will be used because of the frictional effect.

6.5 Formulation of Quality Gradient

To derive the eguation for the thermodynamic guality and quality gradient, the following
assumptions are made:
I. The flow is one-dimensional with thermal equilibrium. This assumption is not valid for
subc901ed boiling but is reasonable for the high flow and high quality conditions of interest.
2. The pressure gradient can be evaluated using the homogeneous flow model. For the high
flow and high quality conditions of interest, the flow approaches a homogeneous mixture.
Because the test sections used in the present experimental investigations are all uniformly heated,
the constant heat flux condition will be used through out the following derivation. The 8q in
Eq. (6-15) is equal to (g/L)8z, that is, 8q/8z=g/L. For the convenience of the equation derivation,
the path dependent function & is replaced by d in following derivations. Firstly, rewrite the
Eq. (6-15) by dividing by dz (a differential increment):

du

_=£—P@+ﬂf
dz L

dz dz

(6-27)

Substituting Eq. (6-3) for dW, into Eq. (6-27), gives
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@:g-Pﬂ—vﬁ
dz L dz dz

(6-28)
where -P(dv/dz) and -v(dP/dz) depend on whether the flow is single-phase or two-phuse. From

this point, the discussion will be divided into two sections: single-phase region and two-phase

region.

6.5.1  Single-phase Region

The specific volume v can be determined by P, and T, as a subcooled liquid or can be
approximated as a saturated liquid based on T,, where the subscript "1" represents the upstream
location of u finite increment (Az) of distance. From Collier (1981), the compressibility of the
liquid phase (dv/dz) can be neglected and the frictionul pressure gradient (dP/dz) can be

substituted by Eqgs. (V-28) and (V-29). Therefore,

G \(GDY5
w, =u, + Auo=u+ %Az + 0,158 (_Df ](__] *Az (6-29)
1)

where the subscript "2" represents the downstream location of the finite increment of distance.

When u,2u,, the flow has entered the two-phase region.

6.5.2 Two-phase Region

In the two-phase region, the internal energy u« in Eq. (6-28) is expressed as
= - = 6-
o= u(1-x) + xu, = Uy *+ Xtk (6-30)

where i, = u-u;. The specific volume for homogeneous flow is calculated by
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Vy = XV * (1 —Jc)vJr =V + XV (6-31)

(based on Eqs. (V-15) and (V-16)). Substituting Eqs. (6-30) and (6-31) into Eq. (6-28), gives

du, du dx dv, dv dx dpP )
£ 1 - 9_ ! £ - bl 4 (6-32)
% +x—d—z§ +uﬁz =7 P(E+xE+VﬁE (Vprxv) e
Expanding Eq. (6-32) and rearranging it, yields

dx dvf dufg de dvf de duf_. ql_ (6-33)

(Pv‘@+uﬁ)a+(P dzg+ 2 Ve % x+ —éz—+vf7d-z—+z I =0
where
PP p(ﬁ i ﬂf] (6-34)
dz &z dz

Again neglecting the compressibility of the liquid phase, Equation (6-33) becomes

(Pvfg'*'ufg)“gz""( zg'*'E'fog-a—z- X + Vf-zz—“'—dz—'_z =0
where
dug _ g dp _ d‘ﬁ%(ﬂ;‘”’ ., 9P g] (6-36)
dz dP dz dP\dz dz dz) .
duy _ dydp ﬂf(ﬁi’i”_uﬂ} (6-37)
dz dPdz dP\dz dz dz .
and
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g Hgdp _‘i"_(E’l Py, B ) (6-38)

The relation of

ap _ 4 dP, 4P, (6-39)

dz dz dz dz
can be seen in Appendix V (Eq. (V-6)). Therefore, Substituting Eqs. (6-30)—(6-38) into

Eq. (6-35), yields

Py (P dp, dP, duﬁ (dP dp, dPg]+v dp,
W\ d dz & & &) B (6-40)

duf dP; dP AN

- dz]"fz 1

From Eq. (V-26), the accelerational pressure gradient for homogeneous flow is written as

dP, ,dvy

= _H (6-41)
dz dz

Substituting Eq. (6-31) into Eq. (6-41) and neglecting the compressibility of the liquid phase,

results in

P _ 6, ﬂm.‘i"_s] (6-42)
dz B " dz
The gravitational pressure gradient is written as
dP 1
_ 8 - -~ p-sind (6-43)
dz vﬂg

For a vertical flow, 8§ = 90°, Equation (6-43) becomes
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dpP 1
hll S SN (6-44)
dz ng Pul

Vv .fi_x +, &(ﬂ-&ﬂ +ﬂﬂ (6"45)

Substituting Eq. (6-44) into Eq. (6-45) and rearranging i, gives

dv, |dP dx av [dP
1+G2x—2 | —28= _g2|y, & x 8| 1. (6-46)
( ' de] & P dP(dz p*’fgﬂ
Collier (1981) has concluded that
622 P2l << 1 (6-47)
dP

and an example of a calculation based on the present measurements has shown that, at p/p,=20.3
and y,=194, the values of |G*x(dv/dP)| are 0.019 and 0.037 for water and HCFC-22,

respectively. Therefore, for simplification, we can neglect this term and reduce Eq. (6-46) to

dpP dx av [dP
8 = Gy Hax gl S (6-48)
. T Lo

Now Eq. (6-40) can be further reduced by combining Egs. (6-44) and (6-48):
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dv du du.) dx du
. 2 2., B _ a2 S f
(Pvgwﬁg PGy x dIf -G*xv XV = G* ﬁgdP]Ef vfﬁ«-xvﬁ
2
xduﬁ?+de s _p Gyt dvg] G dufdvg_sz,_, d:ﬂi,dvg de
dP dpP dpP dP dP dP dP| dz (6-40)
du,. dv du dv du. du dv dv
2.2 g 2 f & _ f 2
+[Gx par S apar Fap ap O (dP]

-9 .9
L

For -dP/dz in the two-phase region, Equations (V-30)—(V-32) in Appendix V may be used. Thus,

Equation (6-49) becomes

dx 1+ 2. 09+Clox+cllx2 _ q _ -
(Cl+c2x)a +C ( )”4( 6+CTx+ng MT@——_ i =0 (6 50)
where
du
¢, = Pvgy +up - szfg‘&; (6-51)
du dv

= -G2 2 6-52
¢, = -Gl —& dP - PG vadP (6-52)
™| 6D\ 4 6-53
¢, = ~0.158| — | — (6-53)

D A
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- b
Ky
du
i
Cg = -
Co = %(G
f

du,dv dv
v, - G2—L
4 dP dP dP

iy, diy vy

dP dP  dP dP
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_3+P_3

(6-54)

(6-55)

(6-56)

(6-57)

(6-58)

(6-59)

(6-60)



., - &g P | poal | (6-61)
vl dP dP dP
and
g = 9.81 (6-62)

The coefficients ¢,—c,; are calculated based on local pressure and temperature conditions.
Equation (6-50) is an ordinary differential equation, which can be solved by using a numericul

method such as the Runge-Kutta method.

6.5.3  Results of Calculation

To use the Runge-Kutta method for Eq. (6-50), the increment of length is set for 1 cm, Once
the quality (x) and quality gradient (dx/dz} along the heated length are calculated, the quality
distribution from the inlet of heated length to CHF location can be seen by plotting the quality
(x) against the dimensionless axial location (z/L). The data used for this calculation are HCFC-22
and water CHF data for & mm 1.D. tubes obtained from the MR-7A and MR-1A loops. As noted
from Table 3-2 and Table 3-3, the heated length of the HCFC-22 tests varies from (.67 to 1.61
m and the heated length for the water test is 1.75 m. Since the purpose of muking the x-vs-z
graph is to compare the quality trajectories between water and the modelling fluid, identical
geometries are required. The heated length of water test thus is trimmed artificially as illustrated
in Fig. 6-2, where a new inlet quality of water flow is represented by the quality at the location
of 14 cm or 60 cm away from the inlet of heated length. This can be achieved only for the

homogeneous flow assumption.
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For the present study, the heated length for the water test is trimmed from 1.75 m to 1.61
and 1.15 m, respectively, corresponding to the heated lengths of HCFC-22 test. In addition to the
effect of identical geometry for the comparison of quality distribution between water and
HCFC-22, the identical parameters such as p/p,, Y, and X; (inlet quality) are also used. The
ranges of these parameters are:

PP, : 20.3 und 12.4 (7 and 10 MPa of water-equivalent pressure)

Mass flux for water: 2.6, 3.9, 5.2 and 7.8 Mg m* §°!

Mass flux for HCFC-22: 2, 3, 4 and 6 Mg m™* s

W, 1 65, 97, 129 and 194 (for 7 MPa of water-equivalent pressure)

v, : 80, 121, 161 and 241 (for 10 MPa of water-equivalent pressure)

L:1.15and 1.61 m

D: 8 mm
Figures 6-3—6-6 illustrate the comparison of the thermodynamic quality distribution vs. the
dimensionless axial location between water and HCFC-22 with the identical L/D, and nearly
identical p/p, and , (because of impossibility of finding an exact match of experimentally
scaled conditions). Since it is difficult to obtain an identical X; experimentally, the values of
| Xi_wm,-Xi.”cW_zzI <0.01 are used. Note that the X; used in Figs. 6-3—6-6 is calculated based on
the h; and A at inlet pressure conditions because the quality distribution represents the locul

phenomenon.

6.5.4 Comparison and Discussion

As discussed previously, the quality increase in a heated channel is attributed to the effects
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of flashing and enthalpy increase, ie., Eq. (6-25). The quality gradients due to the effecis of
flashing and enthalpy increase for water and HCFC-22 are also calculated separately and
compared with each other. The comparison of [dx/d(z/L}]r at CHF location between water and
HCFC-22 is illustrated in Fig. 6-7, where the [dx/d(z/L)};; for HCFC-22 is greater than that for
water at all flow conditions and the trend increases with increasing W, (i.e. mass flux). The
disstmilarity of the flashing effect between water and HCFC-22 also results in a hydrodynamic
dissimilurity in a flow channel: the change in density ratio over the whole heated channel,
A(p/p,), between water and HCFC-22 are compared as illustrated in Fig. 6-8, where the density
ratio change over the whole heated length of HCFC-22 is greater than that of water for a given
X, and w, for all flow conditions. This implies that perfect hydrodynamic similarity between
water and HCFC-22 is hard to maintain.

The quality gradient due to friction, kinetic energy and potential energy changes affects the

enthulpy gradient (i.e. Eq. (6-26)) for water and HCFC-22 and can be calculated, e.g.,

—vdP
ﬂ) _ Vet (6-63)
dz W, rAdz

A comparison of the quality change over the whole heated length due to friction heat, kinetic
energy change and potential energy change between water and HCFC-22 are illustrated in
Figs. 6-9—6-11. All these figures have shown the larger quality changes for HCFC-22 than those
of water, Figures 6-9 and 6-10 also show that the AXy, and AXy; increase with increasing ,
at a fixed X, presumably because of the increase of friction and kinetic energy change with
increasing mass flux. Figure 6-11 shows a constant AX,;; for various v, because the potential

energy change for unit mass in the same height of the heated channel does not change with the
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mass velocities. Also the quality change over the whole heated length of the combined effect
(i.e. AXy+AX . +AX,5) of water and HCFC-22 are compared as illustrated in Fig. 6-12, where
in general the quality change over the whole heated length of the combined effect for HCFC-22
is greater than that of water. Figure 6-12 also shows that the uaiity change increases with
increasing mass flux for both fluids, probably because of an increase of friction heat and kinetic
energy change with increasing mass flux.

The mass fluxes or y, values of the present study result in a very small magnitude (order
of 10"*) of the quality change over the whole heated length of the combined effect compared to
the effects of heat input (order of 10"} and flashing (order of 107 over the whole heated length.
Therefore, for the range of mass flux or v, in the present study, the quality change over the
whole heated length of enthalpy increase can be approximated by the effect of heat input and
flashing: AX=AX +AXp. As shown in Fig. 6-13, the quality change over the whole heated length
from the flashing effect (AXp) for HCFC-22 is greater than that for water. This may affect the
similarity of AX, between the two fluids and thus results in different X, and Bo for both fluids
as shown in Figs. 6-3—6-6.

