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ABSTRACT

A systematic study on the CHF in complex geometry has been carried out using a dumbbell
shaped tube. The dumbbell shaped flow channel consists of two subchannels interconnected via
a narrow gap, which simulates the two adjacent subchannels a in nuclear fuel bundle. The study

was divided into two parts: mechanistic modeling and experimental investigation.

Over 620 CHF data were obtained in a dumbbell-shaped tube with R-134a as working fluid. A
wide range of flow conditions was covered. The gap size of dumbbell shaped tube was varied
from 0, 0.15, 0.3, 0.5, 0.7, to 1 mm. This experimental investigation is one of the most
systematic researches on the gap effect. It is found that the CHF trends against thermalhydraulic
parameters in the dumbbell shaped tube are similar to those in circular tubes. No severe adverse
effect was detected in the dumbbell-shaped tube under the test range of this study. The CHF
decreases with decreasing gap size. On the average, as gap size decreases from 1 mm to zero

CHEF drops about 17.2% at a fixed inlet condition and about 11.5% at a fixed local condition.

An analytical model for complex geometry, the partition model, was developed based on the
annular flow assumption. The partition model divides a complex geometry cross section into
two logical channels. Instead of making a complex two-dimensional description. the partition
model calculates the complex geometry CHF by analyzing flow and heat transfer in two
interactive one-dimensional flow channels. A new approach for the geometry effect on
deposition was developed. A software package CHFA++ was developed based on the partition
model to predict the CHF in complex geometries. The partition model predicts the CHF in
dumbbell-shaped tubes and the gap effect with good accuracy.

Several recommendations were made for further research on complex geometry CHF, including
the optimization of the partition model, extending the application of the partition model to other

complex geometries, and conducting experiments on the liquid film distribution.
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NOMENCLATURE

Symbol Description Unit
A Flow area m?

A Correlating parameter -

B Correlating parameter -

C Correlating parameter -

C Droplet concentration kg/m’
Ce Equilibrium droplet concentration kg/m
Ceq Equilibrium droplet concentration kg/m
CHF Critical heat flux W/m?
CHF, Circular tube CHF W/m?
Cp Specific heat J/kg°C
D Diameter m

D Deposition rate of liquid droplets kg/m’s
Deq Equivalent diameter m

Dy Hydraulic/heated diameter m
Dhe Heated diameter m
Dhy Hydraulic diameter m

D; Inner tube diameter of annulus m

Do Outer tube diameter of annulus m

d Diameter m

deq Equivalent diameter m

dhe Heated diameter m

dny Hydraulic diameter m

do Circular tube diameter m

E Entrainment rate kg/m’s
F Shape factor -

f Fanning friction factor -

G Mass flux kg/m?3s
g Constant of gravitational acceleration m/s?
h Enthalpy J/kg
hexit Enthalpy at the exit of test section Jkg
hr Saturate liquid enthalpy J/kg
hin Enthalpy at the inlet of test section J/kg
he Latent heat J/kg
h; Inlet enthalpy Jkg
Ahgyp Inlet subcooling Jkg

i Inlet enthalpy J/kg
Aigyp Inlet subcooling J/kg
K Correlating parameter -

k Deposition rate coefficient m/s
Kp Pressure correction factor -

ky Quality correction factor -

ks Gap size correction factor -

xiv



L Length of test section m
Le Lewis number -

Aleq Equivalent height of roll waves

lp Perimeter m
M Model

P Pressure Pa
Pr Prandtl number -

q” Heat flux kg/m?
R Radius m
Re Reynolds number

r Radius m
Sc Schmidt number -

T Temperature °C
u Actual velocity m/s
A" Superficial velocity m/s
w Mass flow rate kg/s
X Quality

Y0, Y1s ---5 Y5 Correlating parameter -
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Chapter 1
INTRODUCTION

1.1 Background

The boiling heat transfer process, by which a liquid phase is converted to a vapor phase, is of key
importance in a wide range of applications such as water-cooled nuclear reactors and power plant
boilers. In general, boiling is an extremely efficient mode of heat transfer. However, if the
surface temperature or heat flux is high enough, the boiling heat-transfer process breaks down,
and a severe deterioration in heat transfer can occur. The term “critical heat flux condition’ is
used to denote the state of the system at which the characteristic reduction in heat transfer
coefficient has just occurred. The maximum heat flux just before this state is called the “critical
heat flux (CHF)”. For a system in which the surface heat flux is controlled, the critical heat flux
condition is characterized by a sharp increase in surface temperature. Likewise, for a system in
which the surface temperature is controlled, a considerable reduction in heat flux will result

when the CHF condition is reached.

Critical heat flux plays a critical role in the design of thermal power systems. It is essentially the
maximum power at which the system can be operated. Exceeding this limit may result in a
sudden rise in surface temperature due to the sharp drop in heat transfer coefficient. In many

practical cases this large temperature jump is sufficient to cause failure of the heating surface.

One such thermal power system is the CANDU system illustrated in Figure 1.1. In this system,
heavy water, which works as both primary coolant and moderator, is forced to circulate through
the CANDU reactor core (fuel bundle) and steam generator (boiler). The pressurized heavy
water transfers the heat produced by uranium fission in the reactor core to ordinary light water
flowing in secondary loop. Heat applied to ordinary water in the secondary loop produces steam,

which drives the turbine, which in turn drives the generator to produce electricity. The
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evaluation of CHF is crucial in water-cooled reactor design since it limits the operating power.
In order to maintain a proper safety margin during reactor operations, accurate prediction of the

CHF value is required.

Figure 1.1 Schematic of CANDU system (from http://www.ncf.carleton.ca/~cz725/).
The considerable economic importance of predicting CHF has resulted in a vast amount of
literature on the subject. Many terms other than CHF have been used to denote this
phenomenon. These include boiling crisis, burnout, dryout, and DNB (departure from nucleate
boiling). CHF condition is the most widely accepted term because it is a general description. In
the non-English language literature, ‘boiling crisis’ is extensively used to refer to this
phenomenon. Burnout is the common name but is consequence-focused. This implies a physical
destruction of the heated surface. In fact, failure of the heated surface may not always occur

once the CHF is exceeded.

Dryout and DNB are mechanism-oriented and imply definite mechanisms for particular flow
patterns. A critical heat flux condition occurring in an annular flow is usually called dryout or
dryout-type CHF; a critical heat flux condition occurring in a bubbly flow is usually called
departure from nucleate boiling (DNB) or DNB type CHF. Figure 1.2 summarizes these terms.
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The terms in the top layer are general while the terms in bottom layer denote a particular type of

the CHF.

CHF condition/Boiling crisis/Burnout

A

Dryout/Slow Burnout DNB/Fast Burnout ]

|
I
i

Figure 1.2 Terms used to denote CHF condition phenomenon.

1.2 Statement of Problem

In the last four decades, with the increased demand in the thermal loading of water-cooled
nuclear reactors and power stations, the CHF has been studied extensively. Hundreds of
correlations and numerous models to predict CHF have been developed. Because of the
complexity of the CHF, most prediction methods are based on a round tube. For other
geometries of interest, such as subchannel shapes or rod bundles, current CHF prediction
methods are often based on extensions to the round tube or empirical correlations derived from

circular tubes. The effects of the geometry difference are largely ignored.

In the nuclear industry, the application of CHF tube correlations to the subchannel geometry isa
possible source of large errors in CHF prediction; hence large safety margins are required to
compensate for these potential errors. The effect of geometry on CHF becomes more important
if considering geometry changes due to pressure-tube creep, fuel strain and fuel-element bowing
during normal operation or postulated loss-of-regulation accident conditions. However, no

universal method is yet available for the precise prediction of CHF for industrial applications.

Current difficulties in developing a reliable prediction method for CHF ina complex geometry
like the rod-bundle are mainly attributed to a lack of understanding of the geometry effect. The

geometric configuration of the flow channel can significantly affect the flow regime of the two-
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phase mixture, which in turn affects the rate of inter-phase heat, mass, and momentum transfer,
and thus affects CHF. Different from the effect of thermalthydraulic parameters (e.g., quality,
mass flux, etc.) on CHF, which can be investigated in simple tubular geometry, the geometry
effect is much more difficult to study due to the large number of parameters involved. For the
case of rod-bundle geometries, any variation in each of the characteristic dimensions (e.g., inter-
element gap size, element/pressure-tube gap size, curvature of the surface, subchannel shape)
must be considered. Moreover, the resultant effect of such a geometry may change with different

flow conditions.

In addition, full-scale CHF experiments on each fuel-bundle geometry would typically cost from
$2 to $5 million. The cost of experimentally investigating the geometry effects in full-scale
simulated fuel-bundle geometries is also prohibitive. Moreover, these full-scale CHEF tests are
sometimes risky. In practice, CHF measurements are normally performed in out-of-reactor
loops, using a similar test-section geometry. To obtain an accurate value of the CHF at reactor

conditions of interest, these test sections must simulate the reactor as closely as possible.

A 37-rod fuel bundle from the CANDU reactor is shown in Figure 1.3. The rod bundle’s cross
section is usually divided into a series of subchannels. A traditional approach to define the
subchannel is to join lines between adjacent rod centers. Figure 1.4 shows two adjacent
subchannels. In this study, a dumbbell-shaped tube is used to investigate the effect of such
geometry on CHF. As shown in Figure 1.5, the dumbbell-shaped channel consists of two
subchannels interconnected via a narrow gap. Its shape is close to the two adjacent subchannels
shown in the nuclear fuel-rod bundle. The narrow gap region simulates the gap between two

adjacent rods.
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Figure 1.3  Candu fuel bundle (from http://www.ncf.carleton.ca/~c2725/).

Figure 1.4

Subchannels and rods in a CANDU fuel bundle.
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Figure 1.5 Dumbbell-shaped tube.

1.3 Objectives and Scope

The objective of this work is to investigate CHF in a complex flow geometry utilizing a

dumbbell-shaped tube. The study includes experimental investigation and modeling of CHF. To

accomplish this goal, the following interrelated areas of endeavor are investigated.

1.

Analysis of CHF mechanisms

The CHF prediction methods are based on the understanding and analysis of mechanisms
producing CHF. It is necessary to investigate CHF mechanisms at various flow
conditions, using different CHF prediction methods and CHF modeling techniques.
Survey of previous research on complex flow geometry CHF

A considerable amount of research work has been carried out to determine CHF values
for various flow geometries. This task will focus on reviewing the previous studies
related to complex flow geometry CHF and dryout-type CHF modeling. Also, the effect
of all the dominating geometry parameters, such as tube diameter and gap size. will be
examined and summarized.

Experimental investigation of CHF ina dumbbell-shaped tube

The results from previous studies show that the gap size between two adjacent surfaces is
a fundamental parameter in defining CHF. To understand the gap size effect on CHF and
obtain systematic database for a mechanistic analysis, CHF experiments are performed
with a series of dumbbell-shaped tubes using different narrow gap sizes. This task
focuses on acquiring narrow gap CHF data and analyzing the gap effect on CHF.
Development of a complex flow geometry dryout-type CHF model
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This task aims to derive a theoretical model to predict dryout-type CHF in a complex
flow geometry. This model extends the circular tube CHF model by considering the

effect of geometry on flow, heat and mass transfer.

Chapter 2 provides a summary of the CHF mechanisms at various flow conditions, illustrates the
parameter trends, and discusses various prediction methods. Chapter 3 reviews the literature on
complex flow geometry CHF and models used to predict CHF. Chapters 4 and 5 outline the
experimental investigation and modeling of CHF in the dumbbell geometry. Chapter 6 analyzes
the experimental data, whereby comparisons are made between the model predictions and

experimental data in Chapter 7.

The conclusions of this study are presented in Chapter 8: both experiment and model results are
summarized, the limitations of the present study are discussed, and recommendations for future

work are provided.
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Chapter 2
CRITICAL HEAT FLUX IN FLOW BOILING

An understanding of boiling and CHF mechanisms is important for accurate prediction of CHF.
There are two basic types of boiling: pool boiling and flow boiling. Pool boiling is the process in
which the heating surface is submerged in a large body of stagnant liquid. The relative motion of
the vapor produced and of the surrounding liquid near the heating surface is due primarily to the
buoyancy effect of the vapor. Nevertheless, the body of the liquid as a whole is essentially at
rest. Flow boiling is boiling in a flow stream of fluid, where the heating surface may be the
channel wall confining the flow. Detailed reviews of the CHF mechanisms in Pool Boiling are
given by Hewitt (1997), Katto (1992), Dhir (1996), and Begles (1992). This study is restricted to
flow boiling CHF because the most important applications are those where boiling occurs in a

channel, such as flow through a rod bundle as in the fuel elements of a nuclear reactor.

The CHF mechanisms depend strongly on flow regimes. This chapter focuses on the description

of flow regimes, heat transfer regions, and finally analyzing the CHF mechanisms.

2.1 Flow Boiling

2.1.1 Regimes of Heat Transfer in a Vertical Heated Tube

In the majority of boiling systems, evaporation occurs in the fluid flow through vertical channels
of one form or another. Let us consider the case of a vertical tube heated uniformly over its
length with a relatively low heat flux and with a pure single-phase upward-flowing liquid
entering at its inlet. This prescribed heat flux boundary condition for a one-dimensional situation
is the simplest case. The presence of a two-phase fluid flow has a profound effect on the heat
transfer characteristics of the system. Referring to Figure 2.1, the following definitions can be

adopted for various heat transfer regions.
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Figure 2.1 Regions of heat transfer in convective boiling (from Collier and Thome,

1994).
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Single-phase convective heat transfer to the liquid phase (region A)

As liquid enters the channel, if subcooling is high enough, there is a section of single
phase forced convection until incipient boiling sets in. The wall temperature remains
below that necessary for nucleation. In this region, the heat transfer coefficient changes
slightly due to the effect of temperature on the liquid properties

Onset of nucleate boiling (ONB)

This is the point at which boiling is initiated in a vertical heated tube. The wall
temperature must be some what above the saturation temperature before bubble growth
can occur.

Subcooled boiling (region B)

Bubble nucleation begins when the bulk flow quality is less than zero. From the onset
of bubbles to the saturation condition is called the subcooled nucleate boiling region.
But even after boiling incipience, the degree of subcooling is still very high. so that
bubbles collapse before leaving the heating surface. Thus the void is concentrated at
the wall. As the fluid proceeds farther downstream and loses more subcooling, the
bubbles grow bigger and detach from the surface. The void fraction increases with
distance. In the subcooled boiling, the wall temperature remains a few degrees above
the saturation temperature and the mean bulk fluid temperature increases towards the
saturation temperature. In this region, the temperature difference between the wall and
the bulk fluid decreases linearly with length. At fixed heat flux. the heat transfer
coefficient increases linearly with length.

Saturation Point

This is the point at which the bulk fluid inside the channel reaches the saturation
temperature (thermodynamic equilibrium quality x = 0) found on the basis of simple
heat balance calculations.

Saturated nucleate boiling (regions C and D)

Beyond the saturation point, bulk void increases even more rapidly. The flow pattern
changes from bubble or slug to annular type. In this region, the temperature difference

and the heat transfer coefficient remain constant.
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Two-phase forced convective region of heat transfer (regions E and F)

As the quality increases through the saturated nucleate boiling region, a point may be
reached where a fundamental transition in the mechanism of heat transfer takes place:
the process of boiling is replaced by the process of evaporation. The region beyond the
transition has been referred to as the two-phase forced convective region of heat
transfer. In this region, the thickness of the thin liquid film on the heating surface is
often such that the effective thermal conductivity is sufficient to prevent the liquid in
contact with the wall from being superheated to a temperature which would allow
bubble nucleation. Heat is carried away from the wall by forced convection in the film
to the liquid-vapor core interface, where evaporation can no longer be called boiling.
Before dryout occurs, the difference between wall temperature and the saturation
temperature gradually decreases. Therefore, the boiling heat transfer coefficient is
increasing; this is a consequence of the liquid film in annular flow becoming thinner as
the quality increases.

Dryout point

For the case described above, the critical heat flux condition occurs at some critical
value of the quality, where complete evaporation of the liquid film occurs. This
particular CHF transition is known as "dryout" and is accompanied by arise in the wall
temperature for channels operating with a controlled surface heat flux. At this point,
the heat transfer coefficient suddenly drops from a very high value in the forced
convection region to a value near to that of forced convection to dry saturated vapor.
Liquid deficient regime (region G)

The area between the dryout point and the transition to dry saturated vapor (region H)
has been termed the liquid deficient region (corresponding to the drop flow pattern),
where post-CHF heat transfer occurs. In this region, the vapor velocity increases and
the heat transfer coefficient rises correspondingly.

Single-phase convective heat transfer to the vapor (region H)

In the single-phase vapor region, the heat transfer coefficient levels out to that

corresponding to convective heat transfer to a single-phase vapor flow.
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2.1.2 The Boiling Map

Figure 2.1 shows a conceptual picture of the various flow patterns over the tube length, the
qualitative temperature profile, and the corresponding heat transfer regimes. The heat transfer
coefficient changes with the length in different heat transfer regions are described in section
2.1.1. However, the case discussed in the section 2.1.1 is restricted to a relatively low heat flux
supplied. When heat flux is increased, the flow and heat transfer may change accordingly.
Figure 2.2 shows the heat transfer coefficient plotted against quality with increasing heat flux as

a parameter (curves i to vii).

preay

HEAT TRANSFER
COEFFICIENT

SUBCOOLED SATURATED |LIOUID-OEFICIENT
FILM BOILING | FILM BOILING REGION

DNB DNB

ORYOUT

SUBCOOLED SATURATED SUPERHEATED
S x=0 x =
x

1

Figure 2.2 Vaniation of heat transfer coefficient with quality with increasing heat ﬂﬁx as
parameter (from Collier and Thome, 1994).
Figure 2.3 shows the various regions of two-phase heat transfer in forced convective boiling ona
three-dimensional diagram with heat flux, mass quality, and temperature as co-ordinates. Figure
2.4 shows the regions of two-phase forced convective heat transfer as a function of quality with
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increasing heat flux as ordinate. These diagrams, which illustrate the relationship of heat transfer

coefficient, heat flux and quality, are called the boiling maps.

§ HEAT FLUX

Figure 2.3 Forced convective boiling surface (from Collier and Thome, 1994)
Figure 2.2 curve i represents the variation of heat transfer coefficient along the tube for the
conditions given in Figure 2.1. The temperature pattern shown in Figure 2.1 can be recognized
as the projection in plan view of Figure 2.3. Curve ii shows the influence of increasing the heat
flux. Subcooled boiling is initiated sooner; the heat transfer coefficient in the nucleate boiling
region is higher but unaffected in the two-phase forced convection region. Dryout occurs at a
lower mass quality. Curve iii shows the effect of a further increase in heat flux. Subcooled
boiling is initiated earlier and the heat transfer is again higher in the nucleate boiling region. As

the mass quality increase, before the two-phase forced convective region is initiated, and while
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bubble nucleation is still occurring, an abrupt deterioration in the cooling process takes place.
This transition is essentially similar to the critical heat flux phenomenon in saturated pool boiling

and is termed departure from nucleate boiling (DNB).
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Figure 2.4 Regions of two-phase convective heat transfer as a function of quality with
increasing heat flux as ordinate (from Collier and Thome, 1994).
The mechanism of heat transfer under conditions where the critical heat flux has been exceeded
is dependent on whether the initial condition was the process of *boiling” or the process of
“evaporation”. In the later case, the liquid-deficient region is initiated; in the former case. the
resulting mechanism is one of film boiling. Further increases in heat flux cause the condition 6f

DNB to occur in the subcooled region (curve vi and vii).

2.2 Flow Boiling CHF

Flow boiling CHF is closely related to the type of flow pattern and phase distribution present at
its occurrence. A large number of CHF mechanisms with their regions of operation have been

proposed. In this section, CHF mechanisms are discussed according to Tong and Tang (1997).
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As illustrated in Figure 2.5, the flow boiling CHF mechanisms are roughly classified into the

following two categories:

. CHEF in a subcooled or low-quality region (DNB).
. CHEF in a high-quality region (dryout).
|
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Figure 2.5 Comparison of CHF mechanisms in various flow patterns (from Tong and
Tang, 1997).

2.2.1 CHF in a Subcooled or Low-Quality Regicn

In general, CHF occurs in a subcooled or low-quality region in case of high heat flux. The high
heat flux causes intensive boiling, so the bubbles are crowded in a layer near the heated surface.
The local voidage impairs surface cooling by reducing the amount of incoming liquid. At CHF
conditions, the local void spreads as a vapor blanket on the heating surface and the nucleate

boiling disappears, replaced by a film boiling. Thus was the name, departure from nucleate
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boiling (DNB), established. This type of CHF condition usually occurs at a high flow rate, and
the flow pattern is called inverted annular flow. The observed CHF mechanisms in the
subcooled or low quality, bubbly flows are sketched in Figure 2.6, listed in the order of

decreasing subcooling.

High subcooling

subcooling Froth flow

Figure 2.6 Mechanisms of DNB in bubbly flows (from Tong and Tang, 1997).
(A) The surface overheating at CHF in a highly subcooled flow is caused by a poor heat
transfer capability of the liquid core.
(B) The DNB in a medium- or low-subcooling bubbly flow is caused by near-wall bubble
crowding and vapor blanketing.
(C) The DNB in a low-quality froth flow is caused by a bubble burst under the bubbly liquid

layer.

The two-phase mixture in the boundary layer near the heating surface can hardly be in
thermodynamic equilibrium with the bulk stream. Thus, the magnitude of the CHF depends on
the surface proximity parameter as well as the local flow patterns. The surface proximity
parameters include the surface heat flux, local voidage, boundary-layer behavior, and its
upstream affects. When this type of CHF occurs, the internal heating source causes the surface
temperature to rise rapidly to a very high value. The high temperature may physically burn out

the surface. In this case, it is also described as fast burnout.
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2.2.2 CHF in a High-Quality Region

This category of CHF occurs at a heat flux lower than the one described previously. The total
mass flow rate can be small, but the vapor velocity may still be high owing to the high void
fraction. The flow pattern is generally annular. In each of these configurations a liquid annulus
normally covers the heated surface as a liquid layer and acts as a cooling medium. If there is
excessive evaporation due to boiling, this liquid layer breaks down and the surface becomes dry.
Thus this CHF condition is often termed dryout. The magnitude of the CHF in such a high-
void-fraction region depends strongly on the flow pattern parameters, which can include flow
quality, average void fraction, slip ratio, vapor velocity, liquid-layer thickness, and boiling
length. It has only a weak dependence on the surface parameters. The observed CHF

mechanisms in medium- or high-quality annular flows are sketched in Figure 2.7.
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Figure 2.7 Mechanisms of dryout annular flows (from Tong and Tang, 1997).
(A) The dryout in a medium-quality annular flow is caused by liquid-layer disruption due to

surface wave instability.
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(B) The dryout in a high-quality annular flow is caused by the disappearance of the liquid

layer on the heated wall.

When the CHF phenomenon occurs, the surface temperature rises. Because of the fairly good
heat transfer coefficient of a fast-moving liquid-vapor core in an annular flow, the wall
temperature rise after a dryout in the high-quality region is usually smaller than that in subcooled
CHEF. It is even possible to establish a steady-state condition at moderate wall temperatures, so
that physical burnout may not occur immediately — this form of dryout is also described as slow

burnout.

2.3 Parametric Effects on CHF

2.3.1 General

A large amount of work has been done on the determination of CHF under a wide variety of
conditions. This section focuses on a brief summary of the important parameter trends in CHF.

Extensive reviews are given by Collier (1994) and Tong (1997).

Parameter effects on CHF are usually investigated by examining the effect of each independent
variable separately. System parameters, such as inlet flow-rate, inlet temperature, system
pressure, tube geometry, and the tube length, are considered as possible inlet conditions which
can influence the critical heat flux. Thus, CHF can be expressed as a function of these inlet
conditions:
qenr = f (P.GBiy Dy L)

As shown, a CHF correlation based on inlet enthalpy must be accompanied by a length term.
Figure 2.8 shows conceptually the effect of various system parameters on CHF based on fixed

inlet condition.
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Figure 2.8 Parametric effects on CHF at fixed inlet condition (from Whalley, 1987).

In a typical system with a uniform heat flux, CHF first occurs at the exit of the heated section.
The CHF correlation is usually expressed in terms of fixed local condition as follows:

q;‘m-’ = f(p’ G,x, DH)
Figure 2.9 illustrates conceptually the effect of various parameters based on fixed local

condition.

Furthermore, it is necessary to point out that the effects of these parameters on CHF are not

entirely independent, but are mutually related. There are also many other parameters, such as
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channel orientation, local flow obstruction, surface property, hot-patch, rod bowing, rod spacing,

flow instability, dissolved gas, and volatile additive, which can affect the CHF.

Qo Fixed P, G, Dn Qeur Fixed P, Du
G
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Figure 2.9 Parametric effects on CHF at fixed local condition (from Whalley, 1987).

2.3.2 Effects of Pressure

Pressure has a strong effect on CHF primarily because of its effect on thermodynamic properties.
As shown in Figure 2.8 (e) and Figure 2.9 (d), the critical heat flux initially increases with
increasing pressure and then decreases with pressure. When the pressure increases to the critical

pressure, the CHF approaches zero. At the critical point, there is no property difference between

the vapor and liquid phase.



CRITICAL HEAT FLUX IN FLOW BOILING 2-14

2.33 Effect of Mass Flux

As shown in Figure 2.8 (b), at fixed inlet subcooling, pressure, diameter and length, CHF
increases linearly with mass flux at low value of G but then rises much less rapidly at high values

of mass flux.

Figure 2.9 (b) illustrates the effect of mass flux on CHEF at local conditions. The effect of mass
flux is coupled with quality at a given pressure. Inthe subcooled region, the CHF increases with
increased mass flux at fixed local condition. In the saturated region, the CHF vs. X plot shows a
crossover of constant G lines. In the low quality region, the CHF increases with G while in the
high quality region, the trend is opposite. This crossover may be explained by considering the
CHF mechanisms. At low quality, CHF is caused by bubble clouding or microlayer evaporation
- an increase in mass flux results in a more efficient removal of vapor nucleate from the wall or
in sweeping away the bubble boundary layer, and this tends to delay CHF. At high qualities.
dryout occurs due to liquid film depletion - higher flow results in a wavier liquid film and hence

increased entrainment, which tends to promote an earlier CHF.