The Bo ratio of HCFC-22 to water as shown in Figs. 6-3—6-6 indicates the scaling accuracy
of CHF from HCFC-22 to water, where the maximum error is about 15% under the highest mass
flow (or y,) condition. Assuming that the 15% difference of Bo between water and HCFC-22
is a maximum permissible error for HCFC-22 to scale the water CHF, the value of y, at 194 for
p/p,=20.3 and , at 241 for p,/p,=12.4 correspond to the maximum v value that will keep the
accuracy within 15%. Both vy, values (194 and 241) correspond to the mass flux of 6 Mg m?y!

for HCFC-22 and about 8 Mg m® s for water at both pressure conditions (7 and 10 MPa
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water-equiv.). Therefore, for HCFC-22 at the conditions of mass flux beyond 6 Mg m* s and
p/p,=12.4—20.3, caution must be exercised when converting the HCFC-22 CHF to water CHF
for a satisfactory accuracy.

In Section 2.2.1, the scaling theory assumes that the equivalence of the local quality and the
boiling number for both fluids can be obtained by using the Eq. (2-5) when L/D and AH/A are
the same. The use of Eq. (6-50) with the measured data has shown that this relationship (i.e. the
local quality and the boiling number are correlated) can not be satisfied at high flow conditions
when the effects of flashing, friction, ete. are included. This indicates that the local qualities are
not equivalent with the use of the same AH/A in identical geometry for both fluids. However,
one may argue that Eq. (6-50) only puts a limit to the equivalence of the two variables but not
to the scaling law itself. This could raise a question: If the local qualities are equivalent
regardless of whether or not AH/A is the same, will the boiling number be the same for both
fluids? Figures 6-14—6-17 show the compariscns of the quality trajectory between water and
HCFC-22, where X, is the same or very close for both fluids but AHy/A is not the same.

The figures al:o show that the difference of boiling number for both fluids sometimes is
more than 20%. However, from Figs. 6-3(c), 6-5(c) and 6-14(c), good agreement between boiling
numbers in water and HCFC-22 is observed when the axial quality distribution for both fluids
are nearly coincident. Therefore, not only the local quality but also the upstream history (e.g.
flashing, friction, etc.) will influence the CHF scaling accuracy.

To calculate the quality gradient (dx/dz) and the thermodynamic quality by using the
differential equation, the pressure distribution along the heated length is required. However, this

was not available during the CHF test. The pressure distribution thus is calculated using the
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existing pressure drop correlations (e.g. Eq. (V-28) for single-phase friction, Eq. (V-30) for
two-phase friction and Eq. (6-39) considering for all effects). Separate pressure drop data for
water measured by Leung (1994) have been used to assess the validity ot the correlations. The
average and RMS eirors of the pressure drop calculation from the correlations are -7.87% and
9.65%, respectively, based on 18 measured data. A similar error is also present in evaluating the
changes in the saturated liquid enthalpy and the enthaipy of vaporization. However, sensitivity
studies show that the effect of this error on the calculation of quality change (<0.3%) as well us

the CHF simulation (<2.5%) is small,

6.6 Critical Flow Rate

6.6.1 General

The previous analysis has shown that CHF prediction for water can be achieved by using
fluid-to-fluid scaling with satisfactory accuracy for wide ranges of parameters. For example, the
mass flux has been tested up to 6 Mg m? g for HCFC-22 and 8§ Mg m™ "' for water in the
present experiment and the dissimilarity caused by the effects of flushing, friction and the
changes of kinetic energy and potential energy on CHF remains satisfactory (£15%). However,
at low pressure and high flow, critical flow or "choking” may occur when the flow rate cati not
be increased any further while the pressure drop is still increasing due to a upstream high
pressure head and a very low downstream pressure. The maximum flow rate at choking is the
critical flow rate or the critical mass flux (G,). The critical mass flux may be quite different in
water than in modelling fluid and this difference as well as the magnitude of G, will be examined

in this section.
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The cause of the "choking” phenomenon in the two-phase flow is mainly 'duc to the
existence of vapour in the flow. For single phase (gas only), the phenomenon has been studied
extensively and it may be considered as well understood. In two-phase flow, the critical flow
phenomenon is more complex. According to Isbin (1980), there is no singie, best estimate model
for predicting the two-phase critical flow rate. The two-phase critical flow is often studied for
the application in the blow-down condition of a high-pressure system containing a
high-temperature liquid or two-phase mixture. In such an application, the flow passing through
the pipe or the channel usually is not heated and the vapour generated in the flow channel is
mainly due to the flashing effect. Most two-phase critical flow models thus are developed for
such non-heating application. They are categorized as (1) homogeneous equilibrium models, (2)
homogeneous non-equilibrium models, (3) two-fluid (separate flow) models. These models vary

from very simple to very sophisticated for predicting the critical two-phase flow rate.

6.6.2 Parametric Trend and Calculation Procedure
As presented by Bouré (1978), the critical flow criterion for a two-phase mixture can be

expressed by

G, = G(e,v",P,T,, T,2) (6-64)

where o is the void fraction, ¥ the slip ratio of vapour to liquid, P the pressure, T, the vapour
temperature, T; the liquid temperature and z the axial location. Bouré concluded that G, depends
on local values of slip and thermal non-equilibrium, and this conclusion is confirmed by
experimental data. The following parametric trends of two-phase critical flow were also observed

by Bouré:
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1. For a given geometry and operating conditions, the critical flow rate increases with
increasing pressure at constant void fraction or at constant equilibrium quality.

2. For a given geometry and operating conditions, the critical flow rate increases with
decreasing thermal non-equilibrium at constant void fraction,

3. For a given geometry and operating conditions, the critical flow rate decreases sharply with
increasing void fraction or equilibrium quality at constant pressure, in the ranges covered
by a<0.75 and x<0.01.

More details regarding the physics and mathematics of critical flow, may be found in Bouré

(1978) and Giot (1981).

Figure 6-19 illustrates the comparison of critical mass flux at various pressure {density ratio)
conditions between water and HCFC-22 based on Henry’s (1970) model. This is a homogeneous
non-equilibrium model developed to describe the two-phase critical flow rate of initiully saturated
and subcooled liquid through the channel with a sharp edge, a uniform cross-sectional areu and
L/D=12. Henry assumes that the flow is characterized by a non-equilibrium mass transfer (i.c.
flashing) process. In his model, 4 correction is developed and added to the quality gradient term
used for a homogeneous equilibrium model. The formulation of Henry’s model is summarized

as follows:

vV
P,-P = Gf o +xt(vgt - fo) (6-63)
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and

where

and

xv dxy
= (v - -66

d’sf dsg
(1-x) 7 Fap | (6-67)

dP Sg =S¢

N =20 x; for x < 0.05

N=10 for x 2 0.05

X = (S" _Sf] (6-68)

Se ")

where the subscript 'E’ represents the equilibrium condition, s, the flow stagnation entropy, s,

the saturated liquid entropy, s, saturated vapour entropy, P, the stagnation pressure, P, the

pressure at the choking plane, G, the critical mass flux and C,=0.61. The calculation using

- Henry’s formulation requires iterations or computation with small incremental steps of pressure

until the maximum mass flux is found.

6.6.3

Discussion

In Fig. 6-19, the critical mass flux for HCFC-22 is less than the equivalent mass flux for

HCFC-22 converted from water G, at the same V, value. The results show that modelling fluids
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are more prone to "choking" or critical flow condition than water; where as the CHF mass tlux
scaling factor is in the 1.2—1.6 range, the critical mass flux scaling factor in the 2—3 range.
However, Henry’s and other models for critical flow may not be applicable to the CHF case
because they do not consider the effect of heat input. The actual critical mass fluxes for water
and HCFC-22 in a heated channel will be lower than those shown in Fig. 6-19 because of the
presence of wall vapour generation. The effect of quality on the critical mass flux of HCFC-22
and water is illustrated in Fig. 6-20, based on Chisholm’s equation (in Giot {1981)): G, decreases
with increasing quality for both fluids and G, for HCFC-22 is less than that of water af the same
quality condition.

Figure 6-19 also shows that the critical mass flux for HCFC-22 is less than that for water
for all pressure conditicns. This is due to the fact that HCFC-22 can generate more vapour than
water from the flashing effect. As shown in Fig. 6-19, at p/p,=20.3, the critical mass flux for
HCFC-22 is about 27 Mg m™ ¢, which has exceeded the operating capability of most test rigs.
However, at lower pressure (e.g. p/p,=100), the critical mass flux is below 10 Mg m? s, which
is more likely to occur during the test. The critical flow phenomena is thus a physical limitation
regardless of the thermodynamic, hydrodynamic and geometric similarities between the two
fluids. More work needs to be done to provide better predictions of the two-phase critical mass

flux, especially when heat input is involved.

6.7 Other Potential Limitations of the CHF Scaling Technique

6.7.1  Effect of Mixing

CHF fluid-to-fluid scaling may also be affected by transverse mixing in rod bundies and
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flow stratification. The transverse mixing is the transport of mass, momentum and energy
between the adjacent subchannels and is mainly caused by the radial pressure gradient. For two-
phase flow in rod bundles, the radial pressure gradient between adjacent subchannels may be the
result of differences in subchannel hydraulic resistance, in subchannel heat input, onset of boiling,
etc. The turbulent mixing usually is expressed by a dimensionless parameter, B°, which represents
the ratio of transverse mass flux to axial mass flux. Doerffer and Cheng (1992) have evaluated
various correlations for B* and concluded that the general function form for B can be expressed

a8

B" = f(DIL,Re) (6-69)
where the ratio D/L is a general notation for the geometric similarity. For the same pg/p,, mass
flux scaling parameter and geometry for water and HCFC-22, the viscosity used in the Reynolds
number (Re) for water is about half of that of HCFC-22. This will result in a Re for water about
2.5 times as high as that for HCFC-22 and mixing will be more efficient in water. Doerffer and
Cheng concluded that mixing in complex geometries may increase the CHF in water for that
peometry and may further limit the CHF scaling technique although the impact is expected to be

small.

6.7.2  Flow Direction

In a horizontal flow channel, stratification is due to the asymmetric phase distribution and
possibly phase separation by the gravitational force. In intermediate and low flows, the
stratification force, due to pr-p,, can lead to a maldistribution of void and thus result in a severe

effect on CHF. Wong et al. (1990) has analyzed the ratio of the transit time for a droplet or a
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bubble travelling across a horizontal channe! (bottom to top) to the transit time for travelling

along the channel length. The transit-time ratio, 87, is a function of the following parameters:

0 = f(G,/p,or fp,, 1o p,,0,x,L, D" (6-70)
At the same py/p, for water and HCFC-22, the valve of p-p, for HCFC-22 is higher (about S0%
higher) than that of water and 8 is smaller for HCFC-22 than that of water for an equivalent
mass flux, void fraction and geometry. This indicates that the effect of the buoyancy force on
CHF for HCFC-22 is larger than that of water for the same parameters. However, at high flows,
stratification becomes suppressed because of the much higher turbulent forces; stratification can

be safely ignored at water-equivalent mass velocities greater than 3 Mg m? s,
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Figure 6-18 Comparison of measured and predicted total pressure drop values over the heated
length.
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Figure 6-19 Comparison of the critical mass flux between water and HCFC-22 at the choking
plane for various pressure conditions.
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Figure 6-20 Effect of the quality on the critical mass flux for water and HCFC-22 at the
choking plane for various pressure conditions (from Chisholm’s equations in Giot (1981)).
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Chapter 7
SUMMARY OF CONTRIBUTIONS,
RECOMMENDATIONS FOR FUTURE

WORK AND FINAL REMARK

7.1 Summary of Contributions

1. A multi-fluid boiling loop (i.e. the UQ loop) was designed by the author and has been
constructed with the assistance of a University of Ottawa technologist. The loop has
subsequently been used extensively in CHF and post-CHF testing.

2. Over 450 CHF data were obtained with the UO loop using five fluids: CFC-11, CFC-12,
HEFC-134a, HCFC-123 and HCFC-22. The following ranges of test conditions were
covered:

pressure: 7 and 10 MPa water-equiv. (i.e. p/p,=20.3 and 12.4);
mass flux: 1.5—4 Mg m? s;

quality at dryout: 0.07—0.58;

test section inner diameter: 4.2 mm;

heated length: 0.5—1 m.