2.3.4 Effect of Subcooling

For a given pressure, fixed mass flux, tube length and diameter, the critical heat flux increases
approximately linearly with increasing inlet subcooling as illustrated in Figure 2.8 (a). This
relationship occurs over fairly wide range of subcooling, but has no fundamental significance.
except to indicate that more energy is required to saturate the fluid. Ifa very wide range of inlet

subcooling is used, then departure from linearity is observed.

235 Effect of Quality

The effect of quality or local enthalpy is due primarily to the wall voidage, which impairs the
critical heat flux, and secondarily to the bulk voidage, which affects the flow pattern. Figure 2.9
(a) shows the generally decreasing trend of CHF with an increase in quality. This trend
continues until the CHF is zero at 100% quality.
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2.3.6 Effect of Geometry

2.3.6.1 Effect of Heated Length on CHF

The critical heat flux decreases with tube length as shown in Figure 2.8 (c). The total power
input increases with length. Some data show an asymptotic value of power input over a wide

range of tube length, corresponding to a constant outlet quality for the CHF condition.

All the studies show an agreement on the effect of heated length (Tong, 1997). For fixed inlet
condition, the CHF increases as tube length is decreased, while for fixed exit conditions, the

effect of tube length on CHF is small.

2.3.6.2 Effect of Tube Diameter on CHF

The tube diameter is shown to have a strong effect on CHF. The diameter effect becomes more
important as the tube diameter decreases. As shown in Figure 2.8 (d), the diameter effect
becomes less important at large diameter. For fixed mass flux, length, pressure, and inlet
subcooling, the critical heat flux increases with tube diameter, eventually reaching an almost

constant value for large tube diameters.

On the other hand, for a fixed quality, CHF decreases with increasing channel diameter as shown
in Figure 2.9 (c). Hewitt and Hall-Taylor (1970) indicated that no satisfactory explanation is
available, but that the resultant decrease in shear stress near the wall and higher entrainment rates

in larger diameters would be contributing factors.

2.4 Prediction of CHF
The accurate prediction of critical heat flux in flow boiling is of importance in a wide variety of
process equipment. The CHF prediction methods can be classified into two categories: measured

or empirical and mechanistic models.
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24.1 Empirical Methods
The CHF has been measured extensively, especially in directly heated circular tubes. Currently.
for design purposes, CHF predictions are still largely performed using a lookup table or

empirical correlation which is based on direct CHF measurement.

24.1.1 Lookup Table Approach

The lookup table is a general technique that can cover a wide range of applications. To
summarize the previous P-G-X effects concisely and predict CHF accurately, Groeneveld, Cheng
and Doan (1986) developed the “AECL-UO” lookup table for CHF. The table uses AECL’s
CHF databank, which contains over 15,000 CHF data points for water over a wide range of
operating conditions. This reference table is derived specifically for upward water flow in a
uniformly heated 8-mm tube, and shows a matrix of combined P-G-X effects on CHF. The table
predicts the general trend of P-G-X quite accurately. Groeneveld et al. (1996) updated the CHF

lookup table by using a more extensive data base containing more than 30,000 CHF data points.

The updated lookup table covers the range: pressures from 0.1 MPato 20 MPa, mass fluxes from
6 to 8000 kg/m?s, qualities from —0.5 to 1. To apply them to reactor design, proper adjustments
for detailed geometrical effects for a prototype rod bundle are needed. Such adjustments are
usually expressed in empirical formulas that are as complicated as the existing CHF design

correlations.

2.4.1.2 Correlation

Although correlations are quite valuable, their extrapolation to conditions outside the original
data set usually results in very large errors. CHF correlations can be divided into two main
categories:
. Based on local conditions:
These correlations are based on the local condition hypothesis suggested by Barnett

(1963) and Macbeth (1963). This hypothesis implies that CHF depends only on the

local conditions.
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geur = f (P, G, x, cross-section geometry)
. Based on inlet conditions:

These correlations predict the CHF as a function of the inlet condition:

Genr = f (D, G. A, ,cross - section geometry, L)
This approach does not predict the axial location of CHF and assumes steady state
conditions with a uniform axial flux distribution. The Bowring correlation (1972) is
generally accepted as one of the most reliable correlations of this type for water. Itis
noted that these two types of correlation (local versus inlet) are inter-related by a simple

heat balance equation.

2.4.2 Mechanistic Methods

These models use an analytical approach to characterize the physical phenomena of CHF, and
may still require the use of some optimized empirical correlations obtained using experimental
data. Theoretical models normally predict CHF in a system within a set of conditions.

independent of the fluid type, but are often valid for one flow regime.

24.2.1 Dryout-Type CHF Modeling

There is a general agreement that the mechanism leading to CHF depends on the flow quality.
At high quality, the flow is annular and CHF is assumed to be caused by dryout of the liquid film
on the heated surface. It is also generally agreed that such dryout can be predicted by appropriate
modeling of the vaporization, entrainment, and deposition mechanisms operating on the annular

liquid film.

The fundamental tool for dryout-type CHF modeling is an annular two-phase flow model. For
the case of annular flow in a circular tube as shown in Figure 2.10, the liquid film is
characterized as a thin liquid film flowing along the tube walls with vapor and liquid droplets
flowing through the central core of the tube. In addition, the film and vapor flow are generally

assumed turbulent.
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There are two important processes which any annular flow model must describe: entrainment and
deposition. The liquid film will have large amplitude waves on its surface, from which liquid
droplets are entrained into the vapor core, usually termed “roll-waves”. Subsequently, these

droplets are highly turbulent and are eventually re-deposited onto the liquid film.

£ (ENTRAINED LIQUID)
, /; F (LIQUID FILM)
o

G (GAS OR VAPOR)

{CHANNEL
WALL)

Figure 2.10  Annular flow in a circular tube (from Whalley, 1977).
Most dryout CHF models predict the onset of CHF in an evaporating vertical flow channel by
calculating the point at which the liquid film flow rate reduces to zero, while allowing for
evaporation, droplet entrainment and droplet deposition. The models were initially developed
using empirical correlations of entrainment and deposition in adiabatic equilibrium flows, which

were later improved for application to non-equilibrium (diabatic) flows.

2.4.2.2 DNB Type CHF Modeling

CHF at low quality occurs when the bubbles near the wall coalesce to form a vapor film.
Weisman and Pei (1983) presented a theoretical CHF model for subcooled and low quality flow

boiling in a tube. The CHF condition occurs when the “volume fraction of vapor” in the bubbly
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layer just exceeds a certain critical value, which is brought about through the balance of outward

flowing vapor from bubbly layer and the inward flowing liquid from the core liquid region.
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Chapter 3
LITERATURE REVIEW

This literature survey is divided into two sections: experimental studies and modeling
studies. The experimental studies focus on the previous measurement results and analysis of
CHF in complex geometries. Complex geometry here denotes a non-circular channel, while
simple geometry denotes a circular tube. Many complex geometries represent or are similar
to the fuel channels present in different types of water-cooled nuclear reactors. CHEF in the
following five geometries is surveyed:

e Concentric annulus

e Eccentric annulus

e Rectangular duct and parallel plates

e Dumbbell-shaped channel

e Fuel-rod bundles
Geometry effects on CHF as well as the influence of flow and heating conditions are

discussed.

The modeling studies describe numerous existing dryout-type CHF models and their
applications. The following models are reviewed:

e Whalley (1974)

e Saito (1978)

e Levy (1980)

e Lim (1988)

e Govan (1990)

¢ Sugawara (1990)

3.1 Experimental Studies

A considerable amount of research has been carried out to determine the CHF in complex

flow geometries, such as annuli, rectangular and triangular ducts, parallel plates, dumbbell-



LITERATURE REVIEW 3-2

shaped channels, and fuel bundles. Many research papers and survey reports related to the
geometry effect on CHF are available. As part of the first phase of study into the effect of
geometry on CHF in the University of Ottawa, Joober (1993) conducted an extensive
literature survey. This section is based on his review. The geometry effect on CHF is
usually studied by examining the effect of a few key geometric parameters, such as minimum

gap size, curvature, eccentricity, and channel shape.

3.1.1 Concentric Annuli

Concentric annuli are considered the simplest case of a fuel-rod bundle (i.e., a rod in a
pressure tube). Most of the annulus CHF data pertain to uniform heating on the internal
surface, since these most closely match the boundary conditions present in the nuclear
industry. The geometry parameters for concentric annuli include gap size and curvature of
the heated surface.

Annulus CHF data are usually compared with circular tube data for the same local condition
and equivalent hydraulic diameter. Generally, the annulus CHF is found to be considerably

lower than that in an equivalent circular tube, especially in the case of narrow gaps.

3.1.1.1 Gap Effect

3.1.1.1.1 General Trend

A large number of experimental investigations on CHF in internally heated annuli have been
performed. Barnett (1966, 1968) compiled more than 800 experimental CHF data for water
in annuli at 6.9 MPa from 11 different sources. Doerffer et al. (1994,1995) and Joober
(1993) summarized the gap effect on CHF in annuli. The global presentation of all data, such
as CHFan or CHFan /CHFp-g versus gap size indicates a general trend. As illustrated in
Figure 3.1, CHF increases with increased gap size from the smallest gaps to some value in
the middle of the gap range, and then decreases again for larger gap sizes. Most data sets
show the same gap effect: an increase in CHF for gap sizes from 1-4 mm, a maximum CHF

value for gap sizes in the range 4-6 mm, and a decrease in CHF for larger gap sizes.
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Figure 3.1 Effect of gap size on CHF in concentric annuli (from Doerffer et al., 1994).
Janssen et al. (1963) compared internally heated annuli CHF data in different gap sizes.
They found that for 3.20 mm < & < 6.35 mm, the gap size had little effect on the CHF.
Moeck et al. (1966) concluded that at a constant mass flux and exit quality, the CHF
increased as & was increased from 1 mm to about 3.7 mm, and decreased as & was further

increased.

Tolubinskiy (1969) found that the gap size had little effect on CHF when the gap was greater
than 1 mm, but the CHF decreased sharply when the gap became less than 1 mm.
Tolubinskiy (1970a) investigated CHF in internally heated annuli and found that CHF
increased as the gap size increased from 0.5 mm to 4.0 mm. Another study of Tolubinskiy et
al. (1970b) indicates that with the increase of gap size from 0.5 m to 1.5 mm, the CHF
increased. Moreover, when the concentric gap size was more than 1.0 mm, the increase in
the CHF was insignificant. A further increase in gap size beyond 1.5 mm resulted in no effect

on CHF.

Ornatskiy (1969a) obtained the same trend as Tolubinskiy et al. (1969,1970a). The CHF
increases as the gap size increases from 0.1 mm to 1-2 mm. For a larger gap, the gap effect

on CHEF is little. Ornatskiy also observed a pressure influence on the gap effect. He found
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that the gap size limit for which a further increase in the annular gap did not affect the CHF,

increased with a decreasing pressure.

Hung and Yao (1983) observed the following behavior of boiling for Freon-113 in an
annulus with a quartz outer tube near the CHF condition. For a gap size of 2.58 mm, bubbles
became large and slightly deformed when the heat flux was gradually increased to the CHF.
When the gap size was reduced to 0.8 mm, bubbles started out spherical and as they grew
they were squeezed due to the narrow gap between opposite walls. The flattened bubbles
hence coalesced and formed vapor plugs. The thin liquid film between the vapor plug or
bubble and the heated surface (microlayer) easily evaporated, causing CHF to occur
prematurely. A further reduction in gap size to 0.32 mm deformed the bubbles even more,
leading to more coalescence and resulting in a further reduction in CHF. Hung and Yao
(1983) concluded that the CHF decreased with a reduction in gap size for gap sizes less than

1.5 mm.

Joober (1993) arrived at the following conclusions about the gap effect on CHF for
concentric annuli based on an extensive literature survey. He found that the gap size has an
important effect on CHF if the gap size is reduced below a certain value. This value varies
with the geometry and the flow condition. Depending on the flow pattern and the heat
transfer regime, either the droplet or bubble size may play an important role in determining
the effect of gap size on CHF. The effect of gap size on CHF becomes important when its

size is comparable to the maximum bubble or droplet diameter.

3.1.1.1.2 Mechanism of Gap Effect

For dryout in annular flow, Moeck et al. (1966) presented two possible mechanisms to
explain the gap effect on CHF. The first is that the interfacial shear stress on the heated wall
increases with decreasing gap size. This increase in shear stress reduces the liquid-film flow
rate and thus increases the entrainment rate. The second is that for narrow gaps, the “roll”
surface waves from the liquid film of the unheated wall will interact with the liquid film of
the heated wall, thus increasing entrainment and reducing the CHF. The effect becomes

negligible for large gap sizes.
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In the case of subcooled boiling, Joober (1993) made a conclusion based on the literature
review. If the gap size becomes relatively small, compared to bubble size, the bubble can

completely block the gap, and thus result in a premature CHF condition.

3.1.1.2 Curvature Effect

In general, the literature on the curvature effect on CHF is very scarce, compared to that of
the gap effect. Tolubinskiy et al. (1973) investigated the effect of curvature on the CHF in
annuli for the same gap size (3). For internally heated annuli, reducing the internal diameter
(increasing the curvature) results in increased CHF. However, if the radius of the heated
surface is less than 1 mm the CHF value will decrease. This has been attributed to the
effect that heat transfer is reduced along the heated surface, and the fact that the radius of the

heated surface becomes commensurable with that of the coalescing bubbles.

3.1.1.3 Bilateral Heating

Doerffer el al (1995) investigated the effect of bilateral heating on dryout-type CHF in
annuli. They concluded that due to an enhancement of droplet deposition the heat addition to
one surface of an annulus enhances CHF on the other surface. Thus, the CHF values in
bilaterally heated annuli are always higher than those in unilaterally heated annuli.
Furthermore, the CHF occurring on the outer annulus surface is less sensitive to the heat
addition on the inner surface. During simultaneous CHF occurrence at both annulus
surfaces, the CHF on the outer surface is always larger than that on the inner surface. and the
difference is a strong function of pressure. The location of the CHF in bilaterally heated

annuli is depended on the heat flux ratio between the two surfaces.

3.1.1.4 Prediction of CHF

3.1.14.1 Lookup Table Approach

Groeneveld et al. (1992) examined Barnett (1966, 1968) CHF data for internally heated
annuli and found that critical quality and gap size have the strongest influence on CHF. They
applied the AECL-UO lookup table to internally heated concentric annuli by using two
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correction factors: a quality correction factor (kx), and a gap-size correction factor (ks.)- The
CHF in internally heated concentric annuli are predicted by
CHF pycone = CHF poguuk K
Doerffer el al. (1994) modified this approach by including a pressure effect :
CHF 4y cone = CHF, p-smmk < Kskp
where, CHF p=gmm is the CHF for a circular tube with an inner diameter of 8 mm. as predicted

by the CHF look-up table (Groeneveld et al., 1986, 1995). Kk, ks, and k, are given by Table
3.1.

Table 3.1 CHF correction factors for concentric annuli
Correction Factor Value Range
K, 0.81 X £0.025
0.859 — 16.179x"~ + 15.6x* — 7.185x"In(x) x > 0.025
Ks 0.2872 + 1.2095° - 1.1565 + 0.28735° 5 <4.26 mm
1.2672 —0.02986 426 mm<8§<627mm
0.6663 + 64.374 exp (-6/1.242) 6.27 mm < & < 8.26 mm
0.75 5> 8.26 mm
K, 0.9 P<3.3 MPa
0.808 + 0.0278p 33<p< 10.5MPa
1.1 P> 10.5 MPa

3.1.1.4.2 Correlation Method

The other parameter effects on CHF in concentric annuli appear to be the same as for the
round tube. Barnett (1966) correlated annuli CHF data using a Macbeth-type correlation.

A+ BAh,

-6 _
CHFx10™° = Crl

where for a pressure of 1000 psia (6.9 MPa)

-6
A=67.45Dp% (Gx107 “"‘[1—0.744e'6'5120hr(6"‘° )]

817

B=02587D} (Gx10™

212

C =185.0 D" (Gx10™

Dpy and Dy are the hydraulic diameter and heated diameter, respectively.
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The correlation covers the following range of parameters:
D;: 0.375 to 3.798 inch (9.52 to 96.5 mm)
D,: 0.551 to 4.006 inch (14 to 101.6 mm)
L: 24.0to 108.0 inch (0.61 to 2.74 mm)
G: 0.14t0 6.20 ( x 10°) Ib/h f® (190 to 8430 kg/m’s)
Ah;: 0 to 412 Brw/lb (0 to 0.958 MJ/kg)

Tolubinskiy et al. (1969) proposed an annulus CHF correlation for small gap sizes, but its
application is limited by the range of short heated lengths (20 mm to 200 mm). Tong (1972)
presented a correlation for predicting CHF in annuli, but the quality range is somewhat

limited (x <0.1).

Katto (1979a) extended his circular tube approach to annuli. CHF was classified into four
regimes: L-regime, H-regime, N-regime, and HP-regime. The L-regime corresponds to low
mass velocity, the N-regime to very high mass velocity, H-regime is for an intermediate
range between the L- and N-regimes. The HP-regime replaces the N-regime when the
system pressure is very high. These regimes are distinguished from each other by the

following boundary criteria.

L-regime:
L S 1
Dhe - p ) 0.133 O'p 0.29
0.48(——"—) (—,—’) -0.0081
P GL
H-regime:
0.0206 _L _ 1

. 0584 — Dhe 0.133 o 0.29
( fL) 0.48(&) (-—f—') ~0.0081
G°L P. G°L

N-regime:
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In case of zero inlet subcooling, Ah; = 0, Katto suggested calculating the CHF in annuli as

follows:
L-regime:
CHF:) —025 (O’pl‘ )|0.043 1
Gh, G’L L/ D,
H-regime:
CHF;) =0 12 _p_(l— 0.133 O'pL 1/3 1
Ghy, ) PL G’L 1+ 0.0081L/D,,
N-regime:

CHF;) =022 pG o apL 4% (L/l)he)o.|7l
Gh, ' Pr GL 1+ 0.0081L/ D,,

When the inlet to the annulus is subcooled, the CHF is given by

h

CHF =CHEF, (1 + Ki‘ﬁ)
R

where K is a dimensionless parameter depending on the regime.

3.1.2 Eccentric Annuli

The important geometry parameters for eccentric annuli are minimum gap size and

eccentricity. The eccentricity of an annulus is defined by

=]~ —min
T G
where 8min is the minimum gap size, and 8nom is the nominal gap size.
D, - D,
5nmu - 2

e = 0 refers to a concentric annulus, while € = 1 refers to a physical contact between the two

surfaces.
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3.1.2.1 Eccentricity Effect

Ornatskiy et al. (1969c) investigated the CHF in eccentric annuli and found that the CHF
decreases with increasing eccentricity at the same local conditions, but that its dependence on
local subcooling diminished. As the eccentricity exceeds 0.66, the CHF becomes almost

insensitive to local subcooling.

Anderson et al. (1974) examined the effect of eccentricity on CHF. Their results also show
that CHF decreases with increasing eccentricity, but that the effect depends on flow
conditions. The effect of eccertricity increases at higher flow (G 2 0.5 Mg/mzs), while at
mass fluxes near 0.5 Mg/mzs, the effect of eccentricity becomes insignificant. Anderson et
al. (1974) also found that “the greater the eccentricity, the more uneven the film flow rate”.
The maximum film flow rate occurs in the maximum gap region. In the narrow gap region,
the minimum film flow rate is close to zero, and this can be the cause of premature CHF

occurring in the narrow gap region.

Tolubinskiy et al. (1977) concluded that increasing eccentricity reduces the CHF. In
eccentric annuli, the axial velocity distribution around the annular cross section is non-
uniform. The flow in the narrow gap region is slower than that in the wide gap region. This
non-uniform velocity distribution in turn causes uneven temperature distribution. Hence. the
CHF will occur first in the narrow gap region at a lower heat flux than the concentric case.
Due to eccentricity, the closer proximity of the walls in the narrow gap region makes it
difficult for the bubbles to detach from the heated surface. Hence, the narrow gap may
become vapor locked and result in premature CHF. Moreover, increasing the equivalent

diameter of an eccentric annulus will always reduce the detrimental effect of eccentricity.

3.1.2.2 Minimum Gap Effect

Levy et al. (1962) examined four gap sizes: 4.2 mm (concentric case), 2.4 mm, 1.5 mm and
0.8 mm, and found that for minimum gap sizes of 2.4 mm and 1.5 mm, the CHEF results are
similar to that of the concentric case. As the minimum gap size was reduced to 0.8 mm, the
CHF decreased by only 15% to 30%. As quality increased, the CHF in the eccentric annuli
with a 0.8 mm gap size converged towards the CHF of other gap size (4.2, 2.4 and 1.5 mm).
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The decrease in CHF is somewhat mass-flux dependent, where the reduction in CHF at low
mass flow is much smaller than that at high mass flow. Janssen et al. (1963) obtained similar

results.

Moeck et al. (1966) investigated gap effect on CHF in eccentric annuli. As the gap size was
reduced from the concentric case of 2.6 mm to 0.8 mm, the CHF decreased. When compared
to the concentric case, it was found that at fixed inlet condition, the CHF decreased by 37,
50, and 60% for mass fluxes of 0.8, 1.4 and 4.1 Mg/m?s, respectively.

Rudzinski (1992) carried out an experimental investigation of CHF in horizontal by bowed
annuli. Four gap sizes were tested (1.25, 0.708, 0.367 and 0.068 mm) with a concentric gap
size of 2.2 mm. Results from these experiments have shown that for a range of mass flux
(3.0t0 70 Mg/m?’s), the effect of flow on CHF is not very important within each gap size.
The CHF decreased with decreasing gap size. Although the range of outlet quality tested was
quite small (-2 to 22%), it still showed the decrease to be more important at lower quality
(near 0%). As the quality increased, the CHF for different gap sizes tended to converge to
similar values, meaning that the CHF in concentric and eccentric annuli yields similar results
at high quality. The decrease in CHF from a 1.25 mm gap size to a 0.708 mm gap size was
less important than the decrease in CHF from a gap size of 0.708 mm to 0.367 mm.
However, a further reduction in the gap size from 0.367 to 0.068 mm did not result in any
further reduction in CHF. Again, the gap size effect is more pronounced at higher mass flux

over a specific range of quality.

At high quality the CHF occurrence is controlled by film dryout. At these conditions, when
the gap size is reduced, the outer surface liquid film may come into contact with the inner
surface liquid film, thus filling the gap with liquid. This could have an effect of locally
enhancing CHF for the eccentric annuli, moving the CHF point to a comparable value for

the concentric annuli.

3.1.23 Void Migration Effect

Doerffer et al. (1994) introduced a new parameter to account for the mixing between a
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narrow gap region and a wider gap region. A void migration parameter (y) was defined as

7]

nom

"=D,+D,
where y represents the void transport from the narrow gap region to the wider gap region in
eccentric annuli. A comparison of annuli with similar pressure, mass flux, eccentricity, and
nominal gap size, but different diameters showed the CHF to be a factor of 2 or more larger

in an annulus of a smaller size or larger y value.

3.1.24 Prediction of CHF

In general, the prediction of CHF in eccentric annuli is based on concentric annuli.
Tolubinskiy et al. (1971,1977) noted that the dependence of CHF on flow parameters such as
quality, pressure, and mass flux diminishes with increasing eccentricity, and practically
vanishes with full contact. Tolubinskiy et al. (1977) derived a correlation, which considered

the effect of eccentricity:

D\’ D
CHF —0.37[i] 0.29[ hy
CHE = =1-058G L ke )23 (1-0.3x)

ann.conc

Doerffer et al. (1994) examined the CHF data and found that eccentricity, the void migration

parameter, and quality all have to be considered:

CHF ppseen = CHF s one [1= (1= Kb K,
where values of ke, kyand ky are given in Table 3.2.
Table 3.2 Correction factors for eccentric annuli (from Doerffer et al., 1994)
Correction Factor Value Range
ke 0.991 —2.771™ + 2.32¢°
k, 2.07 y<0.0133
-3.403 + 5.7588exp(-y/0.2615) 0.0133<y<0.1183
0.26 vy>0.1183
Kx 1.05 x < 0.05
1.2516 -09111Ix" 0.05<x<0.5
0.6 x 206
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3.13 Rectangular Ducts

The geometry parameters for rectangular ducts include equivalent diameter (hydraulic

diameter or heated diameter), gap size (short size length), and the ratio of the two sides.

3.1.3.1 General Trend

In general, the analysis of experimental data has shown that the values of CHF in uniformly
heated rectangular and triangular shaped cross sections are lower than those in round tubes.
This effect is more significant in the subcooled region, where the CHF condition starts to

develop in the corner regions and spreads to the sides.

De Bortoli et al. (1958) presented the CHF data in rectangular ducts. The long side was fixed
at 25.4 mm long, while the gap was changed from 1.27, 1.40, 1.50, 2.46 to 2.56 mm. Only
the two long sides of the channel were heated. The rectangular CHF data were compared
with a circular tube. It was found that the CHF for round tubes is as much as 45% lower than
that of a rectangular channel at the same inlet condition. However, a comparison for the
same local condition was not performed. Pexton (1961) reanalyzed the De Bortoli’s data

and concluded that the CHF appears to increase with decreasing Dy, for fixed local condition.

Jacket et al. (1958) investigated the CHF in rectangular channels with both long sides heated
under conditions of approximately zero exit quality. The heated width (22.3 mm) was
slightly less than the channel width (25.4 mm) to eliminate corner effects. The gap sides
were varied from 1.27, 1.40 to 2.46 mm. There was good agreement between CHEF for the
rectangular channel with a 2.5 mm gap and that of a round tube for the same local quality and

equivalent diameter (Dny and Dhe).

Levy et al. (1959) investigated the CHF in a rectangular channel (63.5mm x 2.54 mm) with
the entire wetted perimeter heated. It was found that CHF with vapor blanketing first
occurred at the corners of the test section. The CHF value was about one third of that in a

circular tube.
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Chernobay (1970) investigated the CHF of a rectangular channel (3.6 mm x 1.8 mm). The
fraction of heated perimeter was varied from 16.7% to 100%. In the case of uniform heating
(Dhy = Dpe = 2.4 mm), the CHF values of the rectangular channel were much lower than those
of a round tube (D = 2 mm) with the same inlet subcooling. Joober (1993) analyzed these
results and concluded that the low CHF in the rectangular duct was due to the corner effect.
This effect becomes less important at very high mass flux due to better mixing. Chernobay
found that the CHF increased as the fraction of the perimeter being heated was decreased for
the same inlet subcooling. The highest values of CHF were obtained when only 17% of the
perimeter was heated . These results suggest that as the fraction of the perimeter being
heated is decreased the CHF values for a rectangular channel approach those of a round tube.
In case of only one short side heated, the CHF results were close to round tube CHF data

with uniform heating and the same hydraulic diameter.

Zeigamnik et al. (1981) investigated the CHF in their rectangular channel (3.5 mm x 3.75 mm,
all sides heated), and found that the CHF was about 20% lower than that of a circular tube
with an equivalent diameter. Poor mixing at the comers resulted in local over-heating and
thus reduced the CHF.

Katto (1981) investigated uniformly heated rectangular channels and applied his CHF
characteristic regime to the rectangular ducts. A set of empirical correlations were developed

for rectangular channels with two long sides heated and one long side heated.

3.1.3.2 Prediction of CHF

For CHF in a uniformly heated rectangular channel, Macbeth (1963) presented an empirical
correlation based on the water data obtained by DeBortoli et al. (1958). For high mass flux
(G > 760 kg/m? s):

C,+6.39x10°C,5GAh,,
1+39.37C,L

where CHF is in [MW/m2], 8 and L are in [m], Ahis in [J/kg], G is in [kg/m’s], and C, and

CHF =3.15

C, are given by

C, = y,(39.375)(7.37x107*G)"



C, = y,(39.378)" (7.37x10*G)"

y; is given by Table 3.3.
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Table 3.3 Coefficients for Macbeth (1963) correlation
~ Pressure Coefficient
(MPa) Yo Y1 Y, Ys Y4 Ys
4.15 23.4 -0.472 -3.29 0.123 1.4 -3.93
5.5 0.445 -1.01 0.384 0.0096 -1.4 -0.0067
83 1.88 -0.081 -0.526 0.0035 -1.4 -1.29
13.8 0.546 -0.315 -0.056 0.0027 -1.4 -0.725
For low mass flux (G < 760 kg/rnzs)
CHF =0.56x10°G Py + M
131x10°6" G + L

o

3.14 Dumbbell-Shaped Channels

Green et al. (1969) conducted CHF tests with vertical upflow of water in a special shaped
channel to investigate the CHF characteristics of a coolant channel with small clearance
dimensions. The channel, which is currently called a dumbbell-shaped channel, was used to
simulate a typical reactor core coolant flow in a bundle of closely spaced rods. Two gap
sizes, 0.03 and 0.015 inches (0.76 and 0.38 mm), were tested, simulating the actual rod-to-
rod spacing. The measurement conditions were as follows:

. Pressure: 1200, 1600, and 2000 psi (8.3, 11.0, 13.8 MPa)

. Mass Flux: 0.25x10° to 4.0x10° Ib/hr-ft? (339 to 542.5 kg/m”’s)

. Inlet Temperature: 200, 400, 500, and 600 F (93 to 316 °C)

Table 3.4 and Table 3.5 list their CHF test results. Based on their 90 CHF data points (50 for
the 0.03 inch gap, 40 for the 0.015 inch gap) and their rectangular channel data, obtained
using 0.059 and 0.097 inch channel spacings, Green concluded that there is a negligible
effect of channel spacing on the critical heat flux over the range of 0.015 to 0.097 inch (0.38
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to 2.46 mm). For low mass flux (G < 0.7 Mg/mzs), dryout was detected simultaneously at

the gap and at the main flow channel regions for the large gap channel (0.76 mm) at all

pressures, and for the small gap size (0.38 mm) at a pressure of 8.2 MPa. For all other

conditions, dryout first appeared in the gap region.

Table 3.4 CHEF data for gap size of 0.76 mm (from Green et al., 1969)

P hy G x 10° CHF x 10° h,
(psia) (Btu/Ib) (Ib/hr %) (Btwhr ft'%) (Btu/lb)
2000 612 0.247 0.0897 1081
2000 485 0.252 0.1142 1069
2000 377 0.253 0.1336 1058
2000 173 0.254 0.1682 1029
2000 613 0.499 0.1345 962
2000 482 0.501 0.1831 953
2000 377 0.504 0.2263 954
2000 174 0.505 0.3009 944
2000 613 1.047 0.2147 878
2000 485 1.046 0.3033 860
2000 377 1.045 0.3862 852
2000 174 1.044 0.5243 823
2000 614 2.078 0.3154 810
2000 485 2.094 0.4483 762
2000 377 2.1 0.5919 740
2000 173 2.091 0.8191 680
2000 614 4.067 0.4324 752
2000 487 4.183 0.6773 697
2000 377 4.176 0.9294 662
2000 171 4.19 1.4214 610
1600 483 0.251 0.1266 1134
1600 377 0.252 0.1438 1112
1600 172 0.254 0.1836 1106
1600 483 0.5 0.2064 1016
1600 376 0.502 0.2462 1007
1600 174 0.504 0.3209 994
1600 488 1.041 0317 880
1600 377 1.045 0.3938 862
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P hy Gx 10° CHF x 10® he
(psia) (Brw/1b) (Ib/hr %) (Btu/hr ft?) (Br/1b)|
1600 173 1.043 0.5388 840
1600 488 2.079 0.4565 771
1600 377 2.088 0.6175 758
1600 175 2.088 0.8644 709
1600 486 4.156 0.6608 692
1600 377 4.174 0.9225 661
1600 173 4.169 1.3592 594
1200 485 0.25 0.1321 1166
1200 376 0252 0.1528 1158
1200 172 0.254 0.1913 1144
1200 484 05 0.245 1116
1200 374 0.504 0.2884 1112
1200 172 0.505 0.3662 1108
1200 488 1.038 0.3653 942
1200 376 1.042 0.445 926
1200 172 1.041 0.5881 900
1200 488 2.079 0.4759 783
1200 376 2.086 0.6171 757
1200 176 2.093 0.9004 731
1200 488 4.136 0.6348 686
1200 376 4171 0.8779 647
1200 171 4.178 1.3523 589

Table 3.5 CHF data for gap size of 0.38 mm (from Green et al., 1969)

P hy G x 10° CHF x 10° h,
(psia) (Btw/Ib) (ib/hr f?) (Btu/hr ft%) (Btu/lb)
2000 614 0.247 0.0869 1061
2000 488 0.248 0.1126 1066
2000 379 0.248 0.131 1050
2000 176 0.247 0.169 1045
2000 612 0.496 0.1341 956
2000 487 0.493 0.1828 958
2000 378 0.495 0.2203 943
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P hy G x 10° CHF x 10° he
(psia) (Bu/1b) (lo/hr ft2) (Btwhr ft) (Bwu/1b)
2000 176 0.494 0.2918 927
2000 616 0.995 0.202 874
2000 487 0.988 0.282 849
2000 376 0.994 0.3512 825
2000 615 1.986 0.3024 809
2000 486 1.975 0.4452 773
2000 379 1.983 0.556 736
2000 614 3.964 0.4306 752
2000 484 3.949 0.6011 707
2000 376 3.954 0.9327 6717
2000 171 3.949 1.416 627
1600 378 0.992 0.3657 846
1600 179 0.991 0.5099 833
1600 178 1.972 0.8186 706
1600 486 3.932 0.6514 697
1600 377 3.946 0.9094 671
1600 173 3.951 1.4071 625
1200 489 0.2455 0.1312 1171
1200 378 0.2468 0.152 1161
1200 177 0.2468 0.1926 1168
1200 487 0.493 0.2453 1121
1200 378 0.4938 0.2847 111
1200 178 0.4931 0.36 1105
1200 487 0.9876 0.3464 933
1200 379 0.9905 0.4126 908
1200 175 0.988 0.5486 880
1200 487 1.9682 0.444 774
1200 378 1.9653 0.5766 751
1200 377 1.9683 0.5832 753
1200 486 3.937 0.6193 686
1200 377 3.953 0.8556 653
1200 172 3.951 1.3382 603
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Tong and Tang (1997) reviewed the gap effect based on Lee and Little’s (1962) dumbbell
section results. It was found that the minimum gap size also had little effect on CHF at 6.6
MPa with a 10% mean exit quality and a vertical upflow of water. The gap between the rod

surfaces was varied from 0.81 to 5.6 mm.

3.1.5 Fuel bundles

The fuel bundle shape is very complex and many characteristic geometry parameters are
involved. These parameters include:

. Gap size (rod to rod spacing, and rod to pressure tube spacing)

« Curvature of the surfaces

« Subchannel shape

« Equivalent diameter (hydraulic diameter, heated diameter)

Tong and Tang (1997) summarized the rod spacing effect on CHF in rod bundles based on
the work of Towell (1965). The rod spacing effect was found to be insignificant for water at
a mass flux of about 1356 kg/m?3s, a pressure of 6.9MPa, and an exit quality of 15-45% in the
star test section - the central seven-rods of a 1.22 m long 19-rod bundle. Towell tested rod
spacings of 0.45-1.27mm, and found no effect on CHF at constant exit enthalpy whether the
adjoining surfaces were heated or not. Tong et al. (1967) investigated the CHF in both
square and triangular rod arrays having the same water-to-fuel ratio. Their tests were
conducted in subcooled and low-quality water flow at 13.8 MPa, and obtained similar results

(i.e., the rod spacing had little effect.)

Groeneveld et al. (1992) reviewed the effect of element-element bowing and element
spacing. They concluded that the effect of gap and rod bowing on CHF is uncertain and

strongly dependent on flow conditions.

Nagino et al. (1978) conducted DNB-type CHF experiments in a sixteen-rod bundle. One of
the central heater rods was bowed into contact with another rod. They found that the rod

bowing effect on CHF depended strongly on pressure. At 10.5 and 12.7 MPa there was no
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effect of rod bowing on CHF, while at high pressure (14.8 and 16.9 MPa) there was a

considerable decrease in CHF.

Markowski et al. (1977) investigated CHF on a five-by-five square rod array with several
bowing configurations. They reduced the gap size between two heated rods, and between a
heated rod and an unheated rod. Three gap sizes, 3.55 mm, 1.65 mm and zero gap, were
tested at pressures from 12.1 MPa to 16.5 MPa. In the case of a heated rod bowed towards
another heated rod, the CHF decreased when the bowing was greater than 50%. In the case
of an unheated rod bowed towards a heated rod, no effect on CHF was found, even when the

unheated rod was bowed into contact with adjacent heated rods.

Macduff and Fighetti (1983) studied the effect of rod bowing in a five-by-five square rod
array and got similar results. They reduced the gap between two centrally located high-
powered rods by 71% from 3.46 mm to 1 mm. Their results indicted that at a pressure of

16.6 MPa, the gap effect on CHF was very small (only 5%) and had no effect at 13.8 MPa.

Nakajima et al. (1977) conducted CHF tests in a 36-rods bundle to determine the effect of
rod to rod bowing. The minimum gap between the outer and inner rod was reduced from 2.1
mm (nominal value) to 0 mm. Their results showed that rod bowing only had a slight effect

on CHF.

Nixon et al. (1975) tested a full-scale eight-by-eight rod bundle. They obtained similar
results. The effect of reduced gap and rod bowing had little or no effect on CHF over the

conditions tested.

3.2 Modeling Studies

This section reviews the existing literature on dryout-type CHF modeling. Dryout-type CHF
is the most likely to occur in practical applications, where the channel lengths are typically
several meters long. As a typical case and original dryout CHF model. the Whalley et al.
(1974) model will be described in detail.
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3.21 Whalley’s Model

Whalley et al. (1974) presented a model of annular two-phase flow at the 5™ International
Heat Transfer Conference. The model was developed to predict dryout CHF in a vertical
circular tube under steady state flow conditions. The essential functionality of the model is
to analyze the phase distribution evolution along the uniformly heated tube based on mass
balances. The detailed variation of droplet entrainment from the liquid film and droplet

deposition to the liquid film is considered.

Whalley (1977) applied his dryout model to rod bundles by dividing the rod bundle into rod-
centered subchannels. Whalley et al. (1978) modified and extended their model to cope with

different boundary conditions, and time dependent situations.
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Figure 3.2 Annular flow (from Whalley, 1977).

As shown in Figure 3.2, the mass balance on the liquid film and on the entrained liquid in the

core of an annular flow can be written as
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aw, . (4"
= —n'do[D E (hfx)]

where W is the liquid mass flux in liquid film along the wall at z. The integration of Wir
should be continued until the film flow rate becomes zero, when it is assumed that dryout has
occurred. D is the rate of droplet deposition per unit area of the tube wall, E is the rate of
entrainment per unit area of tube wall. q” is the heat flux and hg is the latent heat of

evaporation.

The deposition rate, D, is proportional to the concentration of droplets in the homogeneous
core.

D=kC
k is the mass transfer coefficient and C is the concentration of entrained liquid droplets in the
core region. The concentration of droplets C is obtained based on homogenous flow:

C= WLE — WLE WI.E — w LE

TugeAge  Uge(Ag +A)  UgeA FugeAsx Tug A +u A

which reduces to
W
e Wi
Pc P.
The deposition coefficient (k) is obtained from measurements. Figure 3.3 shows the

C

experimental data for the deposition coefficient plotted against surface tension. The

relationship is also shown in Table 3.6.
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Figure 3.3 Variation of deposition coefficient with surface tension (from Whalley, 1977).

This relationship can be approximated by the formula:
k=f(o)
G is the surface tension. Vaitekunas (1996) fitted the following logarithmic polynomial to

this experiment data:

log,, k =2.8163+4.0685 log,, o +0.743(log,, &)’

Table 3.6 Variation of deposition coefficient with surface tension
Surface Deposition Surface tension | Deposition Surface tension | Deposition
tension Coefficient o (N/m) Coefficient o (N/m) Coefficient
o (N/m) k (m/s) K (m/s) k (m/s)
0.002 0.0011 0.008 0.005 045 0.04
0.003 0.002 0.009 0.0055 0.05 0.06
0.004 0.0024 0.01 0.006 0.055 0.085
0.005 0.003 0.02 0.011 0.06 0.14°
0.006 0.0035 0.03 0.02 0.063 0.2
0.007 0.0043 0.04 0.027 0.07 0.5
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The entrainment rate E is best measured using adiabatic hydrodynamic equilibrium flow. In
the case of adiabatic flow in very long channels, hydrodynamic equilibrium can be
established, and thus the deposition rate (equal to the entrainment rate) can be measured. E is
proportional to Cg if k is a constant. The entrainment rate is therefore obtained using the

following simple formula:

E=kC,

It was found that the concentration of droplets in the gas core at hydrodynamic equilibrium is
a function of the non-dimensional group (ti8/c). Here, 1; is the interfacial shear stress, G is
the surface tension, and & is the liquid film thickness. Whalley et al. (1978) compiled the

experimental data from nine sources, and the resultant Cg are presented in Figure 3.4.

Tahir et al. (1987) fitted the following correlation to the data:

( 2 3
0.036 — 4.22(5£) + 253(5—5—) - 427(53) . (T—é) <0.3
(o2 (e2 g (o2
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o
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Figure 3.4 Variation of equilibrium concentration of entrained droplets with 1;8/c (from
Whalley, 1977).
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To obtain the entrainment rate, the interfacial shear stress and the film thickness are required.
The three dependent variables being considered are Wik, 8, and dP/dz, which can be related
in such a way that any one of them can be calculated knowing the other two. This kind of 3-
way relationship is termed a “triangular relationship”, and its use can be illustrated by

considering the calculation of Wif from & and dP/dz.

This is based on the assumption that some known velocity profile is occurring in the liquid
film, from which it follows that the interfacial shear stress and the film thickness can be
related. The particular form of this triangular relationship is:

45 _ (dPidz),,

d. dP/dz

where (dP/dz).f is the pressure gradient which would occur in a single-phase liquid flow
were the mass flow identical to that of the liquid film, and dP/dz is the pressure gradient in
the two-phase flow. (dP/dz).r was calculated from the liquid film fraction factor proposed
by Hewitt and Hall Taylor (1970):

), -4

(‘%pl. VLzF)

0

where superficial velocity is given by

74
v =
ol Ap,

To calculate fig, the liquid film Reynolds number is required, thus:

W - du

For turbulent flow, the friction factor could be calculated from the Blasius equation:

£, =0.079Re;%>

For laminar flow,

__16
fLF—ReLF
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If the liquid film flow rate is known, to calculate the average film thickness and the shear
stress (and hence the pressure gradient), one more equation is needed in addition to the
triangular relationship. This is the interfacial roughness correlation. Wallis (1970) correlated
a variety of data for annular flow using the following simple relation:

foi= f,gc[l + 360:15—]

o

where fg; is the interfacial friction factor and fyg is the friction factor for a smooth pipe.

T

fgc: = _l_l__z-

_2. pgc Vgc
and p, is the homogeneous gas core density,
W.+W,,
pgcsz[ GWG “:]
_ 4w,
-4 n.pGDZ

The friction factor for a smooth pipe flow fic can be calculated based on the gas-core
Reynolds number in terms of the total mass flow in the core as follows:
_ Vee Pec 4,
H
The calculation is started at the point in the tube where the quality reaches 1%, and it is

Re

Sgc

generally found that the best resuits are produced when it is assumed that 99% of liquid

phase is entrained at this starting point.

Whalley et al. (1974) did not give details on how (dP/dz) was calculated for a circular tube.
Whalley (1977) gave a little more detail about how the pressure gradient (dP/dz) is
calculated. He assumed that the interfacial shear stress was almost equal to the wall shear
stress, claiming this assumption was good enough for thin liquid films. The friction pressure

gradient can then be calculated from the hydraulic diameter and interfacial shear stress.
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3.2.2 Saito’s Model

3.2.21 Physical Model

Saito et al. (1978) developed multi-fluid models for annular two-phase flow and applied their
models to predict- dryout-type CHF in round tubes, annuli, and rod bundles. In a given
channel, the liquid film(s) on the wall, the vapor core and the entrained liquid droplets are all
considered a separate “fluid”. For the case of annular flow in a circular tube, a three-fluid
(the liquid film, the vapor core, and entrained droplets) model was obtained. Annular flow in
a concentric annulus required a four-fluid model (the two liquid films, vapor core, and

entrained droplets).

To derive the multi-fluid physical model, Saito made following basic assumptions about
annular flow:

e Steady-state;

e One-dimensional;

e Constant flow cross-sectional area;

e Gravity is the only body force;

e Vapor phase is always saturated;

e No liquid superheating;

« The entrained droplets do not contribute to vapor generation;

e Viscous dissipation is negligible.

In order to determine the flow characteristics from the subcooled inlet up to the annular flow
regime transition, they used a conventional single-phase flow model and a homogenous two-
phase flow model. Based on a review of several flow regime maps, the transition to annular
flow was assumed to occur at a thermodynamic quality of 5%. From this location onward.
the multi-fluid model is used. The initial conditions for the multi-fluid model are based on
the following assumptions,

e The velocity ratio of entrained liquid and gas is 0.9;

e If there are more than two films, as in annuli, all film thickness are assumed to be

equal and also all film velocities are assumed to be equal;



LITERATURE REVIEW 3-27

e The volumetric fraction of the entrained liquid o is given by
a,=(10-a;)F;

where Fs is a liquid flow split factor, specified to be 0.1.

3.2.2.2 Mechanisms Review of CHF in Annular Two-phase Regime

Saito et al. summarized the mechanisms of CHF in annular two-phase flow regime based on
Tong and Hewitt’s review (1973). The following are possible causes of CHF in the annular
flow condition:

a) Film boiling transition underneath the liquid film;

b) Film disruption by hydrodynamic instability of the liquid film;

c) Spontaneous breakdown of the liquid film;

d) Breakdown due to thermal capillary effects;

e) Equality between droplet deposition and evaporation;

f) Dryout between waves;

g) Liquid entrainment with no subsequent deposition;

h) Film disruption due to nucleate boiling within the film;

i) Integral entrainment-deposition effect leading to zero film flow rate at the point of

onset of CHF.

Most of the investigation results have shown that CHF occurs when the liquid film becomes
too thin and breaks down into rivulets around dry patches. In general, the condition of zero.

or near zero, liquid film flow can be used as a criterion for CHF.

3.2.23 Formulation

The differential equations for continuity, momentum and energy conservation are then
written for each fluid. In friction loss calculations, they assumed the entrained droplets to be

spherical and of uniform size, and the liquid film-gas core interface to be smooth.

Saito et al. (1978) compiled information from deposition experiments. They found that the
following factors may affect the deposition rate,

e Droplet concentration;
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¢ Droplet diameter;

e Turbulence intensity in the vapor core;
o Evaporation rate of the liquid film,;

e Total mixture flow rate;

e Gas core flow rate;

e Geometry of the channel wall.

Because the droplet concentration varies largely over the boiling length, the available data
indicate that the deposition coefficient is a function of the concentration. All other effects are

assumed negligible.

For round tubes,
k=1698x102-2117x107*(C,)+2896x107*(C,)*
—2192x107%(C,,)* +7.778x 107" (C)* —1.027 x 107 (C,)’
For annuli,
k=11474x1072 —12854x107*(C,)+10150x107°(C})*
-42501x107°(C,)> +68196x107*(C,,)*

Cy is the homogenous concentration of liquid in the core region.

Entrainment of liquid from the surface of the liquid film is related to the complex geometry
and wave characteristics of the surface of the film. In boiling annular flow the liquid film
thickness, gas velocity and heat flux vary along the channel, and the mechanisms of
entrainment may also vary. The following phenomena are considered as possible
mechanisms of entrainment,

e Break-up of small unstable waves;

e Break-up of large disturbance waves;

e Break-up of liquid slug at slug-annular transition;

« Emission of liquid due to bursting of bubbles at liquid surfaces;

o Emission of liquid due to nucleation at the wall-liquid interface.
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It is now believed that the break-up of large disturbance waves is the most important
mechanism over wide ranges of conditions. Saito et al. derived a series of expressions to
correlate the equilibrium entrainment rate using the data from Hutchinson and Whalley

(1973):

2
=—2.695x1073 —1.104[££-]+4.444x10(2—é;J
g (o

3 4
+1.241x10° (T—EJ _3.775x10° (T—‘z)
(o2 (o2
5 6
+4.007x103[%§—J —1.510x103(f'?5—] if (g)a

E=-4.504x10+1.824x10’ (3;_3)—6-828" 10(%5}

3
+1.343x10(ﬁ£) ifl<£-r'—5—]55
(028 (o2

E=4.67ox10+4.725x10(%§)—4.534(§§)

3
+1.518x10™" (T—:-) if5<(’"5jslo

o

7,0 [0
E=001p, {l - exp[- 4.605 (—&— - IOJ:H if (—J—J >10

In applying their model to rod arrays, Saito et al. used conventional (classical) subchannels
and assumed zero shear surfaces to coincide with planes which were equidistant from the

channel walls. They also assumed that there was no mixing between subchannels.

3.2.24 Modeling Results

In the case of circular tubes, the multi-fluid model predicts liquid film dryout generally
within about 10%. A slight error trend with heat flux indicates that nucleation-induced
disruption of the film may be present at higher heat flux. In the case of annuli, the model
predicts CHF with an accuracy of 15%. The model tends to underestimate CHF for lower
heat flux cases and overestimate CHF for high heat flux cases. When the model was applied
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to the prediction of CHF in rod bundles, the model underestimated CHF (up to 50%,) for all
low mass fluxes tested (G < 500 kg/m?3s). This inaccuracy may be due to an inaccurate

entrainment correlation or the lack of subchannel cross-flow in the model.

3.23 Levy’s Model

Levy, Healzer, and Abdollahian (1980) predicted the dryout flux in vertical pipes by a semi-
empirical adiabatic model of liquid film flow and entrainment. It starts with a heat balance

along the flow direction and a mass balance perpendicular to the flow direction:

V4
G(ah,, + X h,) =% [q"dz
0

dG,,. | g
pa —27tr[D E (h/g)]

Instead of using a constant value of the mass transfer coefficient k at each pressure given by

Harwell (Whalley et al., 1973), Levy and Healzer (1980) developed an entrainment

parameter B. Grr and B are evaluated by solving the following two equations simultaneously:

Gli-x,)-G, =60-x,)B)"

G is the total mass flow rate in an adiabatic flow, Xeq is the equilibrium quality, and

e, VP P
PG “J)©x,)°

For a very thin liquid film, the value of B cannot be evaluated, and must be replaced by a new

172

parameter B’, derived using the general turbulent boundary-layer profile in adiabatic flow.

3.24 Govan’s Model

Govan et al. (1988) conducted a study relating to the Harwell annular flow code HANA. The
code predicts the onset of the CHF in an evaporating liquid-liquid upflow in a vertical
channel by calculating the point at which the liquid film flow rate reduces to zero, allowing

for evaporation, droplet entrainment and droplet deposition. Then, based on new correlation
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for entrainment and deposition, an improved version of the CHF modeling code was
developed which showed good predictions not only for equilibrium entrainment in adiabatic

flow but also for entrainment and CHF in heated tubes.

Hewitt and Govan (1990) used the following correlation for the deposition rate coefficient:

0.1815 |-@— , irf £ <03
pcd fpc;

-0.65
0.1815 /—Q—(L) . ir £503
pPcd\ Pg fPG

The entrainment model departs from the original equilibrium flow approach to one relating

k=

the entrainment rate-to-vapor flow fraction to the liquid film flow rate:

-.316
E _ 5.75x10‘5|:(GLF -G ) ———dp,] s G >Gipe
— o" -

4

Gg
0, G =Gpe

where the critical film mass flux for onset of entrainment is given by

Grecd (ﬂc ) %
—LFC— =Re, . =exp| 5.8504 + 0.4149| — J—"
Hy e p[ Hi )\ Ps

3.2.5 Lim’s model

Lim and Weisman (1988) presented a model for rod bundle dryout that is similar to that used
by Whalley (1977), but avoided the limitations of this earlier model. They found that the
Whalley model made a very arbitrary assumption about the onset of annular flow. In contrast
to Whalley’s assumption that both droplets and vapor are redistributed, they assume that only

vapor flows between the channels.