The CHF data of HFC-134a and HCFC-123 are the first ever obtained with these fluids
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(see Tain et al., 1993); these fluids have either a zero or very low ozone depletion
potential. The CHF test results in the UO loop are presented in Tables 1V-1—1V-5. As
reported in Chapter 4, a small number of CFC-11 data were obtained with the UO loop.
The CFC-11 data were not used in the later analytical work simply because the number
of data was too small to be used.
CHF tests for HCFC-22 and water were also performed by the author in the MR-7A
Freon loop and the MR-1A water loop located at the Chalk River Laboratories of Atomic
Energy Canada Limited. The following range of HCFC-22 test conditions was covered:

pressure: 7 and 10 MPa water-equiv.;

mass flux: 1—8 Mg m™ §°;

quality at dryout: 0—0.6

test section inner diameter: 4.38 and § mm;

heated length: 0.67—1.61 m.
The following range of water test conditions was covered,

pressure: 7 and 10 MPa;

mass flux; 2.5—7.7 Mg m? s'!;

quality at dryout: 0.04—0.39

test section inner diametér: 8§ mm;

heated length: 1.75 m.
The CHF test results in MR-7A and MR-1A loops are presented in Tables 1V-6—1V-&.
A new mass flux scaling parameter, s, was derived. This y;, was found to be more

accurate than the existing scaling parameters (e.g. W, W, etc.), and gave the least RMS

284



6.

Y.

error when applied to the test CHF data to predict the reference water CHF table.

The program subroutines for the properties of HFC-134a and HCFC-123 have been
generated during the course of the study. The subroutines were then combined with the
University of Ottawa property code to predict the thermophysical properties along with
other 22 fluids.

Various empirical dimensionless CHF correlations were assessed during the course of this
study. Green and Lawther’s (1981) empirical dimensionless CHF correlation gave the best
agreement with the measured data, obtained in five different fluids.

The theoretical CHF models for bubbly flow and annular flow were examined based on
the CHF data from the present experimental work. CHF predictions from Ying and
Weisman’s (1986) bubbly flow model agreed reasonable well with the low quality CHF
data, Whalley et al.’s (1974) annular flow model using Govan et al.’s (1938) correlations
resulted in a excellent agreement with high quality CHF data, obtained in five different
fluids. The effects of mass flux, pressure and’diameter on the CHF from both models’
predictions were also examined in the present study.

After comparing the analytical CHF models, the empirical dimensionless CHF correlations
and the CHF table method (i.e. Groeneveld et al., 1986b) in conjunction with the yy
scaling parameter, the latter method was found to result in the best agreement with the
CHF data.

A new methodology has been proposed to investigate the limitations of the CHF
fluid-to-fluid scaling technique. A new derivation of the energy equation (i.e. Eq. (6-50))

showed that not only the local quality but also the upstream history (e.g. flashing, friction
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10.

11

7.2

heat, changes of kinetic energy and potential energy) influences the CHF scaling accuracy
at high mass velocities. The analysis of the CHF similarity through the thermodynamic
relationship has provided an insight into the fluid behaviour (flashing, friction, etc.) along
a heated channel.

The limitation of the CHF fluid-to-fluid scaling due to the critical tlow phenomenon had
not been studied before. Although much work still needs to be done, a preliminary study
of the choking phenomena at high mass flux has been made. This is very usefu! in
providing information to the investigators designing a CHF experiment for certain flow
conditions, some of which may not be attainable.

Several publications have been generated by this author as u result of his Ph.D.

investigation. They have been listed in Appendix I.

Recommendations for Future Work

The density ratio of liquid to vapour (p/p,) for the fluids examined in the present
investigation covers a relatively narrow range (water-equiv. pressure: 7—10 MPa)
corresponding to the CANDU power reactor’s range of interest. To complete the study
of pressure effect on CHF scaling, the lower and higher pressure conditions should also
be continued in any future extension of this study.

The correlation used for the pressure gradient calculation as well as the differential energy
equation are based on the homogeneous flow condition. The more complicated und
accurate separate flow model for both the pressure gradient calculation and the differential

energy equation should also be considered.
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3. The mass flux condition for all fluids tested in the present work is not high enough to
reach the critica! flow condition. The choking problem in the CHF fluid-to-fluid scaling
thus was not experimentally encountered in the present work. A CHF test associated with

the choking problem should be considered as a future extension of this study.

7.3 Final Remark

A large amount of effort has been spent on finding suitable replacements for CFC’s. This
includes (1) determination of their thermophysical properties, (2) measurements of the
thermalhydraulic properties such as heat transfer coefficient, CHF etc. and (3) examination of
the compatibility of the new fluids with existing equipment. The underlying assumption is that
CFC’s are the leading cause of stratospheric ozone depletion.

Recently a number of scientists have begun to question the Ozone-depletion-by-CFC’s
(ODBC) theory (e.g. Ray and Guzzo, 1993), They have provided evidence that the ozone
depletion and recovery in the stratosphere is a natural phenomenon rather than a man-made one.
For instance, most of the chlorine present in the stratosphere comes from sea water evaporation
and volcanic eruptions. Both produce hundreds of millions of tons of chloride per year. However,
only hundreds of thousands of tons of chloride are produced from the annual world production
of CFC’s. On the other hand, the ODBC theory has only been proven in the laboratory rather
than in a high altitude. In addition, the question of how the CFC rises when its molecules are
four or eight times heavier than the air remains unanswered. The main point of the scientists who
question the ODBC theory is that such theory is promulgated too soon through the media rather

than through appropriate scientific justifications and thus leads to a sudden introduction of CFC
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replacement by the government. Therefore, another concern is being introduced. that of health
problems which may accompany the use of CFC replacement fluids. 1t is now known that some
of the CFC replacements are hazardous. Also the cost of refrigeration has increused as u result
of using less effective and more expensive replacement fluids, which is of particular concern to
the third world countries.

The debate on the ODBC theory may change research priorities of funding agencies. The
contribution of determining the CHF for CFC alternatives from the present investigation,
however, is unaffected by this debate because this work is important and necessary at this stage
due to the government’s decision to phase out the use of CFC’s. Nevertheless, the conclusion of
the debate will send an important message to the researchers on both sides as to whether or not
to continue or slow down the projects related to CFC replacements. So far, the conclusion of this
debate is still far from being determined. It is the author’s opinion that the decision regarding the
phasing out the CFC’s should be made based on the scientific facts and not due to exaggerated

media rhetoric.
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APPENDIX II
HEAT LOSS AND HEAT BALANCE
ANALYSES OF THE TEST SECTION IN

THE UO LOOP

[1.1 Heat Loss Test

A dry test of heat loss was performed by adding the power to the test section while the
whole loop was evacuated. When all thermocoup!cs on the test section show that the temperatures
are stabilized, the power to the test section is then equal to the heat loss. Seven datu points were
obtained from the heat loss test. An equation to calculate the rate of the heat loss from the wall

temperature was correlated based on these data points, i.e.

Gy, = - 1.74348 +0.091563 T, + 0.000229 T}, (-1

The result of the test are presented in Table Ii-1,

I1.2 Heat Balance Test

A heat balance test was performed by adding the power to the test section while a
single-phase (from inlet to outlet) water flows through the test section. The power measured from

the power supply, the mass flow rate of water and the temperatures at the inlet and the outlet of
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the test section are thus recorded. The rate of heat carried away by the water flow i calculated

as

= i Cp(T, - T) (11-2)

Guaer
where the subscript “1" is the inlet temperature and the subscript "2" is the outlet ternperature.
The G, then is compared with the ¢ measured from the power supply (dp5)- Figure II-1 shows
the deviations of ¢,,,., with respect to the d,g, where

Deviation (%) = M x 100% (11-3)
dps.

The total RMS deviation is 1.9%, which is calculated as

n Y .

Qwarer ~ 4p.s.

E ( ware' P.S. (11_4)
1

]2
Total RMS Dev. (%) = ;”-S- x 100%

1.3 Discussion

The maximum wall temperature for the CHF test in the UO loop does not exceed 150 °C,
which corresponds to a heat loss of less than 20 W based on Eq. (1I-1). Such heat loss does not
exceed 1% of the power of most CHF tests. The h'f.-at balance test shows a deviation between the
measured (4,5 ) and calculated (G} powers, which is larger than the result of heat loss test.
This is due to the measurement uncertainties of flow, temperature and power during the hegt

balance test. In general, both tests support the accuracy of CHF measurements in the UO loop.
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Table IXI-1 Result of the heat loss test for the UO loop

Run No. Wall Temperature Power on the test section
(°cC) (W)

1 48.1 3.22

2 163.4 19.24
3 195.2 24.88
4 236.3 32.66
5 257.7 37.05
6 281.8 42.53
7 313.0 49.17
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APPENDIX I
PROPERTY SUBROUTINES USED IN

THE PRESENT WORK

The development of subroutines to calculate the thermophysical properties of all tluids
is an important part of the thesis work, especially for new refrigerants such as HCFC-123 and
HFC-134a for which subroutines were not available. The work of the property subroutines was
originated by Wong et al. (1990) and a computer code cailed the UO code was thus developed
for the prediction of thermodynamic and transport properties. The original University of Ottawa
property code (UO code) was developed for the prediction of nonpolar fluid properties. It was
written in Fortran-77 and could be run on microcomputers. The UO code is divided into general
and special codes. The general used simple correlations and equations to calculate fluid
properties. The equations and correlations were chosen based on accuracy and simplicity. Each
fluid of interest requires 21 constants for property evaluation. A list of such constants for 24
fluids is given in a data block in the program. The list of the 24 fluids is shown in Table Hi-1.
The general code has a flexible structure, and hence can be updated easily upon the availubility
of new and more accurate correlations.

To improve the prediction accuracy of the properties, some special codes (different from
the general code mentioned above) are used. In the UO code, the general code will predict the

properties first based on input pressure (in kPa) and temperature (in °C). If the special code is
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also available for the same pressure and temperature, its prediction will replace that from the
general code. Note that the special code is normally valid over narrower ranges of pressure and
temperature.

The subprograms for the special codes, which are listed in Table [11-2, come from various
sources. The CFC-12 subprogram is based on AECL’s saturated Freon-12 code. The HCFC-22
subprogram comes from Hammouda et al. (1993). The subprograms for HCFC-123, HFC-134a
(both created by the author) and water (Cheng and Nguyen, 1989) have been added recently. In
general, most of the equations for the properties included in the UO code have been described
by Cheng et al. (1993). and will not be repeated. In this Appendix, only the equations not

included in Cheng et al. are listed.

[11.1 Prediction for HCFC-123

IIL1.1 General

This section presents saturation property equations of HCFC-123 suitable for direct
application. All these equations were correlated based on the tabulation data of McLinden et al.
(1989) for thermodynamic properties. For transport properties, papers from Kumagai and
Takahashi (1991), Shankland (1990), Nabizadeh and Mayinger (1992) and Ueno et al. (1991) are

used. A comparison with the data is shown in Table III-3.

I11.1.2 Equations for HCFC-123

Critical temperature, T, in °C:
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T = 185.045°C
Saturation pressure, P, in kPa:

for -20 < T £ 150°C

P, = 32.72292+1.467302 T+0.027118 T2+0.000278 T?
+5.93%x1077 T*

Saturation temperature, T,,, in °C:

for 12 < P <2102 kPa

T, = 22374276 x POYII6  o00062720aP) 73 15
Saturated liquid density, p,, in kg m™:

for -20 € T £ 150°C

p, = 26651.42-9245.58 TK'B3+920.9641 TK¥*-0.34006 TK P

where

TR(K) = T + 273.15

Satt+ ¢ 7 vapour density, p,, in kg m™:

for -20 < T < 56.85°C

P, = (724.0385+25.42679 TM +1,3801 TM 2-0.00204 TM*
+0,000109 TM*)/1000

for 56.85 £ T < 150°C
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Pe = (117867.9-4206.73 TM+58.16806 TM 2-0.33678 TM?
+0.000836 TM /1000

where
TM(°C) = T + 25

Saturated liquid enthalpy, h,, in J kg™':

for -20 < T < 150°C

he = (13.32663 +0.788026 TM +0.002349TM 2-5.3x10"TM?
+4.53x1072 TM*)x1000

Saturated vapour enthalpy, h,, in J kg':

for -20 € T < 66.85°C

h, = (199.2983 +0.580677 TM+0.000546 TM>-1.9x107 TM>
-1.2x107 TM*)x1000

for 66.85 < T £ 150°C

h, = (186.2571+0.982834 TM~0.00408 TM?+2.23%107° TM?

~6.4x1078 TM*)x1000
Latent heat of vaporization, A, in J kg™
l = hg - hf

Saturated liquid specific heat, Cp,, in J kg* °C:

for -20 £ T £ 51.85°C
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Cp, = 825.1858+2.533748TM+0.012269 TM>+3,08x107° T™?
-1.2x107¢TM*

for 51.85 < T £ 101.85°C

Cp; = 1362.682-19.9606 TM +0.373735 TM*-0.00266 TM*
+6.76x10"TM*

for 101.85 < T £ 150°C

Cp, = 1314.608-0.01906 TM?+6.21x10° 7 TM*

Saturated vapour specific heat, Cp,, in J kg °C™":

for -20 < T £ 91.85°C

Cp, = 624.0352+1.760523 TM+0.007401 TM*-0.00015 ™?
+7.71x1077 TM*

for 91.85 < T £ 150°C

Cp, = 966.4911-0.02176 TM2+9.54x1077 TM*

Surface tension, o, in N m™:

for 20 £ T £ 150°C

o = 0.058533x(1 -T)L27»

where
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_ T+273.15

T T+273.15
Saturated liquid viscosity, p, kg m” s
for 0 £ T £80°C

from Kumagai and Takahashi (1991)

(-1 1093+ 369832 5 005615 TK-3.1391x107 TK’)
. X

Yax 1000
from Shankland (1990)

(-0.708 4. 49103
e X

-5.6372x1073 TK)

Bps = 1000

Br = (I-l'f'x * I-Lf_s)/2
Saturated vapour viscosity, p,, kg m’ s':
for 30 < T £ 150°C

from Nabizadeh and Mayinger (1992)

(10-19)

(111-20)

(I11-21)

(I11-22)

B, = (767857298 +0.695347xTK -0.00167254xTK 2+5.563854x1077 TK® (IT1-23)

+1.79923x10"° TK*)x107°
Saturated liquid thermal conductivity, k, W m™ °C™":
for 35 < T < 69°C

from Shankland (1990)
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kes = [81.1234x(1 - 2.6878x10° T) ]/ 1000 (111-24)

from Ueno et al. (1991)

key = 0.16269 +4.479x10°° P - 47411077 P? - 3,1076x10™xTK

+2.5567x10"OxPxTK +4.1416x10"#xP3xTK +7.2009x108x7k2 (1129
1 3.2489x1072xPxTK? - 1.0475x107 6 x P> TK>

ke = (kg + k)2 (111-26)

Saturated vapour thermal conductivity, k, W m?! °C:
for 33 < T £ 55°C

from Shankland (1990)

k, = 8.2342x(1 + 1.05887x10* T)/ 1000 (111-27)

III.L1.3  Comparison with data

Table II1-3 shows the results of the comparison of HCFC-123 predictions from special

and general codes against McLinden et al’s data (1989).

I11.2 Prediction for HFC-134a

IL.2.1 General

This section presents the saturation property equations of HFC-134a suitable for direct
application. All these equations were correlated based on the tabulation data of McLinden et al.
(1989) for thermodynamic properties. For transport properties, papers from Shankland (19909,

Kumagai and Takahashi (1991), Nabizadeh and Mayinger (1992), Ueno et al. (1991) and Tanaka
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et al. (1991) are used. A comparison with available data is shown in Table 11I-4.

I11.2.2 Equations for HFC-134a

Critical temperature, T,, in °C:
T, = 101.15°C (IT1-28)

Saturation Pressure, P, in kPa:

for -40 £ T < 100 °C

- 202, . . 2+, ?
P, - 292.1935+10.62572 +0.15203 7%+0.00087 T (11-29)

-4.8597x1077 T*+2.7245x10°8 T°

Saturation temperature, T, in °C:

for 52 < P £ 3971 kPa

T = -849841-0.01 . 12_240, 13
- 84.9841-0.01335 P+14.19546 P~-240.661 P (10-30)

+744.1678 P¥4-524.819 P

Satarated liquid density, p,, in kg m™:

for -40 < T < 100°C

p; = 1535.119+47.58204 TN+0.445156 TN*-108.87 TN
-3.34549 TN*P-1.0823%x107% TN?

(I11-31)

where
IN =T+ 45 (11-32)
Saturated vapour density, p,, in kg m™:
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for -40 £ T < 100°C

p, = 5153xe™
where
a, = -3.47966 TA"**+9,34904 TA**-0.40186 TA +28.09001 TA *?
+31.91004111(w]
T +273.15
and

TA = 1 - T+273.15
T +273.15

Saturated liquid enthalpy, h;, in J kg™:

for -40 < T < 100°C

ke = (48.8174+1.319583 T+0.003524 T*-4.8x107¢ T°
-6.4045x1077 T*+7.08406x10° T°)x1000

Saturated vapour enthalpy, h, in J kg*:

for -40 < T « 50°C

h, = (247.7652 +0.585009 T-0.00089 T%-9.6373x107¢ T3
-1.0605x1077 T%)x1000

for 50 < T < 100°C
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B, = (-73.5242+1995118 T-0.43351 T*+0.004245 T3
-1.57109x1075 T%x1000

Latent heat of Vaporization, A, in J kg':
A = hg - hf

Saturated liquid specific heat, Cp,, in J kg °C™:

for -40 < T < 50°C

Cp; = (1.32009+0.004544 T-4.5971x107¢ T*
+1.7032x1077 7% +3.6307x107 T*)x1000

for 50 < T < 100°C

Cp; = (1.429998+1.95723x107% ¢ T+7.436x107° ¢ ™
~6.4739x1075 ¢ 719+0,012937 ¢ 7%)x 1000

Saturated vapour specific heat, Cp,, in J kg™ °C™:

for -40 £ T £ 60°C

Cp, = (0.889972+0.00439 T+1.9844x107° T2
+2.863x1077 T3+5.9531x107° T%)x1000

for 60 < T £ 100°C

Cp, = (1.000027 +2,6644x107% ¢ 7+9,355x107° ¢

-3,2555x1075 ¢ 7'%+0,01902 ¢ ™%)x1000

Surface tension, 6, in N m™:

315

(111-38)

(I11-39)

(IT1-40)

(H1-41)

(I11-42)

([11-43}



for -40 £ T < 30°C

¢ = 0.011714-0.00014 T+1.4393x1077 T*
-4.2338x107° T3+1.4501 <1071 7¢

for 30 < T £ 65°C

o = 0.012621-0.00021 T+1.8878x10°¢ T
-1.8913x10°8 73+8.4796x1071! T*

for 65 < T < 100°C

¢ = -0.007457+0.000663 T-1.1996x107° T2

+7.6262x10°8 T3-1.5151x10710 T*

Saturated liquid viscosity, u, in kg m' s
for 0 < T £70.15°C

from Shankland {1990)

[-3.3523+_“.‘.‘:25—_-0.0019969 (T+273.15)]

e T+273.15

Hss 1000

from Kumagai and Takahashi (1991)

1015;'3 +0.016602 TK-2.7532x10°5 m’)

(—7.639+
e

Prx = 1000

By = (l-‘-f's * I-"_,;;{)/2

Saturated vapour viscosity, u,, in kg m' s
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for 30 € T < 105°C
from Nabizadeh and Mayinger (1992)
i, = (-335.231 +3.599135 TK - 0.01255326 TK? + 1.471115x1075 TK?) x 107

Saturated liquid thermal conductivity, k, W m™' °C:
for 39 € T < 69°C

from Shankland (1990}

ks = 90.9371x(1 - 4.5904x107 T)/ 1000

from Ueno et al. (1991)

kyy = 020877 +8.5903x1077 P - 2.9022x10™! P? - 4.1483x107*xTK

~ 5.9203x10xPxTK +2.2909%x10 B xP2xTK - 3.4532x108xTK?
¥ 17278 %107 U xPxTK? - 4.632x107 %P2 xTK?

ke = (s + ydf2
Saturated vapour thermal conductivity, k,, W m” °C";
for 25 £ T £70°C

from Shankland (1990)

ks = 11518 x (1 +8.2827x1073 T) / 1000

from Tanaka et al. {1991)

k,r = [by+ b xP[1000 + b,x(P/1000)* + b,x(P/1000)* ]/ 1000

where
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b, = -13.39 +8.7293x10 TK (H11-56)

b, = 114,571 - 0.715448x TK + 1.12416x1073 TK* (1-57)
b, = ~36.1873 + 0.244739xTK - 4.12885x107* 7K (11-58)
b, = 11145 - 0.649243xTK +9.50136x10™* TK> (111-59)

ky = (ks + k,/2 (H1-60)

II1.2.3  Comparison with data

Comparison of property predictions with tabulation data is shown in Tables 111-4,

L
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Table 1T1-1 List of 24 Fluids

Fluid No, in computer code Name Chemical Formula
ISUB =1 Waler H.O
1ISUB =2 CFC-11 CCIF
ISUB =13 CFC-12 CCLF,
ISUB =4 CFC-13 CCIF,
ISUB =5 HCFC-21 CHCILF
ISUB =06 HCFC-22 CHCIF,
ISUB =7 CFC-113 C,CLF,
ISUB =8 CFC-114 C.CLF,
ISUB=9Y CFC-115 C.CIF;
ISUB = 0 Carbon Dioxide CO,
[SUB =11 Benzene C,H,
ISUB = 12 Ammonia NH,
ISUB = 13 Methanel CH,0O
ISUB = 14 Isoprﬁpanol C,H.0
ISUB = 15 Acctone C,HO
ISUB = 16 Ethanol C,HO
ISUB = 17 Hydrazine N,H,
ISUB = 18 Oxygen 0,
ISUB = [ HFC-1524 C,H,F,
ISUB =20 HFC-134a CH,FCF;
ISUB =21 Nitrogen N,
ISUB = 22 HCFC-123 CHCI,CF,
ISUB = 23 HCFC-142b C,H,CIF,
ISUB = 24 C318 C,F;, (CYCLIC)
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Table 111-2 List of Subprograms

Subprogram names

Predicted Properties

CFC-12 Subprogram

Ve Pro M by, i Pand T,

HCFC-22 Subprogram

Vf’ vl,’ pﬁ p]_\ hf'i hL, Cpf\ Cpga Cp|_\ pfq pr‘n p[_. k(‘ kg. k|‘. l '.lll(i

o

HCFC-123 Subprogram

Vi, Ve Pis P B Ny Cpp Cpy by, e Ay Ky Ky Py Ty aind ©

HFC-134a Subprogram

Vf’ vg.’ pl" pg’ hf’ hg" Cpf’ Cpg’ pt"’ p;}.' A” l(I'* kg' Psul' T.\al le'ld a

Water Subprogram

Vi Vs Vi, Pp Py P B by by, Cpp, Cpy, by, by B Ky Ky, Py

Prg’ Prl_’ }\" Psav Tsnl und 9]
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Table 111-3 Comparison of HCFC-123 special code and general code against McLinden et

al.’s tabulation data.

RMS error (%)
McLinden et al. (1989)
UO special code UO general code
T 0.12 (.38
P. 0.53 3.6
o} (.14 3.17
P, 0.6 421
A 0.10 1.38
" - -
Cp, 0.1 6.71
Cp, 0.25 595
o] 0.9 3.35

321



Table 111-4 Comparisons of HFC-134a special code against four different tabulation sources
for temperature range from -30 to 80°C.

RMS error (%)

McLinden et al. Piuo et al. HOECHST Diiler et al.
(1989) (1991 (1989) (1991)
Tea 0.010 0.028 0.012 -
0.006" 0.006" 0.012°
P 0.24 0.37 0.32 -
0.08" 0.11° 0.16°
Pr (.26 0,39 (1.33 -
0.31° 0.47" 0.41°
Py 0.29 (.24 (.38 -
0.13° 0.20° (.43°
h, 0.77 -
0.24" - -
A 0.17 0.23 0.60 -
0.17" 0.22° 0.55
L - - - 3.13¢
c 0.92 - - .
077

* Temperature range is from 15 to 70°C (59 - 158°F).

+ Temperature range is from -22 to 46°C (-7 - 115°F).
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APPENDIX IV

TABULATION OF CHF DATA

This Appendix contains seven tables which list the CHF data measured from UO, MR-7A
and MR-1A loops:

Table V-1 CHF data for HFC-134a from UO loop

Table IV-2 CHF data for HCFC-123 from UQ loop

Table 1V-3 CHF data for CFC-12 from UO loop

Table V-4 CHF data for CFC-11 from UO loop

Table IV-5 CHF data for HCFC-22 from UQ loop

Table IV-6 CHF data for HCFC-22 from MR-7A loop

Table IV-7 CHF data for HCFC-22 from MR-7A loop

Table IV-8 CHF data for water from MR-1A loop
where No.: data number

D: tube inner diameter (m)

L: heated length (m)

P: pressure at CHF location (kPa)

G:  mass flux (kg m? s

Xc:  critical quality

HI:  inlet subcooling enthalpy (kJ kg™

CHF:  critical heat flux (kW m™®)
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No.