For the sake of simplicity, the effects of mixing and cross flow are considered for the various

channels after the subchannel computations are completed. Since it is assumed that the
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conditions are uniform in the droplet-droplet core of a channel, channel average
(homogeneous) conditions are first determined by averaging the steam qualities and mass
fluxes of the component subchannels. The interchannel droplet mixing is then treated in the

same manner suggested by Whalley.

They followed Levy’s approach to calculate the onset of annular flow. Initially, it was
assumed that the annular flow began when any channel reached a = 0.8. However, it was
found that in some cases, that the method failed to produce dryout prediction with this initial
condition. When the onset of ahnular flow was based on the lowest void channel having an

a = 0.8, prediction could be obtained for all cases.

3.2.6 Sugawara’s Model

Sugawara (1990a) developed a dryout-type CHF prediction model for their Film Dryout
Analysis Code in Subchannels (FIDAS). The model is based on three-fluid/three-field
models, assuming that the fluid consists of a liquid film, a continuous vapor, and entrained
liquid droplets, as shown in Figure 3.5. Sugawara presented a new formulation for the
entrainment and deposition relationship, as well as thermal non-equilibrium effects and inter-

subchannel mixing.
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Figure 3.5 Film dryout model in FIDAS code (from Sugawara, 1990a).

When describing interfacial mass transfer, Sugawara (1990a) considered the suppression
phenomenon of droplet deposition by evaporation. A new term, the suppression rate of
droplet deposition by evaporation per unit area was added, which is a function of radial vapor

velocity and liquid droplet concentration in the vapor core.

Sugawara used the analogy between heat and mass transfer and the Lewis Number to
determine the deposition coefficient. The assumption is made that the thermal diffusivity and
mass diffusivity of the fluid are equal. The temperature and concentration profiles are
therefore similar so that the heat transfer relation can be applied to mass transfer. The

deposition coefficient k is estimated using the following correlation:
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The entrainment rate E is estimated from the following correlations:

E=1.07S,
S _(fiAqu)(uG#LE)(_p_L)“
=
o o Pc
. 5
AL, = k7 (Re“z.l"lo) . (A, =200)
«~ k. (2.13log, (Re;)-98) if (Re, <1x10°)

k,=0.575+21.73x10°5% —38.8x10°5° +55.68x10°5*
where T; is the interfacial shear stress between liquid film and gas core, Al is the equivalent
height of roll waves, & is the mean film thickness, o is the surface tension and k; is the sand

roughness of roll waves.

Annular flow is assumed to start when o reaches the value obtained from the following
equation formulated from the slug/annular transition boundary in the well-known Baker flow

regime diagram.

QA onar =(P+-QI')—?') e Ga +(3.1—£—)

where Py and Gg are reference pressure and mass flux at 40 MPa and 729 kg/m?s

respectively.
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Chapter 4
EXPERIMENTAL STUDY

This research work is divided into two parts: experimental investigation and modeling study.
The experimental investigation focuses on acquiring and analyzing the dumbbell-shaped tube
CHF data. The modeling study focuses on developing the complex geometry CHF model and its
application to the dumbbell-shaped flow channel. This chapter describes the experiments

conducted.

4.1 General

The main purpose of this experiment is to systematically investigate the effect of gap size on
CHF. The CHF experiments were conducted using dumbbell-shaped tubes. As shown in Figure
4.1, the dumbbell-shaped tube consists of two subchannels interconnected via a narrow gap. Its
shape closely resembles two adjacent subchannels in a nuclear fuel-rod bundle. The narrow gap
region simulates the gap between the two rods. Zero gap simulates the situation in which the

fuel rods bow and come into contact with each other.

Figure 4.1 Dumbbell-shaped tube cross section.

The CHF measurements were conducted using various gap sizes at different flow conditions.

Wide ranges of the narrow gap size (from 0 to 1 mm), pressure, mass flux and quality were
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covered.

4.2 Dumbbell-Shaped Tube

4.2.1 Geometry Parameters

It is assumed that the cross section of the dumbbell-shaped tube is composed of three sets of

tangential circles and two sets of tangential lines, as shown in Figure 4.2.

Figure 4.2 Dumbbell-shaped tube geometry parameters.

By analyzing the diagram, it is found that the geometric contour of the dumbbell-shaped tube is
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determined uniquely by the following six measurable geometric parameters:

. the maximum width of the tube in x direction W,. Note that for the inner surface, w, =

Wx - 28wall);
. the maximum width of the tube in y direction W,. Note that for the inner surface, w, =
Wy - 28wall;

. the minimum gap width W, which is the minimum gap size of the tube plus the tube
thickness. Note that for the inner surface, the gap size d = W — 28,,,;

. the radius of gap region circle r, (inner surface R, =r, + Oant )

. the radius of main channel circle R, (inner surface r, = R - 8,y );

. the radius of transition circle R, (inner surface r, = R, - 8,1 )-

For the dumbbell-shaped tube, the radius of the transition circle R, is much smaller than the
radius of the main channel circle R.. It is noted that all these measurable parameters are for the
outer surface of the dumbbell-shaped tube. The flow area and hydraulic diameter of the
dumbbell tube are calculated based on the parameters of the inner surface, which can be derived
from the above geometric parameters and the tube wall thickness. These parameters were

measured using a micrometer and radius gauge at different gap sizes.

4.2.2 Flow Area

To compute the flow area of the dumbbell-shaped tube, only a quarter of the dumbbell-shaped
tube needs to be considered due to the symmetry of the geometry. The flow area is the area
enclosed by the inner surface of the dumbbell-shaped tube. The shape of the surface is

determined by the six measurable parameters: w,, W,, W, R,,r,andr,

The dumbbell-shaped tube is a complex geometry and there is no simple equation available to
compute the area. As shown in Figure 4.3, the cross section can be broken up to four regions:
quadrangle OP,P,P,, pentagon O,0;P,P;P;, sector P,O,P,, sector P,O;P,. Then the flow area of
the dumbbell-shaped tube is given by

S =4x(Soppp, + S0,0,7,P5p5 * Sey0,p * Spo,p,)

where



EXPERIMENTAL STUDY 4-4

SOP5P3P4 = Solops -§ P;0.P,
These areas can be obtained if the co-ordinates of the characteristic points O, O,, 0,, 0;, P, P,,
P,, P,, P, are known. The co-ordinates can be derived by determining the angles (o, o, and ;)

and the six measurable parameters.

P2
Pl

P3 3

Figure 4.3 Dumbbell-shaped flow area calculation.
The flow area can also be calculated through numerical integration over the curve P,P;P,P\P,.
The mathematical functions for the section P,Py(circle O,), P;P,(straight line), P,P (circle O,),
P,P,(circle O,) are obtained according to the co-ordinates of the characteristic points O,, O,, O,,

P, P, P, and P,.

4.3 Working Fluid

R-134a (HFC-134a) was selected as a working fluid for this experimental investigation. As

described in Chapter 1, heavy water is normally used as primary coolant for nuclear reactors.



EXPERIMENTAL STUDY 4-5

However, modeling fluids (also called “scaling fluids”) are normally used as a working fluid for
CHF experiments based on the CHF fluid-to-fluid scaling theories. Refrigerants, such as R-12
(CHC-12), have been widely used as modeling fluids.

There are numerous advantages of using modeling fluids to measure CHF over water. The CHF
experiment will cost dramatically less because of the lower pressure, lower temperature and heat
flux involved. For example, the CHF in R-134a at 1.7 MPa corresponds to CHF in water at 10
MPa. The system pressure is reduced considerably by using a modeling fluid. The
corresponding saturation temperature is reduced from 310°C to 60°C. Furthermore, the latent
heat of R-134a is only 5% of that for water at the corresponding pressure. This reduces the
system power requirements by an order of magnitude. Tain (1994) concluded that the following
advantages are derived from using scaling fluids:

. The lower heat flux and lower temperature resuit in much lower temperature excursions

at the CHF condition. Thus the possibility of physical bumout is extremely low.
. The accuracy and reproducibility of CHF data are much better than in water.

. Instrumentation is less complex and experimental testing is safer, easier and quicker.

Commonly used refrigerants for CHF experiments are:

« CFGCs;
CFCs stands for chlorofluorocarbons, which are molecules made up of chlorine, fluorine
and carbon atoms. CFC-12 (usually known as R-12) used to be the most widely used
fluid for CHF measurement.

« HCFCs;
HCFCs stands for hydrochlorofluorocarbons, which are molecules made up of hydrogen,
chlorine, fluorine, and carbon atoms.

. HFCs;
HFCs stands for hydrofluorocarbons, which are complex molecules made up of

hydrogen, fluorine and carbon atoms.

It has been found that CFCs deplete the ozone layer which filters out harmful ultraviolet
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radiation produced by the sun. The ozone molecule is unstable. CFCs have the highest ozone
depletion potential or ODP, and CFC-11 and CFC-12 are the most harmful of the commonly
used refrigerants: they have ODP factors equal to 1.0. HCFCs have an ODP approximately 1/20
that of CFCs. HFCs have zero ODP and pose no danger to the ozone layer, but have a global
warming potential (GWP) as greenhouse gases. HFC-134a (usually known as R-134a) has an
ODP factor equal to 0.

To take advantage of refrigerants while avoiding the depletion of the ozone layer, R-134ais a
good fluid for CHF experiments.

4.4 Fluid-to-Fluid Modeling of CHF

Fluid-to-fluid modeling techniques make it possible to derive the CHF in water from the
experimental CHF data obtained in a modeling fluid at equivalent conditions. The theory

underlying fluid-to-fluid modeling of CHF is based on the principle of similitude.

The first similitude principle gives the property of similarity. The third similitude principle
defines the similarity conditions required for two phenomena. Based on the research of Tain et
al. (1993), for CHF in a uniform heated steady-state up-flow channel, if the model and prototype
flows have geometric similarity, hydrodynamic similarity and thermodynamic similarity, the two

CHF phenomena are similar. Thus, the dimensionless CHF groups are equal.

Generally, by using the same L/D ratio in model and prototype, geometric similarity is achieved.
It can be expressed as
(&), - (&)
D/p D'w
where, subscript ‘M’ denotes the modeling fluid and subscript ‘W~ indicates the equivalent value

for water or the prototype system.

For hydrodynamic similarity, a similar non-dimensional mass flux in both systems is required,

ie.,
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Gy =Gy
where G” can be expressed in various ways. After examining seven different fluids, Groeneveld
et al. (1992) found that the most accurate CHF mass flow modeling parameter is given by
P p0-5
(op f)o.s

A similar density ratio in both systems is required, i.e.,

Gl

Thermodynamic similarity requires the equivalent thermodynamic properties of the fluid. Itis
achieved when qualities in both systems are the same at any axial location (/D) along the length,
i.e.,

X(2)y =X (2)w

From the heat balance equation

= 1_1_ 4 | _[ &4
xe =( ) 4 (32

where, A and |, are area and perimeter of the channel cross section.

If the above dimensionless parameters are matched, the two CHF phenomena are similar.
According to the first principle of similitude, all dependent non-dimensional groups are equal.

Thus, the non-dimensional CHF groups for the two fluids are equal:

(q;HF) =(q;‘HFJ
hng g hng w

The fluid-to-fluid modeling technique has been successfully applied to a wide range of test

section geometries and flow conditions.

4.5 Flow Loop

The CHF experiment investigation was carried out in the Multi-Fluid Boiling Loop at the

University of Ottawa. This loop was designed specifically to perform CHF tests on non-aqueous
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fluids, such as CFC-12 and HFC-134a.

4.5.1 General

As shown schematically in Figure 4.4, the two gear pumps circulate the fluid through the control
valves, to the flow meter (Micro Motion, Sensor Model D12, Transmitters Model RFT9712),
preheater, test section, heat exchanger (Model Coax-2201-J-08-128), and pressurizer. The loop
is built entirely of stainless steel except for the brass heat exchanger and some minor
connections. It is capable of supplying fluid at pressures up to 3.45 MPa (500 psi), mass fluxes

up to 4000 kg m? s, powers up to 5 kW, and test section lengths up to 1.8 m.

4.5.2 System Parameters and Measurements

4.5.2.1 Pressure

The pressures are adjusted using a pressurizer. A tubular heater with a maximum power of 500
W is located at the bottom of the pressurizer to boil the liquid, while a cooling coil is mounted at
the top to condense the vapor. The pressure is controlled by adjusting the power supplied to the
heater and the water flow rate in the cooling coil. The absolute system pressures are measured

using an absolute pressure transducer located at the outlet of the test section.

4.5.2.2 Mass Flux

Valves at upstream of the test section and within the by-pass sections control the flow rate and
provide a stable operating condition during the tests. A Coriolis type mass flow meter at the
upstream of the test section measures the mass flow rate. The mass flux is derived by dividing

the mass flow rate by the cross section area.

4523 Inlet Subcooling

The inlet conditions to the test section are adjusted by the power input and the flow rate of
coolant to the preheater. The power to the preheater is finely regulated with a variable
transformer. The inlet temperature is monitored by the thermocouples installed at the inlet of the

test section.



EXPERIMENTAL STUDY 4-9

7 - \\,\ < Abbreviations
s e X > < A AC - alternative current
= 15 R DAS - data acquisition system
9. Coolant G - power supply
'_- ‘ 16 P - pressure transducer
AC_ '~ PC - personal computer
N [ TCP - thermocouple probe “TcP —>
'—/g g ¥ T TC- thermocouple 7 - |
- T - ~_ - ST :
—— e e oI - P 91
- t _ — f
Coolant . 11 5 - - g -- :
: ol __TCIE |
K - - Y 3 I IE T
!:9 . ot *—“: =T - 6 | Test .‘i G :
/ T >< e T | = B @: | section ¥ "\ \: >
R i _ — 3 A /' l 5 — .
- ] |l-leating 5 - A
D o e mim e
i 1 T 1 |coolant - i T 7 7 |
— > - SRR P>
|~ T ——— =" 12
- ,,.i)\___ L~ I
— = e — ol ~ > I - i
N = i l 3
_5»—- PC B [%§ ) o ~ l
- - I
- | A |
N e N Y
. .7 Valves .
- - >T:. . ' . 14
- .. - Fittings
Figure 4.4 Schematic of the test loop.
1. Gear pump 2. Coriolis type mass flow meter 3. Preheater

4. Dielectric fittings

7. Sight glass

10. Pressure relief valve
13. Vacuum pump

16. High pressure nitrogen

5. Electric power terminal
8. Condenser

11. Refrigerant filter-drier
14. Refrigerant storage tank

6. Electrical preheater

9. Pressurizer
12. Ball valve

15. Pressure reducer




EXPERIMENTAL STUDY 4-10

4.5.2.4 Heat Flux

Low-voltage, high-current DC power is supplied directly to the test section. The power supply
(Sorension Model 40-125A) is connected to the test section and has a capacity of up to 5 kW.
The voltage drop across the test section is measured using a multi-meter. The DC current is
derived by measuring the voltage drop through a shunt resistor, where the total heat supplied to
the test section is calculated from the product of the DC current and voltage drop across the test
section. The average heat flux is obtained by dividing the total power by the area of the inner
surface.

4.5.3 Test section

4.5.3.1 General

The test section is basically a heated dumbbell-shaped tube mounted vertically with subcooled
liquid entering at the bottom. The test section with the dumbbell shape is made of Inconel 600
circular tube (9.8 mm I.D., 10.5 mm O.D.). Since test sections are directly heated by DC power,
the heated length can be adjusted simply by changing the location of the upper power clamp.
The test section is connected to the flow loop via two dielectric fittings (Swagelok, SS-4-DE-6)
so that the test section is electrically insulated from the other parts of the loop. The test section is

insulated with fiber glass wool, and a schematic of the test section is shown in Figure 4.5.

4.5.3.2 Minimum Gap Size Control and Measurement

The minimum gap size is a key parameter in the CHF experimental investigation. Due to the
properties of the tube material, the minimum gap size can vary with temperature and pressure.
Therefore, before using for the CHF test, the dumbbell test sections were systematically
measured. The wall effect and the system pressure effect on the minimum gap size were also

tested.

It was found that wall temperature effect on the minimum gap size is negligible within the
temperature range from 0°C to 100°C (the maximum saturation temperature is less than 60°C).

However, the minimum gap size changes with system pressure.
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Figure 4.5 Sketch of the dumbbell-shaped test section.

To restrain the minimum gap size expansion with pressure, a pair of special clamps were designed and
applied to the test section. As illustrated in Figure 4.5, two ceramic rods are placed between the
dumbbell-shaped tube and act as both electrical and thermal insulator. The ceramic material was
chosen because of its hardness and low heat and electricity conductivity as well. The rod radius is 2
little bit smaller than that of the narrow gap region, which ensures that the rods are well in contact with
the tube wall in the minimum gap region. By tightening the screws, the clamps push the rods against the
tube wall in the narrow gap region. The gap size is therefore restrained and controlled by adjusting the

SCIews.
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The ceramic rod and the clamps make it difficult to measure the minimurn gap size. It is not possible to
measure the size directly. Therefore, special pins with fixed length were made and installed to the test
section for the purpose of gap size measurement. The pins, ceramic rods, tube walls, and gap form a
chain.

As shown in Figure 4.6, the total length of the chain was measured using a micrometer. It is noted that
atthezerogapsizccase,metotallengthofthechamisequaltothesmnofthepinlengths,rod
diameters and wall thickness. For non-zero gap, the minimum gap size was obtained by deducting the
pin lengths, rod diameters and wall thickness (the sum equals the length for zero gap) from the total
length of the chain.

PO
<

Figure 4.6 The chain for measuring minimum gap size.

4.53.3 Monitoring of CHF

CHF normally occurs first at the exit of the test section. In this experimental study, thermocouples were
mounted in the vicinity of the flow exit of the test section to monitor the temperature jump which is
characteristic of CHF. It is noted that for monitoring the CHF an accurate measurement of wall

temperature value is not required. Because of the geometry complexity, flow in the dumbbell tube is not
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uniform and the CHF may occur at different locations of the dumbbell cross section. Based on the
dumbbell shape analysis in section 4.2, eight ungrounded K-type thermocouples were installed at
characteristic points on the outside tube surface around the periphery of the dumbbell-shaped tube

cross section. Ungrounded thermocouples were used to prevent electrical conduction.

i
1

Figure 4.7 Thermocouples for monitoring CHF.

As shown in Figure 4.7, thermocouples labeled G1 and G2 are placed at the center of the narrow gap
region of the test section to monitor the temperature at the minimum gap size points. The thermocouples
C1 and C2 are located at two ends of the center line. These thermocouples are used to monitor the

CHEF at different flow conditions.

As described in the previous section, ceramic rods and clamps are applied to the narrow gap region of
the test section to restrain the gap size change. This makes it hard to install the thermocouples in the
gap region. A special thermocouple holder was therefore designed and added to the rod clamps for
measuring the tube wall temperature in the minimum gap region. Small holes were drilled in the rods,
which allows the thermocouples to pass through the rods and keep a tight contact with the dumbbell-
shaped tube wall.

As shown in Figure 4.8, the thermocouples (stainless steel sheathed, ungrounded) go through the rod
and clamp, and keep a tight contact with the tube wall with the aid of a compressed spring. The spring
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is installed between the screw and the peg. The peg is fastened with thermocouples, while the screw is
fastened in the clamp. By tuming the screw, the compressed spring pushes the peg and keeps the
thermocouples in good contact with the tube wall.

Ceramic rod

Thermocouple

Figure 4.8 Assembly sketch of rod, clamps and thermocouples.

4.5.4 Contamination Control

As shown in Figure 4.4, a filter is installed in one of the by-pass paths in order to minimize the influence
of contamination. Furthermore, evacuation is performed using a vacuum pump before charging the
working fluid. This removes unwanted moisture and non-condensable gases from the system. By
lowering the system pressure, the boiling point of water is lowered to a point much less than the room
temperature. Thus, evaporation occurs easily. This vaporized moisture can then be drawn out by the

vacuum pump.

4.5.5 System Leak Testing

After the test section was connected to the loop, a leak check was performed using high pressure
nitrogen (around 2 MPa) before charging refrigerant. Note that the maximum operating pressure for
this CHF investigation is 1.66 MPa. The leaks were traced using a simple bubble test liquid made of

soap and water.
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4.5.6 System Charging and Discharging

Before charging R-134a to the loop the gases inside the loop was evacuated using the pump.
This removes the non-condensable gases and water vapor in the system. The pump operation
lasted about 15 minutes. When the system was fully evacuated, the vacuum control valve was
closed and the pump was shut off. The system pressure was monitored to ensure that the vacuum
level held for at least 5 minutes. Then R-134a was charged to the loop. The charging procedure
can be accomplished faster by placing the refrigerant storage tank in hot water bath. The amount

of working fluid used was controlled by monitoring the liquid level in the pressurizer.

Whenever it is necessary to replace a test section, the system must be discharged. To return the
refrigerant in the loop back to the storage tank, the tank was submerged in ice water. The
refrigerant will condense at low temperature, which lowers the tank pressure. Thus, the

refrigerant in the loop at a higher pressure is sucked back to the storage tank.

4.5.7 Heat Balance Testing

Heat balance tests using single phase R-134a were performed before CHF experiments. It was

found that the heat loss was less than 1%.

4.6 Data Acquisition System

The flow and the heat transfer parameters of the main loop and test section were measured by
thermocouples, absolute pressure transducers and flow rate transducer. A data acquisition
system (Sciemetric Data Acquisition and Control System 200) was used to collect, process and
record these parameters. In the experiments, the following parameters are of primary interest:

. wall temperatures in the vicinity of the exit of the test section,

. inlet and outlet temperatures of the test section,

. mass flux,

. pressure at the outlet of the test section.

The parameters were also displayed using real time graphs. The CHF occurrence was detected
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by monitoring the wall temperature jump in the graph. The system parameters (pressure, mass

flux, and inlet temperature) and power supplied (voltage drop and DC current) were recorded at

CHF conditions.

4.7

Test Procedure

The CHF condition is approached by increasing test section power at constant mass flux, inlet

temperature, and pressure. The experimental procedure consists of the following:

1.

4.8

Fill the system with the test fluid; starting the circulating pumps; adjusting the mass flux
with the regulating valves;

Regulate the'system inlet temperature and pressure by adjusting the desired power to the
preheater and the heater inside the pressurizer;

Supply power to the test section at about 80% of its predicted CHF value;

Slowly increase the test section power until CHF has occurred. At each step. maintain
the test section power, and carefully monitor the mass flux and system pressure to ensure
both are at steady state.

Record current and voltage to the test section, mass flux, system pressure, fluid inlet and
outlet temperatures.

Reduce the test section power to 80-90% of the CHF value and adjust the flow condition
for the next CHF test.

Test Conditions

The objective of this experiment is to obtain data for the geometric effect on CHF. and the

influence of flow parameters on this effect. The experiments covered a wide range of flow

conditions and the overall test matrix is summarized in Table 4.1.
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Table 4.1 Test matrix
Parameter Test range
Gap size 0, 0.15,0.3,0.5,0.7, ] mm
Pressure 1130 kPa (7 MPa water equivalent)
1660 kPa (10 MPa water equivalent)
Mass flux 1000, 2000, 3000 (kg/m’s)
Mass flow rate I, 3, 5 (kg/min)
Quality 0.1t00.7
Inlet temperature 14 to 57 °C
Heated length 0.7t01.4m

4.9 Flow Visualization

A simple adiabatic two-phase flow visualization test has been performed for mechanistic analysis
and CHF modeling. Transparent dumbbell-shaped test sections were constructed by squeezing a

plastic circular tube in between two glass rods.

Tap water and high-pressure nitrogen were mixed upstream of the dumbbell-shaped test section
to form two-phase flow. Water and gas valves in the upstream of the test section controlled the

mass flow and quality. Annular flow in the dumbbell-shaped tube was observed.

4.10 Data Reduction

For a given geometry, the CHF is a function of P, G, X at local condition:
CHF = f (P,G,X)

The pressure P can be measured directly, while the mass flux G and quality X are derived from

W
A
X___hexil—hj
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where Q is the total power supplied to the test section. The heat flux is calculated from

CHF = qcur =%

where A is the inner surface area of the dumbbell-shaped tube.

The CHF can also be expressed as a function of inlet condition:
CHF = f(P,G,Ah,,, L)
where L is the heated length which is measurable. The subcooling Ah, is derived from the inlet

temperature and the pressure.

4.11 Error Analysis

Please refer to Appendix II for details.



MODELING STUDY 5-1

Chapter 5
MODELING STUDY

This chapter describes a new theoretical model developed to study dryout CHF in complex flow
geometries. The model is called a CHF partition model since it partitions a complex flow
channel into two interactive pseudo-channels. Using the partition concept, a deposition factor is
introduced to account for the effect of irregular geometry on deposition and its distribution to

different parts of the subchannel.

This modeling study was carried out in three stages. First, simplifying assumptions were made
to approximate the real two-phase annular flow and heat transfer system with a physical model.
Some of these assumptions refer to specific annular flow processes, while others pertain to the
partitioning of flow channels. Second, analytical formulation of annular flow heat transfer was
performed based on these physical assumptions and the conservation equations. The final stage
(computation) focused on how to solve the equations obtained in the formulation step. It
involved the design and implementation of a computer model for annular two-phase flow and

heat transfer.

Sections 5.1, 5.2, and 5.3 of this chapter describe the aforementioned three stages of model

development.

5.1 Partition Model

5.1.1 Introduction

The CHF in complex flow geometry is a three-dimensional two-phase flow and heat transfer
problem. However, due to the complexity of the CHF phenomenon, CHF models are normally
one-dimensional. To deal with the CHF in complex flow channels under the one-dimensional

flow limitation, the partition model was created in this study. Instead of explicitly expressing the
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three-dimensional flow and heat transfer in a complex geometry, the partition model divides the
flow channel into two interactive pseudo-channels. Each pseudo -channel is viewed as a quasi-
simple geometry. Two sets of one-dimensional conservation equations are then applied to the
two pseudo-channels. The CHF in the complex geometry is computed by solving equations of

the two pseudo-channels and overall conservation equations of the entire channel.