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Table IV-1 CHF data for HFC-134a from UQO loop

D

.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
L0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042

L

.001
.001
.001
.001
.001
.785
.785
.785
.785
.785
.996
.996
.996
.996
.996
.996
.781
.781
.781
.781
.781
.781
.996
.996

P

1125.
1127.
1127.
1127.
1127,
1127,
1127.
1127,
1127.
1127.
1127,
1127.
1127.
1127.
1127.
1127.
1127.
1127.
1127,
1127,
1127,
1127,
1127.

1127.
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G
1383
1383
1383
1383
1381
1384
1384
1384
1383
1384
1841
1842
1840
1843
1842
1841
1845
1843
1844
1843
1844
1843
2304

2305

a.

0

0.

Xc

456

.461

24

20.

15.

26.

20

14,

30.

27

20.

15.

29

25.

17

13.

30.

25

HI

.340
660
320
.046
L4322
110
.510
870
.896
.573
340
.280
510
920
.646
.328
.910
520
.550
030
.695
.781
920

.960

CHF
140.4
136.1
129.3
121.0
113.3
170.9
164.3
157.2
148.4
139.7
167.8
163.7
153.7
147.8
137.3
127.0
197.3
190.6
176.4
169.1
159.8
153.1
185.1

178.1



No.

25
26
27
28

29

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

48

o O

.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
L0042
.0042

.0042

.996
.896
.996
.996
.781
.781
.781
.781
.781
.781
.996
.996
.996
.99%¢6
.996
.996
.781
.781
.781
.781
.781
.996
.996
.996

Table IV-1
P
1127.9
1127.9
1127.9
1127.9
1127.9
1127.9
1127.9
1127.9
1127.9
1127.9
1127.9
1127.9
1127.9
1127.9
1127.89
1127.9
1127.9
1127.9
1127.9
1127.9
1127.9
1127.9
1127.9

1127.9

{Ccntinued)
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G
2304
2307
2302
2303
2302
2303
2306
2306
2304
2304
2762
2768
2765
2766
2769
2764
2766
2768
2765
2762
2771
3227
3228
3227

Xc

.310
L322
.333
.340
.229
.254
.271
.284
.299
.312
.225
.240
.256
.271
.289
.299
77
.202
.228
.243
.259
.176
.206

L2232

21
15

33

26.

20

15.

32

27

21.
15.

31.
23.

16.

12

32

24.
19.

HI
.250
.170
.596
.479
.820

110

.070

020

.596

.026

.660

L7120

990

320

.846

.328

500
800

810

L4580

.042

.370

640

630

CHF
170.9
160.9
149.0
139.5
217.2
205.4
185.3
186.4
173.6
162.8
199.0
1591.8
182.3
170.2
156.5
147.9
221.7
208.5
197.1
189.7
175.7
205.3
194.8

186.5



No.

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

72

.0042
.0042
.0042
.0042
.004z2
.0042
.0042
.004z2
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042

.0042

.996
.996
.781
.781
.781
.781
.781
.996
.996
.996
.996
.996
.781
.781
.781
.781
.781
.996
.996
.996
.996
.996
.996

.996

Table IV-1
P
1127.9
1127.9
1127.9
1127.9
1127.9
1127.9
1127.9
1127.9
1127.9
1127.9
1130.8
1127.9
1127.9
1127.9
1127.9
1127.9
1127.9
1660.1
1660.1
1660.1
1660.1
1660.1
1660.1

1660.1

{Continued)
G
3225 0
3225 0
3227 0
3228 0
3230 0
3231 0
3226 0
3688 0
3691 0
3684 0
3688 0
3689 0
3685 0
3692
3688
3683
3684
1831
1829
1830
1824
1828
1827
1828

326

.234
.240
.137
.150
.170
.203
224
.144
.157
.183
.208
.223

.107

31.
27.
21.

14.

32.
27 ..
21.

14,

40.
35.
28.
22.

16.

CHF

179.

217.
202.
190.
155.
148.
139.
129.
119.
109.

102.

.4

i




No.

73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
85
96

.0042
.0042
0042
L0042
.0042
.0042
L0042
0042
.0042
.0042
.0042
L0042
.0042
L0042
.0042
.0042
L0042
0042
.0042
.0042
.0042
L0042
L0042

.0042

.000
.000
.000
.000
.000
.785
.785
.785
.785
.785
.9%6
.986
.996
.996
.99%6
.000
.000
.000
.000
.785
.785
.785
.785

.785

Table IV-1

P

1660

1664.
16690.
1660.
1660.
1660.
1660,
1660.
1660.
1660.
1660.
1660,
1660.
1660.
1660.
1660.
1660.
1664.
1660.
1660.
1660.
1660.
1660.

1660.

1

{Continued)

327

G
1830
1829
1828
1825
1829
1831
1828
1826
1828
1828
2285
2280
2282
2283
2289
2289
2287
2287
2282
2288
2287
2287
2285

2287

Xc

291
.301
.317
.333
.339
.247
.256
.273
.288
.304
.234
.255
.268
.282
.291
.249
.264
.279
.298
.180
.197
.213
227

.244

38

31

24,

16

40.
35,

=8

21.

15

36.

28.

22
16

10.

29

22,

16

40
33
28
22

16

HI

.270
.250
450
.220
.584
950
890
.830
870
.450
330
530
.170
.220
880
.730
630
.530
.884
.360
.790
.380
.470

.370

CHF
151.
141.
132.
120.
109.
184.
175.
163.
152.
141,
166.
154.
143.
134.
124.
155.
143.
133.
123.
200.
187.
178.
165.

154,

9
0

oo o O

o0



No.

97

98

9%
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119

120

.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042

.0042

.99%6
.996
.996
.996
.996
.785
.785
.785
.785
.785
.996
.996
.996
.996
.99%¢6
.785
.785
.785
.785
.785
.996
.996
.996
.996

Table IV-1
P
1660.1
1660.1
1660.1
1660.1
1660.1
1660.1
1660.1
1660.1
1660.1
1660.1
1660.1
1660.1
1660.1
1660.1
1660.1
1660.1
1660.1
1660.1
1l660.1
1660.1
1660.1
1660.1
1660.1
1660.1

(Continued)

328

G
2743
2744
2744
2740
2747
2743
2745
2744
2741
27389
3201
3200
3201
3198
3201
3196
3198
3200
3198
3199
3656
3659
3661

3657

Xc

.185
.203
.224
.236
.252
.133
.147
.168
.183
.203
.138
.148
.168
.184
.201
.106
.120
.134
.153
172
117
.122
.135
.149

36
28

17
12
41
34
27
22

15

41.

35.

29

22.

17

40

34,
28.
21.
15.
40.

37.

30

25.

HT
.330
.680
.110
.290
.060
.100
.990
770
.470
.910
690
890
.130
830
.750
.950
540
080
560
450
950
080
.790
660

CHF
179.
165.
152.
145.
137.
218.:
204.
188.
176.
162.
206.
191.
177.
le4.
154.
238.
219,
200.
183.
169.
221.
209.2
191.

179.



No,

121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137

138

.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042

.996
.785
.785
.785
.785
.785
.001
.001
.001
.001
.001
.001
.785
.785
.785
.785
.785

. 785

Table IV-1

P

1660.
1660.
1660.
1660.
1660.
1660.
1660.
1660.
1660.
1660.
1660.
1660.
1660.
1660.
1660.
1660.
1660.

1660.

(Continued)

329

G
3651
3657
3657
3655
3656
3658
1370
1371
1368
1372
1369
1368
1370
1372
1371
1372
1369

1373

Xc

.163
.086
.098
.113
.124
.136
377
.384
.399
.395
.397
.390
.347
.362
.373
.381
L3985

.396

21.

39

34.
28.

22

18.

34

27.

20

ls.

10

34.

27

21.

16.

HI

410
760
690
230
.830
970
.240
930
.800
830
.510
.42%
540
.770
560
060
.584

.057

CHF
170.2
253.6
237.0
215.1
197.0
186.1
125.1
117.4
110.0
103.8

95.0

84.8
152.5
144.0
135.4
127 .4
118.8

111.2



Table IV-2 CHF data for HCFC-123 from UC loop

No. D L P G Xc HI CHF
1 .0042 1.001 987. 1450 .425 30.320 128,
2 .0042 1.001 983. 1450 .440 23.130 120.
3 .0042 1.001 977. 1448 .450 17.600 113,
4 .0042 1.001 977. 1446 .456 14.360 109.
5 L0042 1.001 979. 1450 .453 9.720 102.
6 .0042 1.001 983. 1449 .459 6.571 98.
7 .0042 0.785 981. 1448 .396 33.250 162.
8 _ 0.0042 0.785 981. 1446 409 28.490 155.
9 .0042 0.785 981. 1451 .415 23.700 148.
10 .0042 0.785 872. 1446 .423 17.480 138.
11 .0042 0.785 972. 1449 LA27 13.5%0 131,
12 .0042 0.785 977. 1453 .434 8.203 123.
13 .0042 1.001 §83. 1932 .333 29.750 146.
14 .0042 1.001 975. 1931 .353 22.890 137.
15 .0042 1.001 977. 1924 .363 17.950 129.
16 .0042 1.001 281. 1931 .361 12.980 119.
17 .0042 1.001 983. 1936 .363 9.722 113.
18 .0042 0.785 979. 1933 .300 30.530 177.
19 .0042 0.785 977. 1932 .321 24.270 168
20 .0042 0.785 979. 1930 .326 2¢.830 160
21 .0042 0.785 981. 1929 337 15.990 151
22 .0042 0.785 981, 1928 .347 10.190 129
23 .0042 1.001 979. 2414 .261 30.760 162
24 .0042 1.001 981. 2416 .276 25.640 154

330

9]



No.

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

48

.0042
.0042
.0042
L0042
.0042
.0042
L0042
L0042
L0042
.0042
L0042
L0042
.0042
L0042
.0042
.0042
L0042
L0042
L0042
.0042
L0042
.0042
.0042
L0042

.001
.001
.001
.785
.785
.785
.785
.785
.001
.001
.001
.001
.001
.785
.785
.785
.785
.785
.001
.001
.001
.001
.001

.785

Table IV-2
P
981.2
981 2
983.2
977.0
981.2
979.1
979.1
977.0
977.0
979.1
981.2
985.3
983.2
979.1
977.0
983.2
977.0
977.0
979.1
979.1
897%.1
979.1
979.1

979.1

{Continued)
G

2410

2413 0
2419 0
2415 0
2417 0
2413 0
2417 0
2418 0
2897 0
2901 0
2898 ¢
2899 0
2897 0
2898 0
2894 0
2898 0
2898 0
2898 0
3379 0
3381 0
3383 0
3382 0
3387 0
3379 0

331

. Xc

0.

296

.310
.315
.214
.236
.250
.262
.276
227
.244
.254
.271
.278
.153
.174
.197
.215
.228
.156
.181
.207
.221
.235

.100

20
15

10

34.

29
24
20
16
29

24,

21
16

11

34.

29

24.
20.
16.

34.

29
23
20

16

39.

HI

.260
.180
.Q70
600
.520
.500
.480
.560
.280
270
.060
.110
.470
830
.730
390
250
680
490
.170
.580
.480
.680
650

CHF

1l46.5
138.2
127.2
159.9
192.2
181.9
173.8
167.0
176.9
168.4
162.3
153.5
142 .4
210.3
200.8
191.7
184.5
177.1
192.6
184.9
177.2
172.2
165.3

237.0



No.

49
50
51
52
53
54
55
56
57
58
5%

60

.0042
.004z2
.0042
.0042
.0042
.004z2
.0042
.0042
.0042
.0042
.0042

.0042

.785
.785
.785
.785
.001
.001
.001
.001
.785
.785
.785

.785

Table IV-2
P
875.0
979.1
977.0
981.2
981.2
979.1
979.1
870.9
979.1
977.0
977.0

975.0

(Continued)

332

G
3380
3382
3374
3378
3863
386l
3861
3860
3865
3865
3863
3865

Xc

.118
.133
.147
.165
.118
.135
.180
.201
.073
.089
.100

.116

34

30

25.
21,

34
30
22
18
39
34
30

25

HI
.250
.08¢0

980

640

.380

.310

.780

.750

.540

.820

.640

.980

CHF

224,

210,

A

93]



No.

10
11
12
13
14
15
16
17
18
19
20
21
22

23

Table IV-3
D L

.0042 .001
.0042 .001
.0042 .001
.0042 .001
.0042 .001
.0042 .785
.0042 .785
.0042 .785
.0042 .785
.0042 .785
.0042 .998
.0042 .998
.0042 .998
.0042 .998
.0042 .998
.0042 .998
.0042 .998
.0042 .998
.0042 .998
.004z2 .998
.004z2 .998
.0042 .998
.0042 .998
.0042 .998

CHF data for CFC-12 from UO loop

P
1061.
1061.
1061.
1061.
1061.
1061,
1061.
1061.
1061.
1061.
1061.
1058.
1061.
1061.
1061.
1061.
1061.
1061.
1061.
1061.
1061.
1061.
1061.

1061.

333

G
1530
1531
1531
1529
1534
1529
1533
1530
1531
1527
2045
2038
2039
2036
2035
2553
2557
2556
25589
2557
3057
3068
3066
3060

Xc

477
.481
.480
.489
.484
.444
.452
.461
.467
.474
.375
.387
394
401
.408
.316
.326
.336
.346
.353
.262
.273
.285

.298

HT

17.

13

18

13

18

14.

18
14

10

18.

14.

10

820

.400
.731
.209
.156
.110
.500
.832
L1109
.770

.400

090

.432
.513
.132
.400
.780
.030
.119
.668

400
880

.930
422

CHF
124.

118.



No.

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
4€
47

48

.0042
L0042
0042
.0042
.0042
.0042
.0042
L0042
.0042
L0042
.0042
0042
.0042
L0042
L0042
L0042
.0042
L0042
.0042
.0042
.0042
.0042
L0042

.0042

.5998
.998
.998
.998
.988
.998
.998
.998
.998
.781
.781
.781
.781
.781
.781
.781
.781
.781
.781
.781
.781
.781
.781

.781

Table IV-3
P
1058.7
1061.2
1061 .2
1061.2
1061.2
1061.2
1061.2
1061.2
1061 .2
1063.8
1061.2
1063.8
1061.2
1063.8
1061.2
1061.2
1061.2
1061.2
1061.2
1061.2
1061.2
1061.,2
1063.8

1063.8

{Continued)

G
3058
3583
3584
3579
3582

4103

334

4076
4082
4084
2044
2039
2037
2037
2044
2552
2551
2550
2557
2546
3054
3061
3060
3059

3049

17.
13.

10.

l6.
14.

10.

i

QW]

18.

13.

18.
14.

154.
145.
139.
184,
175.
163.
157.
148.
190.
183.

172.

154.



No.

49
50
51

52

54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

71

.0042
.004z2
.0042
.0042
.0042
.004z2
.4042
.0042
.0042
.004z2
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042

.0042

.781
.781
.781
.781
.781
.781
.781
.781
.781
.781
.001
.001
.001
.001
.001
. 785
.78%5
.785
.185
.785
. 785
.598
.968

.998

Table IV-3
p
1061.2
i061.2
1061.2
1061.2
1061.2
1061.2
1061.2
1061.2

'1061.2

1579.8
1579.8
1579.8
1579.8
1579.8
1573.8
1579.8
1579.8
1578.8
157¢9.8
157%.8
1578%.8
1579.8
1583.2

(Continued)

335

G
3571
3571
3574
3564
3574
4100
4083
4076
4080
4080
1534
1536
1537
1537
1535
1535
1538
1536
1536

1534

1536

2045
2046

2041

xc

.163
L1768
.202
.222
.233
.134
.147
.167

.189

HI

22.
18.

15.

11.

22.
18.

15.

10

22
20

15

.560

.560

.940
.617
742
.980
.320

.150

CHF
207.0
157.0
187.3
177 .7
170.0
214.9
204.0
193.2
183.0
176.2
104.4

96.8

89.2

82.0

74.3

120.8
113.3
106.6

98.5
127 .4
123.1

113.1



No.

73

75
75
77
78
79
80
81
82
83
84
85
86
87
88
89
80
g1

92

94
85
96

.0042

o o O

.996
.998
.598
.998
1998
.998
.998
.998
.998
.998
.998
.998
.998
.998
.998
.998

Table IV-3
P
1575.8
1579.8
1579.8
15756.8
1579.8
1579.8
1579.8
157¢.8
1579.8
1579.8
1579.8
1579.8
1579.8
1579.8
1579.8
1579.8
1579.8
1579.8
1579.8
1579.8
1579.8
1576.8
1579.8

1579.8

(Continued)

336

G
2040
2043
2049
2051
2047
2049
2049
2051
2048
25589
2559
2553
2558
2559
3069
3062
3081
3060
3076
3576
3582
3585
3578

3589

.231
.252
.259
.154
171
.1860
.195
.206

23.

19

15.

11.

23

19

14.

10

28
22
19

15.

12

.437

.365

690

.810

050

570

.833
.890

.910

630

.080
.725
.210
. 98¢
.910

460

L1090

CHF
104.
93.
135
126.
115.
111.
107.
101 .
96..
139,
133,
125.
119.
110,
149
140.

131.

1

b

Lo



No.

97
98
99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

0042
.0042
.0042
.0042
.0042
L0042
.0042
L0042
.0042
.0042
.0042
.0042
.0042
L0042
.0042
.0042
0042
.0042
.0042
.0042 .
.0042
.0042
.0042

.0042

.998
.998
.998
.998
.998
.781
781
.781
.781
.781
.781
.781
L7181
.781
.781
.781
.781
.781
.781
.781
.781
.781
.781
.781

Table IV-3

P
1579.
1579.
1579.
1579.
1579.
1579.
1579.
1579,
1579.
1579.
1579.
1579.
1579.
1579,
1576,
1579.
1579.
1579,
1579.
1579.
1578.
15789.
1579.

15785.

[+ o T ¢ o)

es]

(Continued)

337

G
4092
4078
4074
4099
4103
2040
2043
2047
2043
2044
2050
2561
2554
2556
2556
2556
2565
3073
3069
3074
3071
3075
3588
3583

Xc

131
.141
.154
.167
.177
.269
.280
.293
.308
.322
.326
.202
.213
.221
.238
.257
271
152
.164
177
.191
.208
.123

.137

27.
23.
19.
15.
10.

27.
23.
20.
15.

11.

28.
24.
20.
15,
11.
28.

23.

CHF
185.2
173.2
160.7
149.6
138.7
157.3
150.5
143.6
137.4
129.3

121.8



No.

121
122
123
124
125
126

127

.0042
.0042
.0042
.0n4z2
.0042
.0042
.0042

.781
.781
.781
.781
.781
.781

.781

Table IV-3
P
157%.8
1579.8
1579.8
1579.8
1579.8
1579.8
1579.8

(Continued)

338

G
3576
3589
3587
4108
4101
4099

4094

Xc

.151
.163
.175
.115
.125
.136
.154

HI

19.
i5.

11.

23

19

16.

11.

400
570

790

.280

.910

510

470

CHF
174,
163.
151.
199,
187.
175.

158.

%)



No.

Table IV-4
D L

.00438 .000
.00438 .000
.00438 .000
.00438 .000
.00438 .000
.00438 .000
.00438 .000

CHF data for CFC-11 from UO loop

P

16489.
1652.
1652.
1652.
1652.
1652.

1133.

339

G
1048
1045
1046
2153
2164
2165
1345

Xc

0

L4117
.468
.490
.252
.193
.170

.575

HI

41
22
12

11

33.

43

10

.130
.030
.270

.720

010

.410
.560

CHF
105.
80.
82.
100.
134.
152.

102.



No.

10
il
12
13
14
15
16
17
18
19
20
21
22
23

24

Table IV-5

D

.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
L0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042

.0042

L
0.785
0.785
0.785
0.785
0.785
1.001
1.001

1.001

1.001

1.001

1.000

1.000

1.000
1.000
1.000

1.000
1.000
1.000

1.000

1.000
1.000
1.000
1.000

1.000

CHF data for HCFC-22 from UO loop

P

1340.
1340.
1340.
1340.
13460.
1340.
1340.
1340.
1340.
1340.
1340.
1343.
1340.
1343.
1340,
1343.
1340.
1340,
1340.
1340.
1340.
1340.
1340.

1340.

340

G
1501
1502
1502
1502
1500
1504
1499
1502
1501
1501
2010
2013
2007
2007
2000
2515
2509
2508
2503
2503
3008
2955
3002

2999

Xc

.451
.459
.465
.470
.482
.479
.482
.488
.493
.497
.395
.395
.403
.410
.418
.324
.332
.339
351
.359
.273
.281
294

.305

HI

23.
18.

12,

20.
18.
13.

20.
18.
14.

21
18

13

.210
.320
.D40
L150

194.
186.
179.
170.
167.
159.
152.
146.
140,
188.
182.
174.
L64.
156.:
202.
199.°
191.
179,
169.
216.
210.
201.

194.



No.

25
26
27
28
29
30
31
32
33
34
35
36

37

39
40
41
42
43
44
45
46
47
48

.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042

.0042

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
499
.499
.499
.499
.499
.499
499
.499
779
779
.779
779

779

Table IV-5
P
1340.1
1340.1
1340.1
1340.1
1340.1
1340.1
1343 .4
1336.7
1343 .4
1340.1
1340.1
1340.1
1340.1
1340.1
1340.1
1340-.1
1340.1
1340.1
1340.1
1340.1
1340.1
1340.1
1340.1

1340.1

{Continued)

341

G
2992
4002
3995
3991
3991
4002
3502
3505
3512
3506
3492
2003
2006
2000
1995
2512
2506
2498
2490
2000
1995
2002
1998

1997

Xc

.318
.199
.210
.228
.239
.258
.233
.241
.254
.268
.289
.286
.304
.315
.329
.217
.237
.255
.272
.356
.360
.369
.383
.390

HI

3.
22,
18.
12.

21

18.

13

18.

12.

18.
12.

20,

18
14

132
290
820
660

L7700
.132
.820

910

.910
.770
441

560
660

.644

.780

320
660

.374
.353

970

.560
.030
.864

.873

CHF
182.
238.
231.
218.
210.
200.
228.
223.
213.
202.
188.
286.
274.
265.
254,
295.
283.
270.
258.
222.
217.
209.
19%¢6.

189.

5

3



No.

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

72

.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042

.0042

779
779
779
L7789
.779
.779
779
L7179
.779
.779
.779
779
L7789
779
.779
779
.77%
779
L7179
.779
.000
.000
.000
.000

Table IV-5
P
1340.1
1340.1
1340.1
1340.1
1340.1
1340.1
1340.1
1340.1
1343.4
1336.7
1340.1
1340.1
1340.1
1340.1
1343 .4
1340.1
1340.1
1340.1
1343.4
1340.1
1960.7
1960.7
1960.7

1960.7

{(Continued)

342

G
2501
2500
2498
2500
2500
3002
2996
2997
2998
2995
3503
3501
3511
3505
3497
4003
3995
3998
4005
4003
2005
2026
1994

1985

Ac

.284
.294
.308
.318
.329
.229
244
.254
.268
.284
.186
.201
217
.235
.248
.151
171
.189
.206
224
.340
.341
.346
.348

23.
19.

14.:

23.
19.

13.

23.
18.

13.

24.
19.

14.

241,
229.
220.
269.

257,



No.

74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
85
96

.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
L0042
.0042
.0042
.0042
.0042

.0042

000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.779
779

779

Table IV-5
P
1965.1
1960.7
1960.7
1960.7
1960.7
1960.7
1960.7
1960.7
1965.1
1960.7
1965.1
1960.7
1960.7
1965.1
1960.7
1960.7
1960.7
1960.7
1960.7
1965.1
1960.7
1960.7
1965.1

1960.7

(Continued)

343

G
2001
2504
2502
2491
2502
2497
2974
3012
2990
3010
3002
2987
3502
3507
3502
3499
3495
3999
3892
4004
3976
2002
1990
1998

XcC

.350
268
.283
.296
.302
.304
.204
216
.234
.251
.266
.276
173
.195
.215
.229
.240
.148
.168
.186
216
.302
.316
.323

HI

3.

25.

20

14.

30.

24

20.

14.

25

19.

14

25

19
13

24,

19

15.

558
980

.370

750

.008
.965

210

.950

640

750

.152
.556
.850

850

.620

.807
.980
.440
.950

.204

690

.980

160

CHF
120.2
176.7
167.7
157.5
145.7
135.3
192.2
184.1
177.7
168.4
157.6
144.3
192.8
183.1
175.4
165.8
156.7
204.9
189.5
178.7
168.9
191.8
183.8

174.7



No.