The partition model created in this study is anew approach to the CHF modeling. However, the
concept of partition is not new. As early as the 1930s, Prandtl developed his well-known
boundary layer theory. The theory is essentially a partition approach which divides the flow over
a surface into two regions, boundary layer and main flow region. Similarly, for modeling the
CHF in a complex geometry, the partition model divides the flow inside the channel into two
regions: the narrow gap region, and the main flow region. The geometry effects on CHF are

examined by analyzing the flow and heat transfer difference between the two channels.

Most complex geometries of interest can be partitioned reasonably. For example, rectangular
and triangular geometries can be divided into a corner region and a main flow region; concentric
annuli can be divided into the inner region and outer region; geometries like the bundle and the

dumbbell, can be divided into a gap region and a main flow region.

5.1.2 Basic Assumptions

The partition model was derived from Whalley’s “annular flow model” (Whalley et al., 1974)
with the concept of partitioning a complex geometry. Itis limited to annular two-phase flow and
dryout-type CHF. This subsection describes the basic assumptions specific to annular flow.
They are general to most of annular two-phase flow model like Whalley’s model (Whalley etal.,
1974) and Govan’s model (Hewitt and Govan, 1990). The subsequent sections will depict the

assumptions specific to the partition model and the dumbbell-shaped tube.

Two-phase flow and heat transfer in a complex flow channel is simplified with the following
assumptions:

« Steady state
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No effect of transition will be taken into account. The model cannot be applied to time-
dependent situations.

Pseudo one-dimensional

The flow area of the cross-section is assumed constant. The flow inside the channelisa
forced flow. The flow is thus assumed 1-D in the flow direction. However, for the
annular two-phase flow, the evaporation and droplet exchange processes in lateral
direction have to be taken into account. Thus, to be precise, the flow is assumed quasi
one-dimensional.

Vertical upward flow

As this study is concentrating on the effect of geometry on CHF, the model is restricted
to vertical upward flow. The effect of flow direction will not be taken into account.
Three flow regions in flow direction

In the case of subcooled inlet conditions, flow inside the channel is divided into three
regions: single-phase flow, homogenous flow, and annular flow. In the single flow
region, the liquid is heated up to saturation condition. From saturation to onset of
annular flow, the flow is assumed to be homogenous. For annular flow, a liquid film
flows along the tube wall. Vapor and entrained liquid droplets comprise a
homogeneous core surrounded by the liquid film.

The onset of annular flow (ONAF) condition is identified according to the assumption
made by Whalley’s model: the initial condition for annular flow is a thermodynamic
quality of 0.01 where 99% of the liquid phase is entrained. Earlier modeling works
have shown the predicted CHF to be relatively insensitive to the assumption of the
ONATF condition for long tubes (Whalley, 1977).

Thermodynamic equilibrium in two-phase flow regions

All fluid properties involved are constant and the vapor phase is always saturated. The
saturation properties are determined by the exit pressure.

Homogenous flow of the liquid droplets and vapor in the core.

Gravity is the only body force involved.

Viscous energy dissipation is neglected

No viscous energy dissipation is taken into account. For boiling heat transfer, itis a
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minor quantity.

5.13 Partition Assumptions

In addition to the basic annular flow assumptions, the assumptions specific to the partition model
are as follows:
« Any flow channel can be divided into two pseudo-channels
Partitioning a flow channel is simply a different view of the channel, which will not
affect the flow and heat transfer inside the channel. Overall conservation is preserved.
. Flow inside each pseudo-channel is assumed to be an annular flow.
. The flows inside the two pseudo-channels interact with each other by sharing the
common gas Core.
. The mass transfer of the liquid films between the two pseudo-channels is negligible
For each liquid film of a pseudo-channel, the mass transfer in the lateral direction is
primarily due to evaporation, deposition and entrainment. The mass transfer across the
liquid film boundary between the two pseudo-channels is minor since the liquid film is
very thin and the flow in the peripheral direction is secondary.
. The deposition rates in the two channels may be different due to the shape effect.

Section 5.2.4.5 describes the geometry effect on deposition.

5.1.4 Partitioning Flow Channels

The partition model isolates the particular region from the main flow region to take into account
local flow and heat transfer characteristics. Therefore, partitioning a flow channel becomes a key
part of the model. Like the boundary layer theory, the definition of boundary of the boundary
layer is a key part of the theory. However, unlike boundary layer theory, when partitioning a
channel (defining the boundary of the two pseudo -channels), the geometry characteristics of the
channel needs to be taken into account. Assumptions are made for partitioning each flow

channel.

5.14.1 Partitioning a Circular Tube

The circular tube is a special case. It can be divided arbitrarily into two sectors as shown in



MODELING STUDY 5-5

Figure 5.1 due to its symmetry. In this study, the partition model is applied to the circular tube
geometry not for the purpose of predicting new CHF data but to verify the model.

Figure 5.1 Partition of circular tube.

5.14.2 Partitioning a Dumbbell-Shaped Tube

The partition model was initiated for predicting the CHF in dumbbell-shaped tubes. In theory,
the same methodology can be used to predict CHF in other flow geometries. Due to symmetry,
only half of the dumbbell shape needs to be considered, further simplifying the analytical

treatment of the flow geometry.

As shown in Figure 5.2, the dumbbell-shaped tube flow channel is divided into two flow regions
(two shaded areas in the figure), a narrow gap flow channel and a main flow channel. Itis noted
that the curvature of the dumbbell-shaped tube changes. The boundary (shown as a double line
in the figure) between the two flow regions is set at the point of transition from concave to
convex. By this partition, the surface of the main channel is concave while the surface of the gap

region is convex (from interior view).
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Figure 5.2 Partition of dumbbell-shaped tube.

5.1.5 Dumbbell Flow Channel Assumptions

This section describes the detailed assumptions made specifically about the dumbbell-shaped

tube.

5.1.5.1 Two-phase Flow Regimes in Dumbbell-Shaped Tube

To determine the flow patterns and heat transfer regimes in the dumbbell-shaped tubes,
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sophisticated diabatic flow visualization and measurement are required. However, no such
experimental investigation has been found currently. This subsection simply postulates the flow
in a dumbbell-shaped tube based on researches on other geometries, including small triangular

and rectangular channels.

Triplett et al. (1999a) conducted an experimental investigation on two-phase flow patterns in
micro-channels. Circular tubes with diameters of 1.1 and 1.45 mm and semi-triangular channels
with hydraulic diameters of 1.09 and 1.49 mm were tested. The semi-triangular is a triangular
with one of the three round corners. Five major flow patterns, bubbly, slug, churn, slug-annular
and annular, were observed in the experiments. It was found that the flow patterns in the semi-
triangular channels were similar to their corresponding flow patterns in the circular tube. Xu et
al. (1999) investigated flow regimes of air and water flow in rectangular channels with narrow
gaps of 0.3, 0.6 and 1.0 mm. It was found that the flow regimes for gaps of 1.0 and 0.6 mm were
similar to those having a larger gap, which can be classified into bubbly flow, slug flow, churn-
turbulent flow and annular flow. For the rectangular channel having a mini size gap of 0.3 mm,

cap-bubbly flow, slug-bubbly flow, churn flow and annular-droplet flow were observed.

Based on these results in the small semi-triangular and rectangular channels, it is assumed that
the flow patterns in the dumbbell-shaped tube should be similar to those in the circular tube. As
the subcooled working fluid enters the dumbbell-shaped tube, it is in the liquid phase. Like the
flow in a circular tube, as the fluid proceeds farther downstream, the flow patterns change from

liquid single-phase flow, bubbly flow, slug flow, to annular flow.

With the flow patterns changing, the regions of heat transfer change from single-phase
convective heat transfer, subcooled boiling, saturated nucleate boiling, to two-phase forced
convective heat transfer. In the boiling regions, the bubbles will eventually depart from the wall
surface. It is postulated that no bubble will bridge the two convex surfaces of the tube wall in the

narrow gap region.

At the ONAF point, two vapor cores are formed at the centers of the two subchannels of the
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dumbbell-shaped tube. At this state, the liquid bridges the gap completely and separates the two
vapor cores. In the region of annular flow, no bubble is generated at the surface of the tube wall.
The void is generated at the surface of liquid film, which merges into the turbulent vapor core
immediately after generation. As the quality increases, the liquid film around the tube wall
becomes thinner and thinner, as does the liquid bridge in the narrow gap region. For most of the
flows, a point may eventually be reached where the liquid bridge breaks. The liquid bridge
disappears and becomes two liquid films on the two convex surfaces of the tube in the narrow

gap region. Upon the complete evaporation of the liquid films, dryout-type CHF takes place.

In summary, the flow patterns and heat transfer regimes in the dumbbell-shaped tubes are

assumed to be similar to those in circular tubes.

5.1.5.2 Circumferential Distribution of Liquid Film Thickness

The partition model is restricted to annular flow. The CHF is predicted by monitoring the first
occurrence of liquid film dryout. Different from the circular tube, the circumferential
distribution of liquid film thickness along the periphery of the dumbbell-shaped tube may not be
uniform due to the geometry effect. This subsection makes further simplifications on the

circumferential distribution of liquid film thickness in the dumbbell-shaped tube.

A measurement of the circumferential distribution of liquid film thickness in the dumbbell-
shaped tube is needed as a basis for prediction. However, this is beyond the scope of this study.
In this subsection, assumptions of the liquid film distribution are made by examining the

mechanisms of liquid film spreading instead of conducting an experimental investigation.

Butterworth (1973) investigated the circumferential distribution of liquid film thickness and
summarized the mechanisms of liquid film spreading. He proposed the following four
mechanisms or factors of liquid film spreading:

1. Spreading of the film by a wave action

2. Transfer of liquid by entrainment and deposition of droplets

3. Spreading by circumferential shear force due to secondary gas flow
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4. Spreading by surface tension force.

The partition model is based on data for circular tubes. For the annular flow inside a complex
geometry like the dumbbell-shaped tube, the problem is converted to the effect of geometry on
these four factors. Currently, no literature has been found on the geometry effect on the
circumferential distribution of liquid film thickness. For the effect of geometry on entrainment
and deposition, an approach is introduced in this study, which will be discussed in section 5.2.4

of this chapter in detail.

For the other three factors, the effect of geometry in the vertical dumbbell-shaped tube is
analyzed based on the resuits of previous researches on horizontal tubes. The three mechanisms
of liquid spreading are similar for all the annular flows, including vertical flow in the dumbbell-
shaped tube and horizontal flow in the circular tube. Ina horizontal or near-horizontal circular
tube, the effect of gravity is the only source that may lead to a non-uniform circumferential
distribution of liquid film thickness. For the vertical flow in the dumbbell-shaped tube, the effect
of geometry is the only source that causes a non-uniform distribution. The assumptions will be
made for the geometry effect on the three factors of liquid spreading in the vertical dumbbell-

shaped tube according to the gravity effect in the horizontal tube.

In a horizontal two-phase flow, liquid film climbs up towards the top of the channel cross section
against gravity if the flow rate of gas is high enough. This phenomenon clearly shows the
existence of some kind of force that is strong enough to transfer the liquid film upwards against
the gravity. Laurinat et al. (1985) proposed a theoretical model to calculate the circumferential
distribution of film thickness in horizontal pipes. Among the four mechanisms of liquid film
spreading, the secondary gas flow was considered to be the most important factor that affects the
distribution. The role of surface tension was considered negligible. Against gravity, the
circumferential shear force caused by the secondary gas flow transfers the liquid towards the top
of the horizontal tube. Fores et al. (1995) investigated the secondary flow in horizontal annular
two-phase flow. They also concluded that the secondary flow in the vapor core plays the

principle role in full development of the liquid annulus.
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Fukano and Ousaka (1989) conducted a theoretical research on the circumferential distribution of
liquid film thickness in horizontal and near horizontal annular flows. They obtained different
results. It was found that the disturbance waves play an important role in maintaining a liquid
film near the top of the tube. The pumping action of disturbance waves was thought to be the
mechanism of the liquid moving upwards to the top of the cross section of a pipe. According to
this flow model, the liquid is pumped up from the bottom of the channel through a disturbance
wave and any parts of a disturbance wave move with the same axial velocity. Jayanti and Hewitt
(1993) also found that the secondary flow mechanism for liquid film distribution is not
applicable in the case of annular flow. They concluded that the disturbance wave, and

entrainment and deposition are probably responsible for the film distribution.

Fukano et al. (1997) indicated that “the mechanism of transporting liquid toward the top of the
pipe in horizontal annular flow is still in question.” However, it can be concluded from the
previous investigations that the effect of surface tension is negligible if compared to the effect of
the disturbance wave or the circumferential shear force caused by the secondary gas flow. The
effect of the disturbance wave or the circumferential shear force or both is so strong that the
liquid film is formed on the top of horizontal channels, which leads to a more uniform

distribution of liquid film thickness in the circumferential direction.

According to the results of previous researches, the partition model will not need to take the
effect of surface tension into account for the vertical dumbbell-shaped tube. Among the four
mechanisms of liquid spreading, the surface tension plays little role on the circumferential
distribution in the case of annular flow. The disturbance wave and the circumferential shear
stress are strong and will result in a relatively uniform distribution like flow in a circular tube.
As described in previous section, the partition model assumed that the liquid film in each flow
region was uniform. This uniform distribution is the results of the combined effect of the two
mechanisms (the disturbance wave and the circumferential shear force). In other words. the
partition model takes the effects of these two mechanisms into account by assuming that the

distribution of liquid film in each pseudo-channel is uniform. It is noted that in this study, the
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mass transfer of liquid through the liquid film boundary between the two pseudo-channels is

negligible.

5.1.5.3 Zero Gap Case

In the case of zero gap, the two convex surfaces of the dumbbell-shaped tube contact each other
in the narrow gap region. This is an extreme case. It is noted that this may not mean that a
severe adverse effect on CHF will occur. The vapor phase is able to migrate into the main flow

region.

Flow channels can be grouped into two categories: uniform spacing like concentric annuli or
parallel plates, and non-uniform spacing like eccentric annuli. For the flow channel with
uniform spacing, if the spacing is very small, the bubble may be deformed and bridge the surface
due to the constraint of the flow channel wall, which will more likely lead to premature CHF.
On the other hand, the non-uniform spacing channel, like the dumbbell-shaped tube, has an open
flow area — the main flow channel. The evaporated vapor may move to the vapor core from the

narrow gap region instead of stagnating in the narrow gap region.

In theory, only one point of the surface comes into contact in the case of zero gap. Different
from the non-zero gap size, the liquid bridge in the narrow gap region will not break until dry
out. The dumbbell-shaped tube with zero gap is closer to a triangular flow channel. Figure 5.3

illustrates the analogy between the two flow channels.

0P

Figure 5.3 Zero gap case.

A lower velocity the in narrow gap region may lead to the liquid film being superheated. This

may lead to a lower CHF. The partition model takes account of such an effect by considering the



MODELING STUDY §-12

difference between the narrow gap region and the main flow region.

5.2 Formulation

This section presents the mathematical description of the partition model.

5.2.1 Conservation of Mass

The equations of mass conservation are obtained from mass balances for the liquid films and
vapor core for the control volume shown in Figure 5.4. The figure shows a typical finite control

volume, which can be either the main flow or the gap flow region.
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Figure 5.4 Mass balance on a control volume of a pseudo-channel.

Applying a mass balance to the control volume for the liquid film of pseudo-channel 1 gives
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dW "
_TzlzL_m_= pl(pl ~E, _ll_)

Applying mass conservation to the control volume for the liquid film of pseudo-channel 2 gives

dz h

dWLpz =1p2 (Dz - Ez _22_)
2

Applying mass balance to the entrained liquid droplets in the vapor core gives

where,

dw
__d7u;-=1pl (El - Dl)+ lpZ(E2 _Dz)

is the mass flow rate of entrained liquid droplets in pseudo-channel 1;

is the mass flow rate of entrained liquid droplets in pseudo-channel 2;

is the axial co-ordinate in the flow direction;

is the perimeter of pseudo-channel 1;

is the perimeter of pseudo-channel 2;

is the deposition rate of droplets onto the liquid film in pseudo-channel 1;
is the deposition rate of droplets onto the liquid film in pseudo-channel 2;
is the entrainment rate of droplets from the liquid film in pseudo-channel 1;
is the entrainment rate of droplets from the liquid film in pseudo-channel 2;
is the heat flux applied to pseudo-channel 1.

is the heat flux applied to pseudo-channel 2.

is the latent heat of vaporization of the liquid.

For the mass flow rate, many other notations are also used:

is the total mass flow rate in the entire channel;

is the total mass flow rate of the liquid film in the entire channel;

is the total mass flow rate of the entrained liquid droplets in the entire channel;
is the total mass flow rate of the gas in the entire channel;

is the total mass flow rate in the pseudo-channel 1;

is the total mass flow rate in the pseudo-channel 2;

is the total mass flow rate of entrained liquid droplets in the pseudo-channel 1;
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W, is the total mass flow rate of entrained liquid droplets in the pseudo-channel 2;
W, is the total mass flow rate of gas in the pseudo-channel 1;

W,, is the total mass flow rate of gas in the pseudo-channel 2.

These mass flow rates have following relationships:
W=W,+W,+W;
W, =W, +W +Wg
Wy=W + W + W,
W =W +Wy
W, =Wg +W;,

W =Wy + Wi

5.2.2 Conservation of momentum

The pressure drop of a two-phase flow generally consists of three components: friction loss,

momentum change, and elevation pressure drop arising from the effect of the gravitational force

field.

Applying the Newton’s second law of motion to the elemental control volume for pseudo-

channel 1 and 2, respectively, yields

dp) _ Ipl d (W
(dzl—z'wl + d= 'A—ul +p 8

where,
P is the pressure of the system;
T is the wall shear stress in pseudo-channel 1;
T, is the wall shear stress in pseudo-channel 2;
ol is the average density for pseudo-channel 1;

P, is the average density for pseudo-channel 2;
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g is the acceleration of gravity;

A, is the total area of the cross section for pseudo-channel 1;
A, is the total area of the cross section for pseudo-channel 2;
u, is the average actual velocity for pseudo-channel 1;

u, is the average actual velocity for pseudo-channel 2;

It is assumed that the pressure drops in cross section are small compared to the axial pressure

(£)-(2)

The average density is determined based on the homogeneous assumption. This approach is

drops, then

reasonable since the liquid films are very thin and the homogeneous vapor core occupies the flow

channel. Therefore, the density is expressed as a function of liquid and gas phase density and the

quality as follows:
Ps P
p =
l p Wa +ps| 1 War
L n}l G m
p, = Pqg P..

W, ( WG,)
P~ +pg| 1-7
2 Wz ¢ WZ

The mean velocities are calculated from:

./
' a4
A
oA,

5.23 Conservation of Energy

In a boiling heat transfer system, work interaction and kinetic and potential energy changes are
negligible. Thus, the overall conservation of energy is written as

Ipz ql'
w

where q is the average heat flux over the entire tube.

h=h, +




MODELING STUDY 5-16

- Ip1 Q;+[p2 q;
B !

p
In the case of uniform heating, q,” and q,” are equal to q. In the case of non-uniform heating,
like bilaterally heated annuli, q,” and q,” are normally known. For the dumbbell-shaped tube,

the distribution of the heat flux can be obtained by using simplifying assumptions.

For a given location z, the quality is calculated as

_h—h,

h/g

X

The vapor phase mass flow rate is calculated from
W, =Wx
Base on the assumption of homogeneous vapor core, Wg, and W, are simply the part of W in

the partition.

5.24 Entrainment and Deposition Models

Deposition and entrainment are distinctive phenomena of annular flow. The deposition of
entrained liquid droplets onto the liquid film and entrainment of liquid from the waves on the
liquid film are among the most important aspects of annular two-phase flow. Accurate modeling
and prediction of these phenomena are required for accurate prediction of the characteristics of
the liquid film. This section reviews the detailed processes of entrainment and deposition and
describes the new partition model approach to deal with deposition and entrainment in complex

geometries.

5.24.1 Entrainment Process in Simple Geometry

The entrainment process is associated with the presence of waves on the surface of the liquid
film. According to Whalley (1987), the disturbance waves occur in an annular flow if
Re, >200
where Re,, is the liquid film Reynolds number which is given by:
G,d
Hi

Re,, =
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The entrainment mechanism can be considered as that part of the wave is undercut by the vapor
flow. The major contribution to entrainment is attributed to the break-up of large disturbance
waves. Figures 5.5 and 5.6 show the entrainment process and mechanism in a side view and an
axial view respectively. The most striking feature seen is the presence of filaments of liquid
which eventually shatter, leaving drops behind. This process appears to be the main source of

entrainment of drops in the flow.
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Figure 5.5 Entrainment process in a side view (from Whalley, 1987).
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Figure 5.6 Entrainment process in an axial view (from Whalley, 1987).

The entrainment rate, E (kg/m?3s), is used to express the mass flow rate of liquid entrained into
the gas core per unit area of tube wall. One way to determine entrainment rate is based on
adiabatic hydrodynamic equilibrium flow. For an equilibrium flow, the entrainment rate is equal
to the deposition rate, or

E=D
At the equilibrium state,

D=kC,
where k is the deposition mass transfer coefficient (m/s) and Cg is the droplet concentration

(kg/m?) in the vapor core.

Hence,
E=kC,
Note that Cg is not the actual droplet concentration of the state, but the concentration that would

be in equilibrium with the liquid film.

There are two forces dominating the liquid film, surface tension and interfacial shear stress.
Surface tension o holds the liquid film together while interfacial shear stress 1; disrupts it.
According to Whalley et al. (1978), interfacial shear stress and surface tension can be made into
a dimensionless group s if the average film thickness & is used

_ 7,0
o

A)
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The equilibrium droplet concentration Cg is a function of s.
7,0
Ce=f (—5_—)
The correlation is obtained by experiments. At equilibrium states, the entrainment and
deposition rates are equal, so that the concentration of liquid drops is the equilibrium

concentration. Whalley et al. (1978) compiled the experimental data from nine sources. The

data are illustrated in Figure 3.4.

52.4.2 Deposition Process in Simple Geometry

Many researchers carried out photographic investigations to observe the deposition process. As
far as their non-axial movement is concerned, the liquid drops move in a straight line from the
point where they are entrained to the point where they are deposited. Figure 5.7 shows typical

tracks of liquid droplet migration.

Figure 5.7 Droplet trajectories (redraw based on Whalley, 1987).

The deposition rate, D (kg/m?s), is used to express the mass flow rate per unit area of tube wall.
D is given by

D=kC
where C is the concentration of liquid drops in the gas core (kg/m*). Note that here it is
implicitly assumed that the effective concentration of droplets at the tube wall is zero. This is

because the tube wall is assumed to remove all the droplets hitting it. Here k is the mass transfer
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coefficient (m/s).

5243 Deposition Model for Complex Geometry

Unlike the simple geometry, the deposition in complex geometry may not be uniform. The
deposition rate may vary along the tube wall due to the geometry effect. Instead of using the
average deposition rate over the entire channel, the partition model takes account of such

variation by dealing with the two pseudo-channels.

It is noted that the two pseudo-channels are not independent but interactive. Based on the
partition assumptions, the two pseudo-channels share a common vapor core. In most
applications, the real flow of the vapor core is turbulent. The concentration of liquid droplets can
be assumed uniform over the vapor core. The two pseudo-channels share such a uniform vapor

core and have the same concentration of entrained liquid droplets.

The concentration in the vapor core, C, is determined by
WLE

We Wi

P P

According to the mechanism of deposition, the liquid droplets move in straight lines. If the

C=

liquid droplets inside the vapor core are distributed uniformly, the deposition rates of the two
pseudo-channels may be different due to the geometry shape. The deposition coefficients k, and
k, take account of the difference of the deposition rates in the two pseudo-channels. Thus, the
deposition rates of liquid droplets in the two pseudo-channels are given by

D =k C

D, =k C
The deposition coefficients k, and k, can be obtained from measurement. However, the cost of
the experiments to measure the deposition coefficients for all geometries of interest is
prohibitive. Also, it will be beyond the scope of this study to measure the deposition

coefficients.
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Instead of measuring the deposition coefficients k, and k,, a new approach is developed in this
study. Since the correlation for the deposition coefficient in circular tube is available, a new
concept of deposition factor @ is introduced in this study to denote the geometry effect on the
deposition. Then the deposition coefficients for the two flow regions are given by

k=pk

k,=¢, k
where ¢, and @, are deposition factors for the two pseudo-channels. k is the deposition mass
transfer coefficient for a circular tube. Foracircular tube, k is determined by the surface tension

of the working fluid. The correlation is shown in Figure 3.3.

The problem of the geometry effect is thus converted to that of determining the deposition factor.

Section 5.2.5 will give the details of deriving the deposition factor.

5.2.44 Entrainment Model for Complex Geometry

In this study, a complex geometry is partitioned into two pseudo-channels. The entrainment
rates for the two pseudo-channels are obtained from the following relationship:

E =kC,

E,=kC,,
where, Cg,.and Cg, are equilibrium droplet concentrations for the two pseudo-channels

respectively.

k is the deposition coefficient for a circular tube. It is noted that the deposition coefficient for a
circular tube instead of the local deposition coefficient k, or k, is used. Fora pseudo-channel,
the entrainment rate is determined based on an adiabatic hydraulic equilibrium flow in an
equivalent circular tube. Therefore, the entrainment rate is a function of the equilibrium droplet

concentration and the deposition coefficient for a circular tube.

Due to geometry effect, the liquid film thickness and interfacial shear stress on the film surface
are different in the two pseudo-channels. These in turn affect the entrainment. The equilibrium

droplet concentration takes account for the geometry effect on the entrainment. Cg, .and Cg, are



MODELING STUDY 5-22

given by

Cp = f(rilo.él)
T,,0
=)

Like the simple geometry, the experimental data compiled by Whalley etal. (1978) are used for
this analysis.
5.2.4.5 Deposition Factor and Shape Factor

To deal with the geometry effect on the deposition, a new approach has been created in this

study. A new concept of deposition factor is defined as follows to account for the geometry

effect:
Kk
¢l - k
k‘l
¢2 = k

where k is the equivalent deposition coefficient for the entire tube, which represents the average
deposition rate over the cross section of the tube. k, and k, are deposition coefficients for the

two pseudo-channels.