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119

=20

.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042

.0042

.779
779
.779
779
779
.779
779
.779
.779
779
779
.779
779
779
.779
.779
779
779
.779
.779
.779
779
.779

L7185

Table IV-5
P
1965.1
1960.7
1960.7
1965.1
1960.7
19690.7
1960.7
1960.7
1960.7
1860.7
1560.7
1965.1
1960.7
1960.7
1960.7
1%65.1
1965.1
1960.7
1960.7
1960.7
1960.7
1960.7
1960.7
1960.7

(Continued)

344

G
1993
1992
2492
2506
2503
2495
2508
2508
2998
3009
2989
2998
2992
34890
3503
3495
3492
3491
3995
3991
4000
3996
3995
1501

Xc

.337
.340

L2232

HI

9.
4.
27.
24.
19.

14,

24.
20,

15.

24 .
20.
15,

10.

28,
24,
20.

14,

24,

013

121

205.
187.
169.



No.

121
122
123
124
125
126
127
128

129

.0042
.0042
.0042
.0042
.0042
.0042
.0042
.0042

.0042

.785
.785
.785
.785
. 001
.001
.001
.001

.001

Table IV-5
P
1960.7
1960.7
1960.7
1960.7
1960.7
1960.7
1960.7
1960.7
1960.7

(Continued)

345

G
1499
1499
1502
1489
1497
1489
1498
1498

1497

Xc

.389
.388
.383
.391
.398

HT

19

14,

25
20

15.

.840

620

.5893
.980
.980
.100

160

.699

.132

CHF
159,
1495.
138.
128.
136.
128.
119.
110.

99.



No.

10
11l
12
13
14
15
16
17
18
19
20
21
22
23

24

Table IV-6

D

.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807

.00807

L

.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.15
.15

.15

p

1339.
1333.
1336.
1339.
1336.
1343.
1339.
1336.
1333.
1326.
1343,
1336,
1336.
1339.
133e6.
1346.
1339.
1339.
1336.
1333.
1333,
1326.
1349,

1329.

= 00

G
984
959
948
934
922
936

1920
1891
1892
1868
2875
2920
2905
2921
3960
3905
3898
39160
5858

5857

T 5835

346

955
971
959

Xc

.477
.537
.547
.574
.589
.584
301
.323
.339
.353
.210
.217
.233
.245
.145
.150
.178
.191
.091
.113
L137
.482
.469

.489

CHF data for HCFC-22 from MR-7A loop

HI

3]
b

18.:
12.

16.

12.

14,

13,

20.
18.

12.

173.
168.
193.
190.
187.
182.
202.
195.
193.
174.
le8.

163.



No.

25
26
27
28

29

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

48

.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807

.00807

.15
.15
.15
.15
.15
.15
.15
.15
.15
.15
.15
.15
.15
.15
.15
.15
.15
.15
.88
.88
.88
.88
.88

.88

Table IV-6

P

1343.
1336.
1346.
1329.
1336.
1333.
1333.
1336.
1339.
1336,
1343.
1333.
1339.
1336.
1336.
134e6.
1333.
1333,
1343,
1349,
1333.
1333.
1343.

1339.

{Continued)

347

G
970
8936

1916
1941
1962
1943
2932
2877
2509
2902
3898
3909
3805
3904

5763

5862
5865
5853
956
985
1007
969
983
1966

Xc

.493
.519
.251
.264
.276
.289
.144
.165
.182
.200
.089
.104
.123
.135
.052
.062
.078
.094
.405
.401
.412
.444
.445

.175

HI

8.

3.

17

12

16.

12

16.

12

15
12

21.

17.

12

22

123

644

.685
.366
.608

772

798

.874
.866
.902

946

.868
.119
.515
.095
.521
.605

.901

650
937

744
.351
L1863
.591

CHF
158.6
153.2
204.7
197.6
190.3
183.4
214.8
208.9
200.9
195.5
220.9
211.8
201.1
183.6
243.4
239.0
216.3
206.6
200.8
198.6
194.0
186.7
182.3

238.4



No.

49
50
51
52
53
54
55
56
57
58
5%
60
61
62
63
64
65
66
67
68
69
70
71

72

.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
. 00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807

0

.88
.88
.88
.88
.67
.67
.67
.67
.67
.67
.67
.67
.67
.67
.67
.67
.67
.67
.67
.67
.67
.67
.67

.67

Table IV-6
P
1333.1
1343.2
1343.2
1333.1
1329.8
1346.5
1343 .2
1336.5
1349.9
1333.1
1336.5
1339.8
1339.8
1333.1
1326.5
1333.1
1333.1
1333.1
1333.1
1339.8
1336.5
1333.1
1336.5

1329.8

(Continued)
G
1968
1941
1940 0
1943 "
912 0
922 0
911 0
944 0
934 0
1936 0
1944 0
1919 0
1941 0
1964 0
2978 0
293¢ 0
2927 0
2933 0
2897 0
3863
3928 0
3905 0
3858 0
5815 0

348

0.

Xc

.227
L2432
.374
.378
.395
.400
414
L1398
.149
.169
.187
.203
067
.074
.089
.108
.131

.060
.074
.092
. 019

HI

17.

12

21.
18.
13.°

19.
17.

12.

18.

12.

7

16.

891l

.887
123
.901
.384
.806
.135
.846

.521

139
022

441
770

992

.732

127

152

502

.858

.515%

668

244,
236.
228.
278.
270.
250.
233.
224.
276.

270.

2473,

225.

250,

!

(¥



No.

74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
80
91
92
93
94
95
96

.00807
.0080Q7
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807

.00807

N i

.67
.67
.67
.61
.67
.67
.67
.61

.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61

.61

Table IV-6
P
1336.5
1336.5
1343 .2
1346.5
1333.1
1329.8
1333.1
1964.1
1964 .1
1973.0

1968.5

1968.5

1946 .4
1850.8
1959.6
1950.8
1950.8
1955.2
1950.8
1955.2
1968.5
1946.4
1564.1

1950.8

{Continued)

349

G
5864
5895
5917

954
3887
3863
3976
1002
1033
1019
1001

962
2004
2020
1990
1980
1949
2979
3009
3035
3028
3018
3978

4024

.037
.045
.058
.38%
.376
.393
.404
.430
.225
.234
.256
.272
.285
120
.134
.149
173
.205
.080
.081

8.

20

20.

17

i2

24.

19

14.

23

18.

13

115

.905

.823

302

761
372
416

.041

642

.345
.606
.848

6l4

.538

T

267.

Lo5.



No.

97

98

99
160
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119

120

.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.30807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807

.61
.61
.61
.61
.61
.61
.61
.61
.15
.15
.15
.15
.15
.15
.15
.15
.15
.15
.15
.15
1.15
.15
.15
.15

Table IV-6
P
1959.6
1959.6
1950.8
1959.6
1964.1
1964.1
1 1964.1
1964.1
1942.0
1950.8
1955.2
1946.4
1950.8
1959.6
1964.1
1955.2
1959.6
1955.2
1950.8
1959.6
1964.1
1964.1
1959.6
1950.8

{Continued)

G
4004
4006

4024

6006

350

6018
6017
5995
6003
1027
1011

995
1000
1008
2005
2023
1994
2007
1990
3007
3008
3008
3004
3017

4033

Xc

.108
.130
.164
.054
.069
.089
.112
.142
.370
.383
.396
.408
L407
.176
.187
.209
.225
.257
.090
.106
.121
.141
.163

.124

HI

13.

8.

24
19
13

24.

18

14.

24

18.

13

674
199

.179
.884
.173
.816
.756
171
.094
.012
.396
.358
. 745

403

.438

073

.880
321
.119

899

.816
203
L322

.886

CHF

152 .7
141.5
138.2
242 .8
224 .6
207 .2
194.6
187.5
146.2
138.3
129.8
123.2
115.7
181.0
170.7
161.9
153.3
145.9
200.0
185.5
170.9
157.4
144.7

155.2



No.

121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144

.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807
.00807

.00807

.15
.15
.15
15
.15
.15
.15
.15
.15
.67
.67
.67
.67

.67

.67
.67
.67
.67
.67
.67
.67
67

.67

Table IV-6
P
1950.8
1955.2
1959.6
1955.2
1964.1
1950.8
1964.1
1964.1
1959.6
1946.4
1959.6
- 1946.4
1964.1
1946.4
1950.8
1950.8
1955.2
1959.6
1950.8
1959.6
1950.8
1964.1
1959.6

1959.6

{Continued)

G

4010

3876

3995

3961

351

5360
5999
5996
5992
6034
1002

988
1040
1003

984
1956
2000
1992
2025
1968
3011
3008
2978
4009
3999

Xc

.103
.087
.070
.075
.035
. 047
.065
.083
L112
.300
.315
.320
.342
.360
111
.120
L1389
.158
.188
.075
.093
.114
.019

.035

HI

13.125
18.899
24.002
24.027
19.012
13.951

23.848
19.296

12.977

23.600
19.144

13.802

24.274

19.296



No.

145
146

147

148

149
150
151
152
153
154
155

156

.00807
.00807
00807
.00807
.00807
.00807
.00807
00807
.00807
.00807
.00807

.00807

.67
.67
.67
.67
.67
.67
.67
.61
.61
1.61
.bl

.61

Table IV-6

P
1964,
1950,
1546.
1964,
1955,
1946,
1964 .
1950.
1946.
1964.
1955,
1968.

'_\

(Continued)

352

G
4008
4010
4024
5892
5996
6032
6025

1002

1010

1017
1002

1007

Xc

.050

HT

14.

Lo

16

13.

23

18

13.

222

L1892
.037

. 041

667

773
.171
.860

L4773

681

. 057

.889

CHF
263.
227.
150.
380.
338.
291.
251.
104.

99.

84.

87.

82.



No.

10
11
12
13
14
15
16
17
18
19
20
21
22
23

24

Table IV-7

D

.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438

.00438

1

L

.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46

.46

.46

.46

.46

.46

.46

P

1345.°

1338.
1342,
1335.
1318.
1338.
1337.
1330.
1341.

1342.

1339.¢

1334,
1341.
1325.
1330.
1341.
1340.
1345.
1342.
1330.
1329.
1341.
1317.

1333.

353

CHF data for HCFC-22

G
4053
4084
4046
4044

1025

4018
4994
5028
4984
4944
4995
5000
6112
6023
6011
6033
5991
5945
7067
6968
7004
6992
6982

6978

from MR-7a loop

Xc
0.232
0.243
0.252
0.263
0.275
0.278
0.194
0.207
0.214
0.232
0.238
0.260
0.138
0.176
0.192
0.208
0.227

0.239

HI

28.

23

18

27.
23.
20.
14.

10.

28.
21.
16.

12.

28.
24.
16.

12.

434

.480
.696
.885
727

.527

945

013

CHF

o
o
o

S8
<
=

.9

[ Q%]



No.

25
26
27
28
29
30

32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

48

.004328
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438

.46
.46
.46
.46
.46
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68

Table IV-7
P
1329.4
1339.6
1330.8
1328.5
1325.6
1345.2
1342.2
1330.1
1330.1
1330.1
1330.9
1342.9
1330.9
1332.8
1330.1
1330.1
1342.9
1330.1
1330.1
1331.2
1329.,2
1339.8
1337.7

1344.0

{Continued}

354

G
8076
7934
7958
8095
8098
3994
4010
3944
3987
4055
5026
4977
5005
4950
5029
5972
6030
6027
6001
6003
6970
6942
7071

7069

Xc

.095
.105
.138
.178
.199
.131
.146
174
.155
.200
.082
.084
.106
L1472
.170
.051
.061
.076
.108
.140
.060
.073
.096

.112

HI

27.
25.
18.

10

26

21.

15.

25.
24,

18.

10

25
22

17.

10

17

14.

591
806

795

.551
.347

.826

684

416

.530
.081

950
040

597

.671
.848
.684
L322

743

.558
.257

.981

355

.844
.239



No.

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

69

70"

71

72

.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438

.00438

.68
.68
.68
.68
.68
.68
.68
.68
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46

.46

Table IV-7
P
1349.0
1344.8
1342.2
1342.9
1344.5
1343 .2
1340 .4
1330.1
1935.6
1587.1
1958.7
1962.1
1986.4
1970.1
1932.1
1950.0
1974.3
1974.3
1963.4
1966.2
1958.5
1955.8
1961.3

1551.0

(Continued)

355

G
7023
70090
8077
8030
7949
8015
7931
7963
4061
4015
4008
4080
3956
4042
3995
3975
5067
5060
5031
4961
5060
5091
4950
6089

AcC

.043
.052
.031
.038
.046
.063
.075
.108
.120
.123
.137
.146
171
.188
.239
.258
.089
.098
L1113
.140
.190
.218
.246

071

HI

26.

23.

50

49.

44

38.
31.

23

13

49.

44

38.
30.
19.
13.

49.

486
158

.102
.682
.793
.994
.939
.486

.185

470

.037

127

841

.185
.812

.353

090

.182

707

154

CHF
386.
365.
414.
395,
373.
338.
321.
300.
208.
204.
194.
184.

171.



No.

74
75
76
77
78
79
80
81
82
43
84
85
86
87
88
89
90
91
92
93
94
95
96

.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
0.00438
.00438
.00438
.00438

.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.46
.68
.68
.68
.68

Table IV-7

F

1937.
1965.

1973,
1973.
1986.
1960.
15¢68.
1968.
1953.
1953.
1962.
1852.
1952.
1970.
1562.
1963.
1962.
1852.
195¢0.
1958.
1947,
1948.

1945,

(Continued)
G
6049 0
5588 0
6059 0
5960 0
5958 0
6002 0
5989 0
7065 0
7020 0
7062 0
7005 0
6967 b
7015 0
6985 0
8021 0
8047 0
7952 0
8029 Q
7960 0
7964 0
4059 0
40490 0
4029 0
4017 0

356

Xc

.0849
.087
.103
.124
.174
.217
237
.064
.072
.082
.108
.145
.199
.226
.057
.066
.076
.098
.133
.186
.061
.069
077

.090

HT

45.
42,
36.

21

11

48

45,
38.

33

24.

13

46.

42
39

32

24.
14.

48.

43

39.

33

971
352
593

.360
.108
.974
.910

L462

047
692

.026

553

.846

.235

952

.879
.147

.733

662
968

717

.849

990

.795

CHF
263.
248.
236.
224.
212,
201.
193.
307.
293.
278.
259.
243.
232.
223.
333.
318.
301.
286.
268.
258.
378,
352.
335.
306.

2

9



No.

97
98
99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438

.00438

.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68

.68

Table IV-7

P

1946.
1850.
1942.
1940.
1937.
1938.
1950.
1936.
1933.
1935.
15862.
1962.
1961.
1945.
1945.
1952.
1950.
1950.
1950.
1950.
1962.
1945.
1945.

1955.

{Continued)

357

G
4031
3922
4041
3959
3958
5001
4962
5014
4954
4947
4979
5027
5009
4877
5049
5979
6019
6000
5932
6046
6000
6042
6073

6986

Xc

. 097
L1286
L129
.154
.168
.040
.0486
.049
.060
.067
.087
.096
.101
.127
.136
.020
.027
.036
.046
.056
.069
.094
.137

.016

1.

47.
a4,
40."
35,
31.
25.
19.

15.

47.
43.
38.
33.
27.
21.

13.

Lt

47.

28]

o



No.

121
122
123
124
125
126
127
128
129
130
131
132
133

134

.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438
.00438

.00438

.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68
.68

Table IV-7

P
1962.
1850.
1961.
1959.
1949.
1944.
1962.
1950.
1950.
1950.
1648.
1946.
1944.
1960.

’_\

{Continued)

358

G
7041
6977
7005
7060
7044
6992
8056
7979
8049
8058
7951
7951
8003
7984

Xc

.020
.032
. 043
.055
.076
.109
.003
.014
.025
.036
.048
.064
.087

.115

HI

43.

251

37.419

30
24

le

47

42

36.

30

25.

19

11.

.892
.110
.68%
.110
.496
.98%

697

.933

627

.347

648

.783

CHF
521.
472,
419.
368.
319.
277.
619.
576.
522.
471,
420.
370.
319.
298.

8
8



No.

10
11
12
13
14
15
16
17
18
19
20
21
22
23

24

Table IV-8 CHF data for water from MR-1A loop

.008
.008
!008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008

.008

L

.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.15
.75
.75
.75
.75
.75

.75

P
7039
7033
7049
6954
6968
6999
6998
7025
7013
6991
6994
7065
7001
6946
6849
6908
7043
7013
6979
6958
7039
6956
7028

6951

G
2524
3864
5219
6489
7752
2587
3906
5296
7743
2514
3777
5147
6440
7640
7727
7745
2564
3892
5212
6577
7832
2587
3941

5187

359

Xc

.350

.180
.120
.378
.290
L2259
.190
172
.173
.1l66
.365
.266
.203
.159
.137
.299
.164

.106

HI

143.

145.

148

151

1598.

117,

113

116.

112
30
27
31

32

26.

28
34
70

67

70.
76.

79.

487

433

.065

.372

446

115

L1709

688

.966
.409
.691
.221

.359

547

.543
L7135
.244

.049

2337
2465
2830
1896
2165
2307
2599
1725

2003

1815
2076
2245
2380
2554
2261
2448

2629



NG.

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008
.008

.008

1

.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75

.75

Table IV-8
P
7058
6956
7084
6996
7029
7014
6933
10088
9933
10664
10031
10043
10056
10036
6942
9971
10071
10039
10076
10059
8978
9995
10114

10056

Xc

067

.054
.028
.270
.165
.087
.049
.218
.108
.080
.069
.060
. 267
.165
.119
.098
.085
.278
.181
.139
.132
.127

.289

(Continued)
G
6314 0.
7787 0
7673 0
2505 0
3677 0
5015 0
6404 0
2582 0
3953 0
5237 0
6423 0
7712 0
2401 0
3786 0
5053 0
6380 0
7806 0
2501 0
3867 0
5277 0
6350 0
7709 0
2551 0
3776 0

360

.209

HI

314.
302.
455.

441,

384
401
401
330
327

321.

324
325

208

202.

201

201

211.

134.

131
137

138.
134.

81

77

077
958
367

074

.163
.977
.838
.451

.108

758

.517
L4977

.893

989

.708
.901

746

613

L4272
.620

911

6le

.798

.01%

CHF

2996
3422
4358
2426
2659
3051
3480
1816
2120
2553
3047
3564
1534
1813
2073
2411
2887
1427
1626
1928
2268
2658
1341

1517



No.

49
50
51
52
53
54

55

.008
.0cg
.008
.008
.008
.008

.008

.75
.75
.75
.75

.75

Table IV-8
P
9997
10067
9971
10089
10085
10127

10121

(Continued)

Gz Xc
=147 0.180
6544 0.1689
2541 0.206
3820 0.100
5186 0.063
6464 0.052
7687 0.04¢

361

HI

74,
404.06

406.

.960

2208
1962

2344



APPENDIX V
PRESSURE DROP EQUATIONS FOR

GAS-LIQUID FLOW

The derivation of the pressure drop equation for gas-liquid flow is mainly based on
Butterworth’s (1977) and Collier’s (1981) work. The equations are derived based on the
assumption of one-dimensional homogeneous flow.

Figure V-1 shows the force balunce over a control volume adjacent to the tube wall,
where P is the pressure, A, the flow cross-sectional area, z the axial distance, T, the wall shear

stress and s, the perimeter of the control volume.

Figure V-1 Force balance on an element of the tube.
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For single-phase flow

One-dimensional momentum equation

oP o
P+ = - - gf V-1
L[P (P+ % 6z}]dAF fsptwﬁzds + LF az(GU“)aszF + LFpg sinB 6zdA (V-1

(pressure force) (wall force} (momentum change) (weight)
force

where G is the mass flux, U, the flow velocity, p the fluid density and g the constant of the
gravitational acceleration. From the one-dimensional cssumption, the integration of Eq. (V-1)

yields
P[P+ AL = ©. 552+ 2(GU. Yoz A+ pg-sind -6z -A (V-2a)
. F w Sp AL FTPE F
or

4P _ 5 av. . (V-2b)
% AFtw + G_d? + pg °sind ;

One-dimensional energy balance

dPv) + du + d(% Uf] + d(g-sinb-z) = dg - dw (V-3)
pressure internal kinetic potential heat external
energy energy energy energy input  work
From thermodynamics,
du = dg + dLW - Pdy (V-4)
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where the dLW is the loss of work. In present case, most of the loss of work is due to friction.

Thus,

dLW = dW,

where dW, is the foss of work due to friction. Combining Eqs. (V-3) and (V-4), gives

vdP + U,dU, + g-sinbdz + dW, = 0

or

+ G—=
dz dz dz

aw, dau
L p—I + psinB-g

The total pressure gradient can be decomposed into

dp _ dP; dp, dP
dz dz dz dz

where
-(dPp)/(dz) the frictional pressure gradient
-(dP,)/(dz) the accelerational pressure gradient
-(dPg)/(dz) the gravitational pressure gradient

For two-phase flow

One-dimensional momentum_equation

oP _ d i
LF[P -(P+a_z&z]]dAF— J, wubads+ [, 26U+ G, U bedg+ [, pg-sinddzdds
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(V-5a)

(V-5b)

(V-6)

(V-7a)
(V-7b)

(V-Tc)

(V-8)



Simplifying this equation for one-dimensional flow, gives

dPp S d ,
=z = itw + z[aGgU3+(1~a)Gfo] + g-sinflap +(1-a)p] (V-9

where ¢ is the void fraction and the subscripts "f" and "g" represent the saturated liquid phase
and the saturated vapour phase, respectively. The mass flux and the flow velocity for each phase

are calculated as follows:

m(l-x) _ GO

= V=)
foA(1-e) 1-a (V-1
G, - & (V-10D)

& o
u - (V-11a)

Py

and

y, - (V-11b)

pg

where ri1 is the mass flow rate and x is the quality. Substituting Egs. (V-10) and (V-11) into

Eq. (V-9), gives

AP _ S e d| X AR cerap +(1-a (V-12)

One-dimensional energy equation

Similar to Eq. (V-3)



dAPvYy, + dig d(%Uf}% ¢ dgsind2), - dg - AW (V-13)
where
d(Pv)M = d[vag + (1 —.x)Pvf]
.:iu;,_,11 = dg + de + It’d[xv[g + (1-x)vf]
and
d(%Ui)% - d[%xU; - DY

The subscript "2¢" represents the two-phase mixture, After some rearrangement, Equation (V-13)

becomes

3 P
X +(loc)

o’py (1-0)’pf

ap _ AW 1
dz

} + pyg sind (V-14)

where
=2 X (V-15)
For homogeneous flow (no slip)

— = vy (V-16)

where the subscript "H" represents the homogeneous flow condition and
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1+ﬁ& (V-I?)

Relation between the momentum and energy equations

For a single-phase flow, the respective terms in Eq. (V-2b), i.e. {rom the momentum
equation, and Eq. (V-5b), i.e. from the energy equation, are identical. For a two-phase flow, the
respective terms in Eq. (V-12), i.e. from the momentum equation, and Ey. (V-14), i.c. from the
energy equation, are no longer identical except for the case of no slip between the phuses

(homogeneous flow). For a homogeneous flow condition, in a single-phase flow:

_de s aw

el S S il | (V-18)
& A g
O G | e (V-19)
dz dz
and
_& = psin-g (V-2())
dz
and in a two-phase flow:
i S S pﬂ_d_v.’ﬁ‘ (v-21)
de. A" dz
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dP 2 —\2 3 3
Ay _ged| 2 A | 1) G2 d] X _+ (1-x) . (V-22)
dz dzj ap, (1-)ps 2 dz ang (lma)zpf
and
_iu_:& = pyg-sind = g-sinBlap +(1-oc)p_g (V-23)
dZ 8

Substituting Eq. (V-17) into Egs. (V-22) and (V-23), gives

d| x* 1-x)2 | 1 dl x3 1-x)3 dv
£ /. o pg (1_“) Pr
and
Py = [ap r(1-a)pd (V-25)
Therefore,
4R, 28V (V-26)
dz dz
and
dP i
_T;; = p,g'sing (V-27)

The pressure gradient due to friction depends on the correlation which is applicable to the

homogeneous flow condition. From Collier (1981), for a single-phase flow, it is written as
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_dPy 225G, (V-28)
& D

where D is the tube inner diameter and f;, is the friction factor determined by the Blasius

equation, i.e.,

-4
fo = 0.079(99] (V-29)
n

For a two-phase flow, the form similar to Eq. (V-28) is used

B S
dz D

+xk] (V-30)
Vr

where D is the tube inner diameter and f,;, is determined by

(V-31)
m

-1j4
Fp = 0.079(6"-))

where the )1 is the mean two-phase viscosity. The relation between i and the quality must satisfy
the following limiting condition:

For =0, p=p,

For x=1, p=p,
According to Collier, several possible forms of this relation are suggested by

(i) McAdams et al. (1942)

T T : (V-32)
"‘g p‘f

I -

(ii) Cicchitti et al. (1960)
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B =xp, + (-2 (V-33)

(iii) Dukler et al. (1964)
B = pylevep, + A-0)vpd (V-34)

Because Eq. (V-32) is the most common definition of p according to Collier’s comment, it is also

chosen for the present work.
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