The problem becomes to determine the amount of entrained droplets in the vapor core that may

deposit onto a particular pseudo-channel surface. In order to evaluate the amount, a concept of

“shape factor” is introduced to this study. The concept comes from the radiation shape factor

(view factor, or angle factor) for radiation heat transfer analysis. Then, the shape factors for the
two pseudo-channels are defined as:

. F, = fraction of entrained droplets in the gas core which may deposit potentially on the
surface of pseudo-channel 1.

. F,= fraction of entrained droplets in the gas core which may deposit potentially on the

surface of pseudo-channel 2.
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To determine a general relation for F, or F,, consider a droplet in the gas core as shown in Figure

5.8. The angles a, and a, represent the angles subtended by pseudo-channel surface 1 and

surface 2 respectively.

dh/dh

Figure 5.8 Calculation of shape factor.

The probability of the entrained droplet being deposited on the surface of pseudo-channel 1 is:
a, /21

The probability of the entrained droplet being deposited on the surface of pseudo-channel 2 is:
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a, 2w
where
o, ta,=2n
Since the liquid film is very thin, shape factors F, and F, can be obtained by integrating over the

entire cross section:

-1 [[&
F‘_A IzndA
A
_1 (%
F'_A -‘-27rdA
A
where
F+F =1

Similar to the calculation of the flow area for the dumbbell shaped tube as shown in Figure 4.3,

F, and F, can be determined through numerical integration.

The deposition factors are calculated based on the shape factors. Considering the entrained
droplet mass balance,

D/, dz=FDl,dz = Dl,= Dl F,

D,l,,dz=F,Dl,dz = DI, = Dl F,
where lp, Ip, and Ip, are perimeters for the real channel, pseudo-channel 1 and pseudo-channel 2
respectively, and dz is the unit length of the tube in the flow direction. Dlpdz, D,lp,dz, and

D,lp,dz are liquid deposition volumes to the unit tube surfaces of the entire tube, gap region and

main channel region, respectively.

The two pseudo-channels share a common vapor core,
D=kC D =kC D, =k,C

Therefore,

b

k
kCl,=kCL,F, = -=F3

pl

T
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k,Cl, =kCI,F, =

The deposition factors are then given by

l
o =F 1=
1 llpl
l
¢2=F‘21p’

5.2.5 Interfacial Shear Stress

The interfacial shear stresses are given by
Til = %—fgci.l pgc ngc

Tiz = %’f:gci.?. pgc ngc

where interfacial friction factors f,;, and f,;, are calculated from

p 1/3 5
— a8 el
f;zci.l _ﬂgc|:1+24(pc) dl}

p 1/3 5
_ Pr) 2
fgCI.2 - Jsge [ 1 +24( Lo ) d2 ]

and the homogeneous gas core density is given by

W,.+W,,
Pe =T
P PL
The friction factor for a smooth tube flow can be calculated based on the gas core Reynolds

number in terms of the total mass flow in the core as follows:

fige =0.079Re”

sgc

g pgc d
He

Re_ =

sgc

where the superficial velocity is

We
Vgc_PGA
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5.2.6 Triangular relationship

As described in Chapter 3, the triangular relationship is required to determine the entrainment

rate. For the two pseudo-channels, the triangular relationships are given by

45, (dP/dz) L

d, dP/dz

4, [[@P1&)

_ LF.2

d, dPldz

where (dP/dz),¢, and (dP/dz), ¢, are the pressure gradients which would occur in a single phase
liquid flow where the mass flow was identical with that in the film, and dP/dz is the pressure
gradient in the two-phase flow. d, and d, are hydraulic diameters for the two pseudo-channels.
(dP/dz),;, and (dP/dz) ¢, are calculated from the liquid film friction factor due to Hewitt and
Hall Taylor (1970)

where V; , and V/; , are superficial velocities which are calculated from

W,
V. = LF 1
LF.) AI pL
Wira
Vira = A, p,
To calculate friction factors fi¢, and fz,, the liquid film Reynolds number is required, thus
W,..,d
Rewra = ’;,‘1.;11‘
WLF.I d'.’
Rew.a = Ayu,

For turbulent flow, the friction factors could be calculated from the Blasius equation:

SLF vt =0.079 Rel-.(ﬁ"l.f

fur 2 =0.079Re
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For laminar flow, the friction factors could be calculated from the equation:

16
f -',,am=
KL Re, .,
16
f LJdam =
alas Re,r,

For a smooth transition from laminar to turbulent flow, the friction factors could be calculated

using the equation Hewitt and Hall-Taylor (1970) suggested.
_ 2 2
Jirs —VfLF.l.mrb + fl.F.I.Iam

_ [£2 2
Jira _\/}ur.z.mm * fLF.Z.Iam

5.2.7 Frictional Pressure Gradient

To calculate the frictional pressure gradient, the wall shear stress must be known. This study
follows Whalley’s method, which assumes that the wall shear stress is almost equal to the

interfacial shear stress. The assumption is reasonable as the liquid films are thin.

5.3 Computing Model

5.3.1 General

This section describes the computing model based on the mathematical model created in the
previous section. The complexity of the partition model formulation requires a numerical
solution with the aid of computer. The channel is converted into discrete nodal points in flow
direction. A software system CHFA-++ (CHF Analysis Plus Plus) has been designed and

implemented based on the partition model.

The computing model was designed using Rumbaugh’s OMT (Object Modeling Technique)
methodology (Rumbaugh et al., 1995) and was implemented using C++.

53.2 Two-Phase Flow and Heat Transfer System

Figure 5.9 shows the architecture of the CHFA++ software system. The partition model is
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initialized by specifying the geometry shape and fluid type. The system stops running and

records the outlet condition when CHF occurs at the outlet of the tube.

Inlet Geometry Fluid Outlet
Initializes Initializes Initializes Records
inlet CHF
condition condition

PartitionModel
Monitors
Channel
Log Holds
2
—n
Monitors
Node FlowPattern
Has
2
SectorNode

Figure 5.9 Object diagram for two-phase flow and heat transfer.

5.3.3 Subsystems

As shown in Figure 5.10, the CHFA++ system is divided into two subsystems: kernel and
application. The kernel provides conservation equations, deposition/entrainment model,

interfacial shear stress and triangular relationship, etc. The kernel is flow channel geometry
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shape and fluid type independent. It only deals with three channels (the entire physical channel
and the two pseudo-channels partitioned). The partition of the flow channel is transparent to the
kernel. Outside the kernel, are the surrounding application modules, which include geometry
specific modules and fluid modules. The geometry specific modules describe the peculiarities of
each geometry shape, such as the deposition factor. These modules are geometry shape specific.
The fluid modules provide properties of each working fluid. Currently, the CHF A++ package

supports water and R-134A.

> Apiplication: | 17

L Tra eeE
Lo T

Figure 5.10  Partition model subsystem hierarchy.
The software system is designed in such a way that it is very easy to extend to other geometry
and fluid in the future. For the further research for modeling other geometries, no code change

for the kernel is needed.

Another advantage of the design makes it easy to verify the software system. The kernel is the
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same for simple geometry and complex geometry. The kernel can be verified utilizing the most
reliable CHF data, like Groeneveld’s CHF lookup table or real test data for circular tube. Then
the verified kernel can be used to predict the CHF in complex geometry for which not many

CHF measurement data are available.

53.3.1 Kernel

The kernel handles the conservation equations, deposition and entrainment models. triangle

relationship, etc. It is fundamental of the partition model.

5.33.1.1 Partition Model

Partition Model module is the umbrella of the system and plays the role of controller for the
entire system. It provides the interface to applications and controls the process for CHF
computing. Like the CHF experiment, at the given inlet conditions, heat flux is adjusted until the

CHF phenomenon occurs at the exit of the channel.

53312 Node

The control equations that describer the two-phase flow inside the channels can only be solved
using numerical methods. Therefore, the continuous flow channel is divided into a serial of
discrete nodes and the flow and the heat transfer inside the channel are calculated incrementally.

As shown in Figure 5.11, while the working fluid is heated up inside the channel, the node state

is changed from subcooled to CHF condition.

As illustrated in the section 2.1, the states of node changes from inlet condition, subcooled,
saturation, homogeneous, onset of annular flow, annular ﬂc;w, to CHF condition. For this study,
the system simulates the real CHF test process. Inlet state is usually subcooled, and the inlet
state can be considered as a special case of subcooled state. However, inlet condition is not
limited to the subcooled condition. In case of saturation inlet condition, subcooled state is

skipped.

5.33.13 Log

Log provides a facility to record and monitor the process of computation when it is turned on.
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Error messages will be logged during the computing. In the case of events such as unreasonable
results and infinite loops, the program will terminate. All the computing parameters will be

logged for the purpose of debugging.

53314 Flow Pattern

In current study, the model is limited to dryout-type CHF and the flow is restricted to annular. A

flow pattern facility is added to the system to check if the flow type is annular.

Subcooled

Figure 5.11  Node states.
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53.3.2 Application

While the kernel provides the fundamentals of the partition model, the application provides the

geometric or fluid specific modules as well as input and output facilities.

5.3.3.2.1 Geometry

The geometry module provides the geometric specific parameters. It computes the flow areas,
perimeters, the shape factors, and deposition factors for both pseudo-channels. In the current
study, two geometries, circular and dumbbell-shaped tubes, are implemented. In case of the

dumbbell-shaped tube, the computation of these parameters is complicated.

The partition model divides a flow channel into two pseudo-channels. Therefore, three channels
are involved in the CHF computing, one physical channel and two pseudo-channels. It is
worthwhile to distinguish the geometry parameters with following categories:

. Entire physical channel specific geometry parameters;

o Per pseudo-channel based geometry parameters;

« Node specific geometry parameters.

53322 Fluid

This module provides the properties of fluids. In this study, the deposition coefficient, k, is
considered to be a function of surface tension ¢. Therefore, based on Whalley’s approach

(Whalley, 1977), the deposition coefficient is given in this module as a property.

Figure 5.12 shows the hierarchy of classes of fluid. Currently, only two fluids are implemented.
Class Fluid is an abstract class that works as a base for concrete classes Water and R134a.

Much more fluids can be added to this fluid class hierarchy based on the UO property code.
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Fluid

Water R-134A

Figure 5.12  Fluids.

534 Scheme of CHF Computing

534.1 General

The main scheme of CHF computation is illustrated in Figure 5.13. The model is initialized
based on the system parameters. Before the computing start, an initial heat flux value is guessed
based on empirical correlation. In fact, this initial heat flux value will not affect final results, but
a good initial value may reduce the iteration time. The node is then set to the inlet state. The
transition from the inlet state to ONAF can be calculated by simply using the heat balance. The
annular flow node state is calculated until the CHF condition is reached. Because the heat flux
value used is a guessed value, the CHF may not occur at the exit of the channel. In this case, a
new heat flux is assumed by multiplying with a factor of previous CHF location. Similar to the
real CHF experiments, the heat flux is fine tuned until CHF occurs at the exit of the channel.
Unlike the real CHF experiments, the previous CHF location is known, so that the process of

finding CHF value is much faster.
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System
parameters

Initialize inlet node

Find and calculate the
onset of annular flow node

Calculate next node

Set new heat flux value
Move to next node

T

Outlet Node ?

Record CHF
and system
parameters

Figure 5.13  General scheme of CHF computing.
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534.2 Increments

The computation of next node is started by increasing axial location from z to z+dz. Using the
triangle relationship and interfacial roughness correlation, the interfacial shear stress and film
thickness are calculated for each pseudo-channel. With these data, the equilibrium
concentrations of liquid droplets are obtained. Mass flow rates are then calculated based on mass

conservation equations.
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Chapter 6
EXPERIMENTAL RESULTS AND ANALYSIS

This chapter presents the experimental results and analysis. A total of 624 CHF data points were
obtained in the dumbbell-shaped tube during this experimental study. Appendix III tabulates all
the test data, including the location at which CHF first occurred.

Section 6.1 gives an overview of the overall CHF test results and the general parametric trends
observed. The experimental CHF data are analyzed with respect to various flow parameters,
including pressure P, mass flux G, quality X and inlet enthalpy h,. Section 6.2 analyzes the
geometry effect in detail. The influences of quality, mass flux, pressure, and inlet enthalpy on
the gap effect are discussed. In section 6.3, a comparison is made between the CHF data for
dumbbell-shaped tubes and a circular tube of equivalent hydraulic diameter. Section 6.4 presents
the observation results of the flow visualization test in a dumbbell-shaped tube. The results of

this experimental study are summarized in section 6.5.

6.1 General Trend

As discussed in Chapter 2, for a given geometry, there are four main flow parameters that affect
CHF:

o inlet enthalpy (subcooling), h,(Ah;);

e local quality, X;

e mass flux, G;

e system pressure, P.
The effects of these four parameters are analyzed in this section. It is noted that these effects are

not all independent but are mutually related.

Normally, the CHF is discussed based on either fixed inlet condition or local condition. Fora

given geometry at fixed inlet condition, the CHF is a function of pressure, mass flux, inlet
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enthalpy/subcooling and heated length:
CHF = f(p, G, h,,, L)
At fixed local condition, the CHF is expressed as
CHF = f(p, G, x)
In this section, the experiment results for the CHF ina dumbbell-shaped tube are discussed based

on both conditions. Note that this section only presents the CHF trends against flow parameters.

6.1.1 Inlet Condition

To discuss the CHF based on inlet condition, the heated length has to be fixed. For all the runs
conducted in this experimental study, the fluid entering the tube was subcooled. Due to the
restriction of the cooling method, the inlet temperature is limited, and therefore the degree of
subcooling was small in all cases. To extend the test range, the CHF was measured at different
heated lengths. As described in Chapter 4, the heated length of the test section was varied from

0.7mto 1.4 m.

For the purpose of CHF data comparison, all the test data are converted to a fixed pseudo heated
length 1 in this section. The pseudo inlet enthalpy based on the pseudo heated length
(hin)pseudo 1S then derived according to the energy balance:

aly

(hin ) pseudo = (hin test + (Ihe -1 pseudo ) GA

where, 1,. is the actual heated length; 1, and A are perimeter and flow area of the dumbbell-
shaped tube, respectively; (hi,).q 1S the real inlet enthalpy that is determined by inlet temperature

and system pressure. The converted inlet enthalpy data values are tabulated in Appendix IV.

6.1.1.1 Inlet Enthalpy/Subcooling Effect

The effect of inlet enthalpy on CHF can be considered as the effect of inlet subcooling at a fixed

system pressure. The inlet subcooling is the liquid saturation enthalpy minus inlet enthalpy.
(an,,),, =h,—h,

Figure 6.1 and Figure 6.2 illustrate the variation of the CHF with inlet enthalpy. For each curve

in the figures, the gap size, pressure, mass flux or mass flow rate are fixed. The heated lengthis
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set to 0.7 m for the purpose of comparison.

The figures show that for a given pressure, mass flux (or flow rate) and tube heated length, the
critical heat flux in the dumbbell-shaped tube decreases almost linearly with increased inlet
enthalpy (or decreased inlet subcooling). This trend can be explained in that more energy is
required for lower inlet enthalpy flow. In general, the effect of inlet subcooling or inlet enthalpy
on CHF in the dumbbell-shaped tube has the same trend as that in a circular tube. No severe
effect is found even for the zero gap case based on fixed inlet condition. The gap effect is

analyzed in detail in section 6.2.

6.1.1.2 Mass Flux Effect at Fixed Inlet Condition

Figure 6.3 and Figure 6.4 present the effect of mass flux on CHF in the dumbbell-shaped tubes at
fixed inlet condition. It is found from the figures that the CHF increases with mass flux at fixed
inlet enthalpy (subcooling), pressure, and geometric parameters. For a given geometry at fixed

inlet condition, the higher the mass flux, the more energy is needed to reach the CHF condition.

For the three mass fluxes tested, the CHF rises more rapidly at low flow (from 1000 kg/m?s to
2000 kg/m3s) than at high flow (from 2000 kg/m?s to 3000 kg/m?s). This trend is also the same

as that of the circular tube.

It is also found from the figures that the mass flux effect on CHF depends on inlet condition.
The CHF at different mass flux converges with an increase of inlet enthalpy. The higher the inlet

enthalpy is. the less energy is required.

In summary, the trend of mass flux effect on CHF in the dumbbell-shaped tube is the same as
that in a circular tube. At a fixed inlet condition, all the runs with different gap sizes have a

similar trend with mass flux.
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Mass flux effect on CHF in dumbbell-shaped tube (inlet condition, 1 130kPa).
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6.1.1.3 Pressure Effect at Fixed Inlet Condition

Figure 6.5 illustrates the pressure effect on CHF at fixed inlet subcooling. When comparing
CHEF values at different pressures based on the fixed inlet condition concept, inlet subcooling is
usually used. Itis noted that the inlet subcooling is different at different pressures for the same

inlet enthalpy.

Only the results for a 0.7 mm gap tube are plotted because the pressure effect shows a similar
trend for all other gap sizes tested. In this experimental study, CHF was measured at two
different pressures, 1130 kPa and 1660 kPa, which are equivalentto 7 MPa and 10 MPa in water.

As discussed in Chapter 2, pressure has a strong effect on CHF because of its effect on
thermodynamic properties. For circular tubes, the critical heat flux initially increases with
increasing pressure and then decreases with increasing pressure. As described by Whalley
(1987), for steam-water flows, the CHF reaches a maximum value at a pressure about 7 MPa.
According to fluid-to fluid modeling technique, this transition pressure is equivalentto 1130 kPa
for R-134a.

The dumbbell tube test results show that the CHF at 1130 kPa is higher than the CHF at 1660
kPa. This implies that the pressure effect on CHF in the dumbbell-shaped tube appears to show a

similar trend as that in a circular tube at fixed inlet condition (subcooling).

Therefore, it can be concluded that at fixed inlet condition, the effect of the flow parameter on

CHEF in the dumbbell-shaped tube has a similar trend to that in a circular tube.
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6.1.2 Local Condition

6.1.2.1 Quality Effect at Fixed Local Condition

Figure 6.6 to Figure 6.11 show the CHF in the dumbbell-shaped tube plotted against quality ata
fixed pressure and mass flux. The effect of critical quality X on CHF in the dumbbell-shaped
tube shows a similar trend to that in circular tubes. The CHF decreases with increased quality.
The effect of quality on CHF is due primarily to the local wall voidage, which impairs the critical
heat flux, and secondarily to the bulk voidage, which affects the flow pattern. At 100% quality
the CHF is zero. No severe adverse effect (decreasing CHF more than 50%) is observed in the

dumbbell-shaped tubes at the flow conditions tested.

The limiting critical quality phenomenon is detected at low flow (G = 1000 kg/m?3s) in the
dumbbell-shaped tube as shown in Figure 6.6 and Figure 6.9. The phenomenon of “the limiting
critical quality” is characterized by a sharp drop in CHF at the “limiting quality”. The
phenomenon occurs at higher quality (around 0.6-0.68 at P = 1130 kPa; 0.46-0.51 at P = 1660
kPa) for all gap sizes.

A comprehensive literature survey for the limiting quality phenomenon is given by Kitto (1980).

Whalley (1987) found that many of the data exhibiting such a limiting quality were obtained in
experiments for which the fluid at the tube inlet was not liquid but a mixture of gas and liquid.
The method of mixing the liquid and gas at the inlet affects the initial fraction of liquid entrained,
and this affects the critical heat flux results. One of the greatest difficulties with the limiting
quality hypothesis is to describe mechanistically the apparent sudden instability of the liquid film

once a certain quality has been reached.

It is also found that the limiting quality moves to a lower quality with an increase in gap (around
0.68 at zero gap vs. around 0.6 at 1 mm gap at P = 1130 kPa). Itis noted that the hydraulic
diameter increases with increased gap size. For a circular tube, the limiting quality switches to a
lower quality with an increase in diameter. Further research is needed to investigate the effect of

geometry on the limiting critical quality phenomenon.
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6.1.2.2 Mass Flux Effect at Fixed Local Condition

Figure 6.12 and Figure 6.13 illustrate the effect of mass flux on CHF at fixed local condition.
The CHF has little overlap for all the three mass fluxes tested, but the curves clearly demonstrate
the effect of mass flux on CHF. The CHF decreases with increased mass flux. The CHF drops
much more rapidly at lower mass flux than that at higher mass flux. This trend is similar to that

in a circular tube.

As described in Chapter 2, at higher qualities, dryout-type CHF occurs due to liquid film
depletion. Higher mass flux results in a wavier liquid film and thus increases entrainment, which

leads to an early liquid film break down and lower CHF.

6.1.2.3 Pressure Effect at Fixed Local Condition

Figure 6.14 shows the pressure effect on CHF in the dumbbell-shaped tube at fixed local
condition. Similar to section 6.1.1.3 for fixed inlet condition, the CHF results for a 0.7 mm gap

size are used to illustrate the pressure effect since all other gap sizes tested show a similar trend.

At fixed local condition, the CHF at the 1660 kPa is lower than the CHF at 1130 kPa. i.e., the
CHF decreases with increased pressure. As described in Chapter 2, CHF deceases with
increasing pressure if the pressure is higher than a transition value. The pressure effect on CHF

in the dumbbell-shaped tube has a similar trend as that in circular tube at fixed local condition.
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6.2 Gap Effect

The main purpose of this experiment is to investigate the gap effect on CHF. Itis noted that in
this experiment the flow area increases with increased gap size. With the gap size increasing
from O to 1 mm, the hydraulic diameter of the dumbbell-shaped tube increases from 3.43 mm to
4.30 mm due to an increase in flow area. This indicates that the measured CHF isa result of the
combined effect from all geometric parameters. The overall geometry effect on CHF is
presented in subsection 6.2.1 of this section. Subsection 6.2.2 focuses on isolating the gap effect

from the overall geometry effect.

Similar to the previous section, the geometry effect is analyzed based on fixed inlet condition
and local condition. It is noted that in this study, a CHF ratio (CHF/CHF,,,.) is used to represent
the gap effect. The dumbbell-shaped tube with 1 mm gap size is chosen as the base. If the CHF
decreases with the gap size, the ratio is less than 1. The smaller the value of the CHF ratio, the

stronger the gap effect.

To discuss the geometry effect, the flow parameters should be fixed. However, the real
experimental data are limited set of data points which are not continuous. In this section
empirical equations were generated based on the experimental data using a least squares fit. For

a given flow condition, CHF was calculated based on the equations.

6.2.1 Overall Geometry Effect on CHF

6.2.1.1 Overall Geometry Effect at Fixed Inlet Condition

This subsection describes the general CHF trend against the dumbbell-shaped tube geometry.
The gap size is used as the characteristic geometric parameter. Figure 6.15 and Figure 6.16 show
the effect of geometry based on fixed inlet condition. For each curve, the inlet enthalpy, mass
flux, pressure as well as heated length are fixed. The figures at the left-hand side show the CHF

data versus gap size, while the figures at the right-hand side present CHF ratios versus gap size.
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In general, the CHF decreases with decreased gap size. Over the test range, the CHF decreases
around 17.2% on average when the gap size is decreased from 1 mm to 0. Table 6.1 and Table

6.2 list some of the detailed data for the CHF ratio.

Table 6.1 CHF,,./CHF g at pressure of 1130 kPa

G 1000 2000 3000 Average
hip (kg/m?s) (kg/m3s) (kg/m?3s)
80 (kJ/kg) 0.866 0.776 0.850 0.831
90 (kJ/kg) 0.875 0.786 0.838 0.833
100 (kJ/kg) 0.885 0.798 0.824 0.836
110 (kJ/kg) 0.897 0.813 0.808 0.839
Average 0.881 0.793 0.830 0.835

Table 6.2 CHF ,,-/CHF 4ejmm at pressure of 1660 kPa

G 1000 2000 3000 Average
hin (kg/m?s) (kg/m?s) (kg/m?s)
80 (kJ/kg) 0.783 0.328 0.893 0.835
90 (ki/kg) 0.789 0.828 0.883 0.833
100 (kJ/kg) 0.795 0.828 0.871 0.831
110 (kJ/kg) 0.802 0.829 0.856 0.829
Average 0.792 0.828 0.876 0.832

6.2.1.2 Geometry Effect on CHF at Fixed Mass Flow Rate

Normally, the CHF is analyzed under a fixed mass flux, which eliminates the influence of flow
area. In this experimental study, the CHF was measured at fixed mass flow rate also. The
purpose of this test is to find the gap effect on CHF for a fixed mass flow. This effect can be

viewed as an aggregated effect of flow area and gap size at fixed mass flux condition.

Figure 6.17 shows the geometry effect on CHF at fixed mass flow rate. It is found from the
figure that the CHF decreases with decreased gap size. On the average, when the gap size

decreases from 1 mm to zero, the CHF decreases by about 8.4%.
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Figure 6.17 Geometry effect on CHF in dumbbell-shaped tube at fixed mass flow rate.
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6.2.13 Overall Geometry Effect at Fixed Local Condition

Figure 6.18 shows the overall geometry effect on CHF at fixed local condition. In general, the
dumbbell-shaped tube CHF decreases with decreased gap size due to the overall geometry effect.
When the gap size decreases from 1 mm to zero, the CHF decreases by up to about 22%

depending on flow conditions. On the average, the CHF drops by about 11.5%.

There is an exception for the case of low mass flux and low pressure. This may be because of
the limiting quality phenomenon. Due to the limitation of the range of experiment, the overlap
of experimental data is small and the qualities of 0.55 and 0.6 were selected to show the
geometry effect. These qualities are away from the limiting quality for small gaps but close to
the limiting quality for large gaps. The fact that CHF drops at the limiting quality may resultina
relatively low CHF for large gap. Thus, the CHF does not decrease much with decreased gap

size at the low mass flow rate and pressure as it does at other flow conditions.

The locations of the first CHF are also shown in Figure 6.18. In the figure, G represents the CHF
occurs at the gap region first, C represents the CHF occurs at the main channel region first, and
GC represents the CHF occurs at the gap region and main channel region simultaneously. The

first CHF location will be discussed in section 6.2.3.
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Figure 6.18  Geometry effect on CHF in dumbbell-shaped tube at fixed local condition.
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6.2.2 Gap Effect on CHF

6.2.2.1 Approach to Isolate Gap Effect

To find out the gap effect on CHF, a method is needed to isolate gap effect from the overall
geometry effect. For the dumbbell-shaped tube, there are three main geometric parameters that
control the shape of the tube as follows:

« Gap size

« Curvatures

. Flow area
As described in Chapter 4, when the gap size decreases from 1 mm to zero the change of the
curvatures is very small and can be neglected. Thus, the overall geometry effect can be

considered as a combination of gap effect and flow area effect.

The problem is that the gap effect and the flow area effect may not be independent but coupled.
For the dumbbell-shaped tube, the gap effect mainly comes from the local narrow gap region,
while the flow area effect is due to the entire tube. In this study, it is assumed that the gap effect
could be isolated from the overall geometry effect by simply deducting the effect of flow area.

This assumption needs to be verified in future research.

6.2.2.2 Flow Area Effect

The hydraulic diameter effect accounts for the flow area change. The effect of flow area is thus

determined using the results of diameter effect on CHF for a circular tube.

The lookup table (Groeneveld et al., 1996) was used to determine the diameter effect on CHF for
fixed local condition. It is one of the most accurate methods to predict CHF in a circular tube.
The CHF data of the lookup table are based on water flow in an 8 mm circular tube. To account
for the diameter effect on CHF, the lookup table introduced a simple correction equation to
account for the diameter effect at a given local condition:

CHF, (D)”

CHF D=8mm - -8_
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A value of —1/2 for the exponent n in the equation is recommended.

The hydraulic diameter effect on CHF in the dumbbell-shaped tube is then calculated according

to the following correlation,

-05
CHF __(_D
CHF e

Dpsse
In this study, the tube with a gap size of | mm was used as a base for data comparison. The tube

has a hydraulic diameter of 4.30 mm.

To apply the data to this experiment, flow parameters of R-134a are converted into water
equivalent flow parameters according to the scaling laws proposed by Tain et al. (1993). Table

6.3 shows the equivalent flow parameters between R134a and water.

Table 6.3 Water equivalent flow parameters
Fluid R-134a Water R-134a Water
Pressure (kPa) 1130 7000 1660 10000
Mass Flux 1000 1421 1000 1402
(kg/m?s) 2000 2843 2000 2803
3000 4264 3000 4205
6.2.2.2.1 Hydraulic Diameter Effect on CHF at Fixed Local Condition

As shown in Figure 6.19, the CHF increases by about 12% as the hydraulic diameter decreases

from 4.30 to 3.43 mm (corresponding to a decrease of the gap size from 1 mm to Zero).
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Figure 6.19  Hydraulic diameter effect on CHF at fixed local condition.

6.2.2.2.2 Hydraulic Diameter Effect on CHF at Fi ixed Inlet Condition

It is noted that the lookup table is based on fixed local condition. To extend the lookup table to
fixed inlet condition, a computer program was developed using iteration. Figure 6.20 shows the

flow chart for computing the CHF at a given inlet condition using the lookup table.

Table 6.4 and Table 6.5 summarize CHF changes when the diameter is decreased from 4.30 to
3.43 mm (the gap size changes from 1 mm to zero) at various inlet conditions. The diameter
effect on CHF is thus obtained numerically for a given inlet condition. On the average over the
test range, the CHF decreased by about 12.0% when the hydraulic diameter was decreased from

4.3 mm to 3.43 mm.
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Figure 6.20  Flow chart for computing the CHF at a given inlet condition.
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Table 6.4 CHF ,.; 43mm/ CHF gos 30mm at pressure of 1130 kPa
G 1000 2000 3000 Average
hin (kg/m?s) (kg/m?s) (kg/m?s)
80 (kl/kg) 0.847 0.884 0.982 0.904
90 (kJ/kg) 0.847 0.876 0.941 0.888
100 (ki/kg) 0.847 0.873 0.919 0.880
110 (kJ/kg) 0.847 0.869 0910 0.875
Average 0.847 0.876 0.938 0.887
Table 6.5 CHF 43 43am/ CHF 44 30mm at pressure of 1660 kPa
G 1000 2000 3000 Average
hin (kg/m?s) (kg/m?s) (kg/m?s)
80 (kJ/kg) 0.827 0.893 0.870 0.863
90 (kJ/kg) 0.827 0.899 0.880 0.865
100 (kJ/kg) 0.831 0.904 0.895 0.877
110 (kJ/kg) 0.843 0.893 0.921 0.886
Average 0.832 0.897 0.892 0.873
6.2.2.3 Gap Effect
6.2.2.3.1 Gap Effect on CHF at Fixed Inlet Condition

At fixed inlet condition, the CHF decreases with decreased diameter. The pure gap effect is then
obtained by the direct deduction of the hydraulic diameter effect from the overall geometry
effect. By comparing Table 6.4 and Table 6.5 with Table 6.1 and Table 6.2, it is found that on
the average the CHF decreased by about 5.2% as the gap size decreased from 1 mm to zero. This

result indicates that the narrow gap size has a small effect on CHF under a fixed inlet condition.

For the range of data tested, annular flow and dryout-type CHF most likely occur inside the
dumbbell-shaped test section. Instead of bubble nucleation on the tube wall, the liquid phase
evaporates on the liquid film surface and merges to the vapor core. The liquid film depletion

results in dryout-type CHF. The gap effect on the dryout-type CHF based on the inlet condition



EXPERIMENTAL RESULTS AND ANALYSIS 6-33

concept can be considered as a combination of the following effects.

Effect on evaporation

Under the uniform heating assumption, the evaporation rate distribution along the heating
surface is uniform. However, with a decrease in gap size, the shape of the narrow gap
region becomes sharper. The same heating surface encapsulates less fluid. The fluid per
cubic meter in the narrow gap region absorbs more heat. The intensity of evaporation in
the narrow gap region increases with decreased gap size. This tends to enhance the
liquid depletion in the narrow gap region and results in premature CHF in the region.

This is one of the main reasons why decreasing gap size decreases CHF.

This effect can be illustrated by considering a flow in a uniformly heated circular tube.

The mass flow rate G, tube diameter d, and the heat flux q are given. Ata time period
51, a fluid unit Lzd*GJr flows over a unit tube surface of 5z and absorbs heat qnddz6t.

The heat absorbed by unit of fluid is given by
qrddozoét g

17d’Gér  d
For a given G and q, the smaller the tube, the more heat a unit of fluid obtains. In the
narrow gap region, the hydraulic diameter is smaller and the heating is more intense.
Effect on deposition
Because of the dumbbell tube geometry shape, the deposition rate distribution along the
dumbbell tube cross section is not uniform. Non-uniform deposition results in a non-
uniform liquid film distribution. Decreasing the gap size increases the unevenness of the
deposition and thus reduces CHF.
Effect on entrainment
Gap size may affect velocity and liquid film distribution, which will eventually affect the
entrainment. But this gap effect on entrainment may be minor because the entrainment
mainly depends on the main flow.
Non-uniform heating
The narrow gap region of the dumbbell-shaped tube is mainly convex while the main

flow channel region is mainly concave. Since the dumbbell-shaped test section was
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heated by direct current during the experiments, the narrow gap region has a lower heat
flux than the main flow channel region. This compensates the adverse gap effect.

Section 7.2.4.1 will discuss the boundary condition in detail.

It is found from Tables 6.1 to 6.4 that the flow parameters have little influence on the gap effect.

The results also show that the influence of flow parameters on gap effect is mutually related.

6.2.2.3.2 Gap Effect on CHF at Fixed Local Condition

At fixed local condition, the CHF increases with increased diameter. The gap effect is thus given

by

(CHF‘,,M",,, -CHF ] _ [CHF,,,,=,,,,,,, -CHF ) I, _( 5 )4_5
CH F gap=1mm gap effcet CH F gap=1mm geometry effect D D=4.30mm

Figure 6.21 shows the gap effect on CHF based on a fixed local condition. It is found that the

drameter effect

gap size has a noticeable effect on CHF. In general, the CHF decreases with decreasing gap size.
As the gap size decreases from 1 mm to 0, the CHF decreases by as much as 34% due to pure
gap effect. On the average over the test range, the CHF decreases about 23.5% when the gap
size decreases from 1 mm to zero. Similar to the discussion in previous section for the fixed
inlet condition, at fixed local condition, the gap effect on CHF can be considered as the integral

of the gap effects on evaporation, deposition, and entrainment.

It is also found from Figure 6.21 that the gap effect on CHF may vary with flow condition. The

local quality has influence on gap effect but the effect is coupled with mass flux. In general, the

CHF ratio (E—H%_QF———) increases with increased mass flux. In other words, the gap effect

gap=lmm

CHF,

gap=lmm -

CHF,

gap=1mnt

) becomes stronger with decreasing mass flux. There isan exception for the

(

case of low pressure and low mass flux. As described in the previous section, the influence of

limiting quality may lead to such an exception.
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It is hard to see the pressure influence on the gap effect from the figure because there is not much
overlap of the test data. By comparing the CHF data for the flow at X = 0.3 and G = 2000

kg/m?s, it is found that the gap effect is stronger at lower pressure.

6.2.3 CHF Location

The location where the first CHF occurs is recorded during the test as shown in appendix III.
Figure 6.18 presents the location where the CHF first occurs. It is found from the figure that
CHEF does not always occur in the narrow gap region first. For the dumbbell-shaped tube with
large gap size, CHF may occur first in the main flow region. As described in the previous
section, the test section was not uniformly heated. The main flow channel region has a higher
heat flux than the gap region. High heat flux in the main flow region compensates the adverse

gap effect.

The CHF tends to occur in the narrow gap region where the gap size is decreased. In the case of
high mass flux and high quality, the CHF occurs in the main flow channel region. At a higher

pressure, the CHF tends to occur in the main flow channel region.

6.3 Comparison Against Circular Tube Data

In this section, the CHF test results of dumbbell-shaped tube are compared directly against the

CHF data of a circular tube with the same hydraulic diameter.

6.3.1 Inlet Condition

Figure 6.22 shows the comparison of the experimental CHF data of the dumbbell-shaped tube
against the lookup table CHF data using equivalent hydraulic diameter approach and fluid-to-
fluid scaling technique. Within the test range, the relative error of the CHF the dumbbell-shaped
tube based on the lookup table falls into the range from —20% to +10%.

The result indicates that the lookup table could be used for predicting the CHF in the dumbbell-
shaped tube at fixed inlet condition if a correction could be made to take account for the gap

effect.
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Variation of CHF ratio with gap size at fixed inlet condition.



CHF prmaend CHF cusr

CHF g aant/ CHF i

08— — S S
] Q1 a2 a3 o4 as a6 a7 as
Gap Size (mm)
U
P = 1130 kPa
- G = 2000 kg/m's
- X =025
a X =03
0.9 — v X =038
— L
3 //V///‘/‘ -
? o8 — 7 A
":s A"/ ’// - ///
X ~
< - / 4/
1 -7
& o7 — e -
] e v //
-7
v I
/':/’
o8 —..7.7 O
&
0.5 - — e e ~
[ 01 02 03 04 05 068 07 08
Gap Size (mm)

05 - - - - — - e -

04 05 06
Gap Size (mm)

[+] Q1 02 03

Figure 6.23

EXPERIMENTAL RESULTS AND ANALYSIS 6-38

14

CHF ponaaa/ CHF crvnmes

-
E9)

13

-
-

CHF e VCHF e

CHF anuass/CHF oo

P = 1880 kPa
G = 1000 kghm's
- X=04
a X =045 i
. -
LF
,Af//
,//‘/ ’
/ ,/" B
//
é
- s
v
[} 0.1 0.2 03 04 as ae
Gap Size (mm}
P = 1680 kPa
G = 2000 sg/m's
- X=02
o X=025
- v X=03
v
- -
- P
- - -
. v - -
//’ o &
v P v ) e e
d T -
. i // ’ Fa¥
7 E
-
&
[} 01 02 a3 04 05 os
Gap Size (mm)
a
. S
—_ v
.- A -4 )
v
v
] 01 0.2 [} a4 05 3]
Gap Sizs (mm)

o7 os

R ] o9

Variation of CHF ratio with gap size at fixed local condition.



EXPERIMENTAL RESULTS AND ANALYSIS 6-39

6.3.2 Local Condition

Figure 6.23 shows the comparison of CHF data between the dumbbell-shaped tube and circular
tube. The CHF data for circular tube were predicted using the lookup table. Within the test

range, the relative error ranges from —40% to 60%.

This result implies that the hydraulic diameter approach may lead to a large error when it is used
to predict the CHF in the dumbbell-shaped tube based on a given local condition. This is

because the hydraulic diameter approach does not account for the geometry effect.

Figure 6.23 also shows the gap effect. In general; the CHF ratio based on the circular tube

decreases with decreased gap size.

6.4 Flow Visualization

A qualitative adiabatic two-phase flow visualization test has been carried out in this study, which
is used to assist the mechanistic analysis and modeling of CHF in the dumbbell-shaped tube.
Based on the CHF test results, the local quality is high. For the range of test condition, annular
flow most likely occurs in a dumbbell-shaped tube within the test range. Therefore, the flow

visualization focused on observing annular flow patterns.

Normally, in annular flow, an annular liquid film forms around the tube wall while the gas phase
with the entrained liquid droplets flows in the center of the tube as a vapor core. For the
dumbbell-shaped tube, there are two subchannels interconnected via a narrow gap. The flow

behavior near the narrow gap region has a great importance for the CHF mechanistic analysis.

It was observed that in the annular flow two gas cores formed at the centers of both subchannels
of the dumbbell-shaped tube, which were separated by the liquid in the narrow gap region. The
flow looks like two independent annular flows in parallel. No bubble or gas was found in the

narrow gap region.
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This observation suggests that in annular flow no gas or bubble can stagnate around the narrow
gap region. Therefore, only the dryout-type CHF should occur in the dumbbell-shaped tube in
annular flow. It can be assumed that under heating condition the evaporated vapor near the

narrow gap region will move and merge to one of the two vapor cores.

6.S Summary

The trend of flow parameter (pressure, mass flux/mass flow rate, quality, and inlet
enthalpy/subcooling) on CHF in the dumbbell-shaped tube is the same as that in the circular
tubes. No severe adverse effect was found in the dumbbell-shaped tube under the test range of

this study.

The experimental results in summarized in Table 6.6. The results shown in the table is the

average of the CHF data tested.

Table 6.6 Summary of experimental resuits

Overall Geometry Effect Pure Gap Effect
At fixed inlet condition 17.2% 5.2%
At fixed local condition 11.5% 23.5%

At a fixed inlet condition, the CHF decreases with decreasing gap size. However, the narrow gap
size has only a small effect on CHF. As gap size decreases from 1 mm to zero CHF drops by
about 17.2% on the average. If deducting the flow area effect, the CHF drop reduces to about

5.2% due to the pure gap effect.

At a fixed local condition, the gap size has a noticeable effect on CHF. In general, the CHF
decreases with decreasing gap size. As the gap size decreases from 1 mm to 0, the CHF
decreases by 11.5% depending on flow conditions on the average, considering the overall
geometry effect. If one takes the flow area changes into account, the CHF drops about 23.5%

considering the pure gap effect. The gap effect is influenced by flow conditions.
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Flow visualization test results show that for annular flows, two vapor cores form, one at the
center of each subchannel. The liquid phase in the narrow gap region separates these two gas

cores, and no bubble stagnation occurs in the narrow gap region.
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Chapter 7
MODELING RESULTS AND ANALYSIS

This chapter describes the assessment of the partition model. Section 7.1 presents the results of
the partition model for a circular tube as well as the comparison of predicted CHF with data
obtained from other sources. Sections 7.2 and 7.3 describe the detailed assessment of the model
against data from dumbbell-shaped tube experiments. Both the general trend and the gap effect
are presented and discussed. Section 7.2 is dedicated to uniform heating while section 7.3
discusses non-uniform heating. The detailed partition model results for the dumbbell-shaped tube
are tabulated in Appendix IV and Appendix V. The modeling study is summarized in section
7.4.

7.1 Partition Model Application to Circular Tube

The partition model was initiated for predicting the CHF in the dumbbell-shaped tube. However.
as indicated in Chapter 5, the partition model and the software package (CHFA++) were
designed in such a way that they are not restricted to the dumbbell-shaped channel. The software
can be extended to simple geometry (circular tube) as well as other complex geometries. The
main purpose of applying the partition model to a circular tube is to verify the kernel of the
model and the software package. The kernel describes the conservation equations,
deposition/entrainment model, interfacial shear stress and triangular relationship. It is

independent to flow channel geometry shape and fluid.

This section is divided into two subsections. The first subsection describes the verification of the
kernel in-depth, which not only checks the final results (quality and CHF) but also examines the
details of flow and heat transfer behavior. A steam-water flow case was used. The other
subsection describes tests of the partition model works over a wide range of flow conditions.

The CHEF results of R-134a flows were examined.
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7.1.1 Steam-Water Flow Case

The partition model is based on the Whalley model (1974). Whalley used a steam-water flow
case to present his CHF model. In this case, saturated water at 30 bar enters a 15-mm-diameter
circular tube with a mass flux of 1000 kg/m?s and dryout-type CHF occurs at the exit of the tube.

Vaitekunas (1995) used this flow case to evaluate annular flow models. Due to the availability
of detailed data, the case is also used in this study for an in-depth verification of the partition

model.

7.1.1.1 Whalley's Annular Flow Model Results

As a first phase in the model development, Whalley's annular flow CHF model was re-
implemented using the state-of-the-art Object-Oriented software design methodology and
programming language. The CHF prediction data for the water-steam flow test case is shown in

Table 7.1. The results from other resources (see Vaitekunas, 1995) are also listed in the table for

comparison.

Table 7.1 Comparison of CHF prediction data at fixed inlet condition
Prediction Method X CHF [kW/m?] Deviation %
Whalley's model | This Study 0.628 847.1 -12.4%

Whalley [1974] 0.55 766 -20.8%

Vaitekunas [1995] 0.624 8414 -13.0%
Empirical Bowring (1972) 0.615 828.7 -14.3
correlation Katto (1984) 0.658 886.5 -8.4%
Lookup table Groeneveld (1995) 0.718 967.3 -

where, the relative deviation based on lookup table is given by

CHF ;CH F Lookupiable
CHF

Lookuptable

Deviation%

It is noted that Whalley's model results vary with different implementations. The basic annular
flow assumptions are identical. However, the detailed approach for deposition and entrainment,

method for solving differential equations, accuracy control, etc., all of these factors can lead to
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the deviation of the final results. The result obtained from this study is almost the same as

Vaitekunas' result (< 1%).

Figures 7.1 to 7.5 present the details of the variations of the mass flux of liquid film, liquid film
thickness, interfacial shear stress, deposition rate, and entrainment rate. Note that with the fluid
flowing forward the quality increases. The X axis of the figure is represented using the quality
instead of tube length. The data show a similar trend as Whalley results (1974) and the values

are within the same order of magnitude.

600

Gy [kg/m’s)

0 0.1 02 03 04 05 06 07
Quality X
Figure 7.1 Variation of liquid film flow rate along the tube axis.

As described in Chapter 5, the onset of annular flow (ONAF) was assumed to start at a
thermodynamic quality of 1% and 99% of the liquid phase is entrained. From Figures 7.1 and
7.2. it is found that the liquid film mass rate increases rapidly after the ONAF. This implies that
the assumption of ONAF may under-estimate liquid film mass rate and liquid film thickness at
ONAF. However, the assumption has very little effect on the final CHF result. According to
mass conservation, a lower mass flow rate of liquid film leads to a higher droplet concentration

and thus a higher deposition rate. It is noted that both the liquid film thickness and flow rate
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initially increase very rapidly from the ONAF point due to the higher deposition rate. Ina very

short section, the simplified assumption for onset of annular flow condition is corrected

automatically by the internal balance mechanism.

1.2

& [mm)

4] 0.1 02 03 04 05 06 07
Quality X

Figure 7.2 Variation of liquid film thickness along the tube axis.

For evaporation rate, deposition rate and entrainment rate, the newly implemented model
generates the similar results as Whalley model (1974). The evaporation rate is given by:

q" _84T.1[kW [ m]
h, 1796.6 [kJ/kg]

=0.47 [kg / m*s]

It is found from Figure 7.4 and Figure 7.5 that both the deposition rate and entrainment rate have

the same order of magnitude (10™) as the evaporation rate for the flow in the tube except the

deposition right after ONAF and the entrainment near the exit.
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Figure 7.5 Variation of entrainment rate along the tube axis.

7.1.1.2 Partition Model Results

The partition model was applied to circular tubes for the purpose of model verification. As
described in Chapter 5, a circular geometry can be partitioned arbitrarily into two sectors. For
simplicity, the circular tube described in the previous section was divided into two pseudo-

channels, ¥ and % each, and the partition model was then used to predict CHF.

When applied to the circular tube, the partition model produces identical results as Whalley's
model (new implementation). The partition model is derived from Whalley’s model to handle
the complex geometry. For the simple geometry of a circular tube, no matter how a circular tube
is partitioned, the values of all the parameters those describe the flow and heat transfer in the two
sectors or the two pseudo-channels are identical to that for the physical flow channel. Deposition
factors for both sectors are the same as a circular tube because of the radial symmetry.

Therefore, Figures 7.1 to 7.5 also represent the results of the partition model for the water-steam

flow.
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In conclusion, the partition model predicts the CHF in circular tube with the same results as

Whalley’s model.

7.1.2 R-134a Flow Cases

The previous sub-section verified the partition model in depth by examining a steam-water flow
case. This sub-section assesses the model in wide range of flow conditions using a set of R-134a
flows. Pioro (1998) conducted a systematic test of CHF in circular tube with R-134a using the
same loop as this study (refers to Chapter 4 for detailed description of the loop). Pioro’s R-134a
CHEF test data comprised the main set of data used to verify the partition model. The reasons to
use these data are as follows:
- Reliability
Pioro compared his test results with the lookup table based on the fluid scaling
techniques. The test data and lookup table results match very well.
o Similarity
The data were obtained from the same test loop with the same working fluid and the

same measurement equipment.

The predicted CHF results for the circular tube are tabulated in Appendix VI. Pioro’s CHF data

are also listed for the purpose of comparison.

7.1.2.1 General Trend

It is noted that the partition model results are identical to Whalley’s model when applied to a
circular tube. The predicted CHF trend against inlet subcooling is shown in Figures 7.6 to 7.8.
The test data (Pioro, 1999) are also presented in the figures for the purpose of data comparison.

The correlation for the CHF and inlet subcooling is given in the figures also.

The figures show that the partition model predicts the correct trend in CHF. Generally speaking,
the partition model predicts the CHF in a circular tube for R-134a flow with good accuracy. For
most flow conditions, the relative error is with in a range of £10%. The worst case occurs at

high mass flow and very low inlet subcooling, but the relative error is still less than 30%.
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Predicted CHF for circular tube (G = 2000 kg/m?s).
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Figure 7.8 Predicted CHF for circular tube (G = 3000 kg/m?s).

7.1.2.2 Mass Flux Influence on Model Accuracy

From Figures 7.6 to 7.8, it is found that the accuracy of the model varies with the flow
conditions. In general, at low flow rate (1000 kg/m?s), the model under-predicts the CHF by
about -10%. At moderate flow rate (2000 kg/m?3s), the partition model predicts the CHF very
accurately (within £5%). At high flow rate (3000 kg/m?s), the model over-predicts the CHF by

about 10% for most of the data.

The variation of accuracy with mass flux results from the deposition and entrainment models
used. The results indicate that the model may under-predict the effect of mass flux on the
entrainment rate. At fixed inlet condition, a higher mass flux requires more energy to dryout and
thus leads to a higher CHF. This is the overall effect of the mass flux. However, there is an
opposite effect underneath. A higher mass flux will result in a higher entrainment rate, which in
turn will lower the CHF. However, it is not enough to offset the increase in CHF due to the

increase in mass flux. The model results imply that the predicted entrainment rate may not
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increase enough with the increase of the mass flux.

On the other hand, the entrainment rate for R-134a flow is a relatively small quantity if compared
to the rates of evaporation and deposition. The entrainment does not dominate the CHF results.
Since the predicted entrainment rate is small, the negative effect of mass flow rate on CHF is not
strong. Therefore, for the higher mass flow rate, the model CHF value is a little higher than the
test data due to low entrainment. For the lower mass flow rate, the model CHF value is a little
lower than the test data, as shown in Figures 7.6 to 7.8. Overall, Whalley’s deposition and

entrainment models work well for R-134a flow.

It is noted that in Whalley’s model the mass transfer coefficient is a function of surface tension.
In reality, the mass transfer coefficient may vary with flow conditions. Vaitekunas (2000)
evaluated four entrainment and deposition models, including Whalley’s model. Whalley’s
model predicts CHF with good accuracy in overall, and is the most accurate model for certain
flow conditions. The partition model could be enhanced with further research on deposition and

entrainment models.

7.1.2.3 Inlet Subcooling Influence on Model Accuracy

It is also found from Figures 7.6 to 7.8 that the partition model predicts a relatively higher CHF
value for small inlet subcooling (high inlet enthalpy). When the inlet subcooling is larger thana
certain value, the relative error of the model becomes very stable. This transition seems to occur
at a CHF value around 125 kW/m? for all three mass flow rates. In this case, the evaporation rate

has a value of 0.9 kg/m?s.

As described in Chapter 5, the CHF is controlled by three terms: deposition rate, entrainment
rate, and evaporation rate. For annular flow at fixed inlet condition, the higher the inlet
subcooling, the more energy is required to reach CHF. In other words, the evaporation rate is
low for small inlet subcooling. Based on the deposition model assumption, the deposition will
have a relatively stronger effect for the lower evaporation case. According to the analysis of the

order of magnitude, the evaporation rate is of the same order of magnitude as the deposition rate
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at low inlet subcooling conditions. Therefore, the model predicts a relative higher CHF for

lower inlet subcooling conditions due to a stronger deposition effect.

If the heat flux exceeds a certain value, the evaporation becomes the main term among the three
terms in the control equation (evaporation, deposition and entrainment). The value of the
deposition rate is relatively low and the effect of deposition is relatively small. Thus, the

accuracy of the prediction model becomes stable at high subcooling conditions.

7.1.2.4 Variations of Flow Parameters

This subsection presents the order of magnitude for each related parameter. The following case
of R-134a flow is analyzed in detail:

P = 1660 kPa, G = 1000 kg/m?s, Ah;, = 3.5 kJ/kg
In this case, the evaporation rate is:

q" _66.1[kW /m7]
h, 140.1[kJ/kg]

=0.47 [kg/ m?s]

For simplification, the water flow case described in section 7.1.1 is used as a reference to
illustrate the order of magnitude of the R-134a flow. Itis noted that the steam-water flow is not
thermodynamically equivalent to the R-134a flow. For the two cases, the evaporation rate is

almost the same.

For R-134a at a pressure of 1660 kPa, the surface tension is about 3.89x10°N/m. For water at
3000 kPa, the surface tension is about 3.01x1 02 N/m. This means that the surface tension of R-
134a flow case is about one order of magnitude smaller than that of water flow case. According
to Whalley’s deposition and entrainment models, the mass transfer coefficient, k, is a single
valued function of surface tension. The mass transfer coefficient of R-134a is about one order

smaller than that of water.

The mass transfer coefficient affects the deposition and entrainment rates. At the onset of
annular flow, it is assumed that 99% of liquid is entrained into the vapor core. As described in

Chapter 5, the deposition rate D and the entrainment rate E are given by,
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D=kC
E=kKC,
where k is the mass transfer coefficient, and C; is the equilibrium concentration of entrained

droplets.

The initial deposition rate for the R-134a flow (2.2 kg/m’s) is about one order smaller than that
of the water flow (10.5 kg/m?s). As described above, the mass transfer coefficient of R-134a
flow is about one order smaller too. This implies that the initial concentrations (C) for the two
flows are of same order. With the fluid flows upward, a lower deposition rate leads to a higher
value of the concentration of droplets. Thus, the overall deposition rate for R-134a has the same

order as that for water.

Figure 7.9 shows the variation of deposition rate along the tube at the critical heat flux for R-
134a flow. Comparing the figure with Figure 7.4 for water, it is found that deposition rates for

both fluids are very close although the initial values are of one order difference.

24 14
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Figure 7.9 Variation of deposition rate along the tube axis (R-134a).

Unlike the deposition rate, the entrainment rate is determined by the equilibrium concentration of
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entrained droplets, Cg, which is a single value function of the group (t;8/c). The equilibrium
concentration of the R-134a flow is of same order of magnitude as that for water. Therefore, as
shown in Figure 7.10, the entrainment rate of the R-134a flow is much smaller than that of water
due to the small mass transfer coefficient of the R-134a flow. The results imply that the

entrainment effect in R-134a flow is not as important as that in water flow.

0.06

E [kg/m’s)

o} 01 0.2 03 04 0.5 0.6
Quality X
Figure 7.10  Variation of entrainment rate along the tube axis (R-134a).

In summary, for the R-134a flow, the deposition rate has the same order of magnitude as the

evaporation rate (10"') while the entrainment rate is one order smaller.

Because of the lower initial deposition rate, the increase of film thickness and liquid film flow
rate for R-134a flow is not as rapid as that for water, as shown in Figure 7.11 and Figure 7.12.
Also, because of lower deposition rate, the liquid film thickness of R-134a flow is much smaller

than that of water (maximum of 0.16 mm for R-134a vs. 1.00 mm for water).
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Figure 7.11  Variation of liquid film thickness along the tube axis (R-134a).
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Figure 7.12  Variation of liquid film mass flow rate along the tube axis (R-134a).



MODELING RESULTS AND ANALYSIS 7-15

72 Partition Model Application to Dumbbell-Shaped Tube

This section presents a detailed assessment of the partition model application to the dumbbell-
shaped tube. Theoretically, the partition model can be applied to any dumbbell-shaped tube
under the annular flow conditions. This section is limited to the dumbbell-shaped tube with the
same nominal geometry and thermalhydraulic parameters as the experiments. As described in
Chapter 6, the gap size of the dumbbell-shaped tube varies from 1.0 mm, 0.7 mm, 0.5 mm, 0.3

mm, 0.15 mm to zero.

In this section, subsection 7.2.1 presents the results for deposition factors. Subsections 7.2.2 and
7.2.3 describe the general CHF trend and gap effect under uniform heating assumptions. The

comparison of the predicted data against the experimental results is presented in subsection 7.2.4.

7.2.1 Deposition Factors for Dumbbell-Shaped Tube

In this study, one of the key approaches used to deal with the geometry effect on CHF is to
consider the geometry effect on deposition. Deposition factors (¢, and @,) were therefore
introduced. As shown in Figure 5.2, the dumbbell-shaped tube (physical flow channel) was
partitioned into two pseudo flow channels: narrow gap and main flow. The main flow region is
of a concave shape while the narrow gap region is mainly convex. The complex contour leads to
a non-uniform distribution of deposition rate along the periphery of the channel. Asapart of'the
partition model, two deposition factors were computed to account for the difference in deposition

between the two regions.

Table 7.2 Deposition factors for the dumbbell-shaped tube

Deposition factor

Gap size (mm) ?, @,
0 0.792 1.136
0.15 0.830 1.105
0.3 0.864 1.079
0.5 0.908 1.049
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0.7 0.950 1.025

1 1.008 0.996

Table 7.2 shows the deposition factors for the dumbbell-shaped tube at different gap sizes based
on the computing method described in section 5.2.4.5. @, and @, denote deposition factors for the
narrow gap region and main flow region respectively. For the partition model, it is assumed that
every liquid droplet entrained in the gas core will eventually deposit onto one of the two surfaces
of the pseudo-channels. The possibility of a droplet deposit onto which surface depends on the

view factors.

The deposition factors for both pseudo-channels change with the gap size. For aliquid droplet
inside the gas core, the view angle extended to the narrow gap region increases with increasing
gap size. As a result, the deposition factor for the narrow gap region increases with increased gap

size.

7.2.2 General Trend

This section presents the predicted CHF general trends for the dumbbell-shaped tube. As in
Chapter 6, the trends are discussed from two different views: fixed inlet condition and fixed local

condition.

7.2.2.1 Fixed Inlet Condition

7.2.2.1.1 Inlet Enthalpy (Subcooling) Effect
Figures 7.13 to 7.15 illustrates the variation of the CHF with inlet enthalpy/subcooling at a fixed

heated length at various gap sizes, pressures, mass flow rates. As shown in the figures, the CHF
decreases with increasing inlet enthalpy. If compared with the experimental results shown in
Figure 6.1 and Figure 6.2, it is found that the partition model predicts a correct CHF trend
against inlet enthalpy (subcooling).

The figures also present the empirical correlation for the relationship between the CHF and inlet



MODELING RESULTS AND ANALYSIS 7-17

subcooling. The correlation is obtained by fitting the modeling data using the least squares
method. The purpose to provide the empirical correlation is for interpolating the CHF value ata

given inlet condition.

7.2.2.1.2 Mass Flux Effect at Fixed Inlet Condition

The mass flux effect on the CHF in the dumbbell-shaped tube at fixed inlet condition is shown in
Figure 7.16. Only 0.7mm gap size results are shown here since the results for other gap sizes

have a similar trend.

By comparing Figure 7.16 with Figure 6.3 and Figure 6.4, it is found that the partition model
predicts the correct trend of mass flux effect on CHF at fixed inlet condition. The CHF increases
with an increase of mass flux at a fixed inlet enthalpy or subcooling. The CHF rises more

rapidly at a lower flow than that at a higher flow.

7.2.2.1.3 Pressure Effect at Fixed Inlet Condition

Figure 7.17 illustrates the pressure effect on CHF at fixed inlet condition. The figure only shows
the results for the gap size of 0.7mm. The results of other gap sizes are not shown due to the
similarity. If one compares the figure with Figure 6.5, it is found that the partition model predicts
a correct trend of the pressure effect on CHF at fixed inlet condition. The CHF increases with

decreasing pressure.

In summary, at fixed inlet condition the partition model predicts similar trends of the CHF
against inlet subcooling, mass flux, and pressure, as measured. Both the measured and predicted

CHF trends in the dumbbell-shaped tube are also appeared in the circular tube.
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Figure 7.13  Inlet enthalpy/subcooling effect on the CHF in dumbbell-shaped tube (G =

1000kg/m?3s).
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7.2.2.2 Fixed Local Condition

7.2.2.2.1 Quality Effect

Figure 7.18 shows the dumbbell-shaped tube CHF plotted against quality at a fixed pressure and
mass flux. In general, the partition model predicts a similar CHF trend against quality if one
compares the figure with Figures 6.6 to 6.11. The CHF decreases with an increase of critical
quality. However, different from the experimental results, the model does not predict the
“limiting quality” phenomenon. This is because the partition model does not take the “limiting
quality” phenomenon into account. Further research on the mechanism of the “limiting quality”
phenomenon and modeling is required. Currently, no literature on modeling the “limiting

quality” has been found, even for the simple geometry.

The empirical correlation for the relationship between the CHF and local quality is also shown in
Figure 7.18. The correlation is obtained by fitting the modeling data using the least squares
method. The purpose in providing the empirical correction is for interpolating the CHF value at

a given local condition.

7.2.2.2.2 Mass Flux Effect at Fixed Local Condition
Figure 7.19 illustrates the effect of mass flux on CHF in the dumbbell-shaped tube at a fixed

local condition. Only 0.7mm gap size results are shown here since the results for other gap sizes
have a similar trend. By comparing the figure with Figure 6.12 and Figure 6.13, it is found that
the partition model predicts a similar trend in mass flux effect on CHF at fixed local condition.
The CHF decreases with increased mass flux for a fixed local condition in a higher quality

region. For annular flow, the higher flow resuits in a higher entrainment and hence a lower CHF.
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Pressure Effect at Fixed Local Condition

In this study, only two pressures were tested and computed. Figure 7.20 illustrates the pressure

effect on CHF in a dumbbell-shaped tube at fixed local condition. Only the results of the

dumbbell-shaped tube with a gap size of 0.7 mm are presented here since the trends of all gap

sizes are similar. When comparing the figure with Figure 6.14, it is found that the partition

model predicts a correct trend of the pressure effect on CHF at fixed inlet condition. At fixed

local condition, the CHF decreases when the pressure increases from 1130 kPa to 1660 kPa.
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Figure 7.20  Pressure effect on CHF in dumbbell-shaped tube at fixed local condition.

In summary, the partition model predicts correct CHF trends at fixed local condition for the

dumbbell-shaped tube.
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7.2.3 Gap Effect

7.2.3.1 Inlet Condition

Figures 7.21 to 7.23 illustrate the overall geometry effect on CHF in dumbbell-shaped tube. Itis
noted that the data shown in here are combined effects of all geometric parameters. With a
decrease of the gap size from 1 mm to zero, the flow area and hydraulic diameter also decrease.
In this study, the gap size is used to characterize the entire geometry. Both the absolute CHF
data and the ratio of the CHF based on the tube with 1 mm gap are plotted against the gap size.

The CHF ratio curves represent the gap effect for each flow condition.

If comparing the figures with Figure 6.15 and Figure 6.16, it is found that the partition model
predicts a correct trend of gap effect at fixed inlet condition. The CHF decreases with decreased
gap size. When the gap size reduces from 1 mm to zero, the CHF drops about 23% due to the
overall geometry effect.

The predicted results also show that the thermalhydraulic parameters have little influence on gap
effect. From the figures of the CHF ratio, the four curves of the CHF ratio at different inlet
subcooling almost converge to one. At same mass flux, the curves for the two different pressures
are almost identical. For the three mass fluxes tested, the gap effect changes very little as shown

in the figures of the CHF ratio.
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7.2.3.2 Local Condition

Figures 7.24 and 7.25 present the overall geometry effect on CHF ina dumbbell-shaped tube at
fixed local condition. Both the absolute CHF value and the ratio of the CHF based on the tube of
1 mm gap are shown in the figures. The CHF decreases about 23.5% on average as the gap size

decreases from 1 mm to zero, depending on the flow conditions.

As described in Chapter 6, the overall geometry effect can be considered as the integrated effects
of gap effect and hydraulic diameter effect. With the gap size decreasing from 1 to 0 mm. the
hydraulic diameter of the dumbbell-shaped tube decreases from 4.30 mm to 3.43 mm due to the
decrease of flow area. According to Groeneveld’s CHF lookup table (1996), at fixed local
condition the CHF increases about 12% when the hydraulic diameter decreases from4.30 mm to
3.43 mm. Therefore, excluding the hydraulic diameter effect, the CHF in the dumbbell-shaped

tube drops about 35.5% as the gap size decreases from 1 mm to zero at fixed local condition.

It is also found from the figures that the thermalhydraulic parameters have little influence on the
gap effect at fixed local condition. The curves of the CHF ratio do not change much with

changes of the thermalhydraulic parameters (p, G. and x).
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7233 CHF Location

Under the uniform heating conditions, for all the flows computed using partition model, the CHF
always occurred first in the narrow gap region. This is due to the relatively more intensive
heating in the narrow gap region. The heat transferred to the working fluid per unit volume in
the narrow gap region is higher than that in the main flow region. This leads to earlier dryout in
the narrow gap region. Furthermore, the deposition factor for the narrow gap region is normally

smaller than that for main flow region.

Figure 7.26 shows a typical curve of the variation of liquid film flow rate along the axis of the
dumbbell-shaped tube. The mass flux of the liquid film in the main flow region is higher than
that in the narrow gap region. When the CHF occurs in the narrow gap region at the exit of the

tube in the narrow gap region, the liquid film in the main flow region does not dry out.
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Figure 7.26  Variation of liquid film flow rate along the tube axis.

7.2.4 Comparison Against Test Resuits

This subsection presents the comparison between the predicted results and the experimental

results for the dumbbell-shaped tube under the uniform heating assumption.
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7.2.4.1 Boundary Condition

Theoretically, for each CHF point compared, the inlet and heating conditions should be the same
for both cases. By design intention for the experimental investigation, the dumbbell-shaped tube
was uniformly heated. However, due to the limitation of the heating method, the heat flux

distribution along the periphery of the dumbbell-shaped tube is not uniform.

During the experiments, the dumbbell-shaped test section was heated by direct current. If the
wall thickness of the dumbbell-shaped tube is assumed uniform, the heat generated by a unit
volume of the tube wall is the same. The narrow gap region of the dumbbell-shaped tube is of
convex shape while the main flow channel region is of concave shape. The curvature change
makes the heat flux distribution non-uniform. The heat flux in the narrow gap region will be
lower than that in the main flow channel region. This can be illustrated by considering a cylinder
as shown in Figure 7.27. The cylinder generates a certain amount of heat. If all the heat
generated is transferred to the inner surface, the heat flux will be higher than that transferred to
the outer surface due to a smaller surface. The concave shape has a smaller heating surface than

the convex shape.

Qs

Narrow gap region Main flow channel region

Figure 7.27  Difference of heat flux in the dumbbell-shaped tube.

The ratio of the heat flux at the narrow gap and the main flow channel region is given by
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pdd,dz dA, (R, —r;)do

9y _ dzdl, d, R, d6 ~ (R;—rxz)rc
q. pdidz dA, (R*-r2)d8 (Rl -r})R,
dzdl, dl. r.do

where p is the power generated per volume. Ry, 1, R,, and r, are radii specified in Figure 4.2.
Note that as described in Chapter 4, with the gap size decreases from 1 mm to 0, the changes of

these radii are negligible. For the dumbbell-shaped tube tested,

2_q2
s _ (3;35 —32)x2.65 —0.89
q. (3°-2.65")x3.35

This means that the heat flux in the narrow gap region is about 11% less than that in the main

flow channel region.

For the dumbbell-shaped test section, there are three heat fluxes: the average heat flux over the
entire cross section of the dumbbell-shaped tube q, the average heat flux in the narrow gap region
q,, and the average heat flux in the main flow channel region q.. Table 7.3 illustrates the

difference of the heat fluxes.

Table 7.3 Heat fluxes of the dumbbell-shaped tube

Gap size (mm) q/q q/q
0 1.0456 0.9304
0.15 1.0434 0.9287
03 1.0421 0.9272
0.5 1.0401 0.9254
0.7 1.0382 0.9238
1 1.0356 0.9215

It is noted that the experimental data are presented using the average heat flux over the entire
cross section. This means the reported experimental CHF value will be higher than the local
CHEF if it occurs first in the narrow gap region. It will be lower than the local CHF if it occurs

first in the main flow channel region.
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7.2.4.2 CHF Location

The modeling results show that the CHF always occurs first in the narrow gap region due to the
gap effect. However, as described in Chapter 6, in the experiment, the CHF in the dumbbell-
shaped tube may occur first in the main flow channel region. This different result between the
prediction and measurement in CHF location is due to the difference in heating conditions of the

two cases.

In the case of the modeling study, the dumbbell-shaped tube is uniformly heated. But, for the
experimental investigation, it is not. The heat flux in narrow gap region is less than that in the
main flow region. For the larger gap cases, when the gap effect is not so strong, the CHF may

even occur at the main flow channel first due to higher heat flux.

7.2.4.3 General Trend

The comparison of the modeling results against the measured data is shown in Figure 7.28.
Generally speaking, the partition model well predicts the CHF in the dumbbell-shaped tube. For
most of data, the relative error is within +15%. For the worst case within the test range, the

relative error is less than +27%.

For all the data tested, the average error is —6.6%. This means that the partition model under-
predicts the CHF in the dumbbell-shaped tube. Under-prediction of the CHF in the dumbbell-
shaped tube is mainly due to the different heating conditions. As indicated in the previous
section, the test section for the experiment was not uniformly heated in reality. The reported
experimental CHF is based on the average heat flux over the entire dumbbell-shaped tube. Inthe
case that the CHF occurs first in the narrow gap region, the reported experimental CHF value is
higher than the actual heat flux in the narrow gap region. In the case that the CHF occurs first in
the main flow channel region, the reported experimental CHF value is lower than the actual heat
flux in the main flow channel region. Since the CHF more likely occurs in the narrow gap

region, the reported CHF data are higher than the actual heat flux in general.
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The model results are based on uniform heating. The predicted CHF always occurs in the narrow
gap region and the reported modeling data represent the actual heat flux values at the CHF
occurrence locations. Thus, the model data are normally lower than the reported experimental

data.

It is also found from the figure that the prediction accuracy of the partition model varies with
flow conditions. Since the model is derived from Whalley’s annular flow model, all the
characters of Whalley’s model are inherited. Similar to the R-134a flow in circular tube, the
partition model predicts a higher CHF value at higher flow rate than that at lower flow rate. For
the moderate flow rate (G = 2000 kg/m?3s), the model obtains the most accurate value. At high
inlet enthalpy (low inlet subcooling), the predicted CHF value is high.

7.2.4.4 Gap Effect

The comparison between the predicted and measured gap effect (related to 1 mm) is shown in
Figure 7.29 and Figure 7.30. The partition model predicts a similar trend in gap effect to that
measured. The CHF decreases with decreased gap size. In general, the partition model

accurately predicts the gap effect on CHF.

The partition model predicts a stronger gap effect than measured. Under fixed inlet condition, as
the gap size decreases from 1 mm to zero, the CHF decreases about 22% as per the partition
model due to the overall geometry effect. As described in chapter 6, the measured CHF drops
about 17.2% on the average. Thus, the model over-predicts the gap effect about 5% based on

fixed inlet condition.

Under the fixed local condition, as the gap size decreases from 1 mm to zero, the partition model
predicts an average CHF drop of 37% (excluding the effect of the hydraulic diameter). This
value is higher than the measured gap effect (the average CHF drop of 23.5% excluding the
effect of the hydraulic diameter). The exception of the low flow and pressure case, which is

assumed due to the limiting quality, affects the accuracy of the prediction.
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Over-predicting the gap effect is due to the influence of the difference of heating conditions
between the model and real experiment condition. The model is based on the assumption of
uniform heating while in the experiment the test section is not uniformly heated. For the uniform
heating model, CHF always occurred in the narrow gap region first due to the gap effect. For the
experiments, as described in Chapter 6, the heat flux in the narrow gap region is lower than that
in the main flow channel region. The measured CHF normally occurs first in the main flow
channel region for 1 mm gap and in the narrow gap region for zero gap. The measured gap effect

is relatively smaller due to a low heat flux in the narrow gap region.

The predicted results from the uniform heating model suggest that the partition model may
predict even more accurate gap effects if the heating condition is closer to the actual case. The

model results for the non-uniform heating conditions will be discussed in the subsequent section.
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Comparison of predicted and measured geometry effect at fixed inlet

condition.
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7.3 Partition Model Application to Non-uniform Heating Case

7.3.1.1 Partition Model Approach for Non-uniform Heating

As described in the previous section, the heat flux distribution around the periphery of the
dumbbell-shaped test section is not uniform. To predict the CHF of the dumbbell-shaped tube
more accurately, an approach was developed to take account of the non-uniform heating. By
taking the advantage of the partition approach, the model simply applies two different heat fluxes
to the two pseudo-channels. The heat flux of each pseudo-channel is the average heat flux of the

partition.

As per the computation in section 7.2.4.1, for the dumbbell-shaped tube used in the experiment,

the ratio of heat fluxes in the narrow gap and the main flow regions is:

9e

c

=0.89

where, q, and q, are the average heat fluxes for the two pseudo-channels. Ifthe average heat flux
of the entire tube q is given, g, and g, can be calculated based on the following heat balance
equation:

dely tq:l.=q!
where, 1, 1, 1. are the perimeters for the entire tube and the two pseudo-channels. Note that 1, and

1. vary with gap size.

7.3.1.2 Results and Analysis

Appendix V tabulates the results of the partition model (CHFA++) for the CHF in the dumbbell-
shaped tube with non-uniform heating. The comparison with uniform heating as well as the
measured data is also shown in the appendix. As shown in the table, the partition model predicts

a more accurate CHF by taking account of the non-uniform heat flux.

7.3.1.2.1 CHF Location

As described in the previous section, in the case of uniform heating condition, the predicted CHF

always occurs first in the narrow gap region. In the case of non-uniform heating, the predicted
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CHF may occur first in the main flow channel region in the cases of big gap. Also, the CHF may
occur simultaneously in both the narrow gap region and the main flow channel region. These

results are much closer to the measured data.

7.3.1.2.2 General Trend

From Appendix V, it is found that the partition model predicts more accurate CHEF values in the
case of non-uniform heating. The predicted results are closer to the real test data. If compared
with the test data, the average relative error of the partition model for the non-uniform heating is

—3.2% against —6.6% for the uniform heating.

For non-uniform heating, the CHF was computed using local heat flux values while the final
CHF is reported using the average heat flux value over the entire tube. This is exactly the same
as the experiment. For the experiment, only the average heat flux can be measured. Similar to
the experiment, in the case that CHF occurs first in the narrow gap region, the mean heat flux
value (the reported CHF value) is higher than the local heat flux in the narrow gap region. Ifthe
CHEF occurs first in the main flow channel region, the mean heat flux is lower than the local heat

flux in the main flow channel region.

Since the non-uniform model is closer to the actual test condition, the prediction results are more

accurate.

7.3.1.2.3 Gap Effect

Under non-uniform heating assumption, the model predicts the gap effect more accurately. The
comparison of the prediction results between the non-uniform and uniform heating is shown in
Appendix V. From the appendix, it is found that the relative errors between non-uniform heating
and uniform heating change with the gap size. Generally speaking, the CHF value at zero gap
for non-uniform heating is about 4% higher than that for uniform heating. However, at the gap
of 1 mm, the difference between the two cases becomes relatively small. This means that when
the gap size decreases from 1 mm to zero, the decrease in CHF for the non-uniform heating case

is smaller than that for the uniform heating case. Therefore, the CHF ratio between the zero gap
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and 1 mm gap cases will be smaller for the non-uniform heating than that for the uniform
heating. In other words, the predicted gap effect for the non-uniform heating is about 4% lower

than that for uniform heating.

As discussed in the section 7.2.4.4, the uniform heating model over predicted the gap effect
about 5%. This implies that the non-uniform model over predicts the gap effect only about 1%.
Therefore, it is concluded that predicted gap effect for the non-uniform heating is closer to the

experiment results.

7.4 Summary

The partition model has been applied to predict CHF in circular tubes and dumbbell-shaped
tubes. As shown in Table 7.4, the partition model predicts the CHF in circular tube and the
dumbbell-shaped tube for R-134a flow with good accuracy. For the circular tube, the root mean
square error is less than 10% while the average error is about 2%. For the dumbbeli-shaped tube,

the non-uniform heating results are closer to the experiment results.

Table 7.4 Prediction errors of partition model
Error RMS Average Mean
Tube error error Error
Circular tube 8.96% 1.99% 7.17%
Dumbbell- | Uniform heating 12.67% -6.63% 10.01%
shaped tube | Non-uniform heating 10.40% -3.65% 7.86%

As shown in Figures 7.5 and 7.6, the partition model predicts correct trend of the gap effect on

CHF. The predicted CHF decreases with decreasing gap size.

Table 7.5 Summary of modeling results for uniform heating
Overall Geometry Effect Pure Gap Effect
At fixed inlet condition 23.0% 11.0%

At fixed local condition 23.5% 35.5%
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Table 7.6 Summary of modeling results for non-uniform heating

Overall Geometry Effect Pure Gap Effect

At fixed inlet condition ~19% ~7%
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Chapter 8
CONCLUSIONS AND RECOMMENDATIONS FOR

FUTURE RESEARCH

8.1 Conclusions

8.1.1 Experimental Investigation

The parametric trends in CHF with pressure, mass flux/mass flow rate, quality, and inlet
enthalpy/subcooling in the dumbbell-shaped tube are the same as those in the circular tube.
No severe adverse effects on CHF were found in the dumbbell-shaped tube for the range of

test conditions studied.

At a fixed inlet condition, the CHF decreases with decreasing gap size. As gap size
decreases from 1 mm to zero CHF drops by about 17.2% on average. After deducting the
flow-area effect, the CHF drop reduces to about 5.2%, assumed to be due to the gap effect

alone.

At a fixed local condition, the gap size has a noticeable effect on CHF. In general, the CHF
decreases with decreasing gap size. When the gap size decreases from 1 mm to zero, on
average, the CHF drops by about 11.5% depending on flow conditions. If the diameter
changes are taken into account, the CHF drops by about 23.5%, considering the pure gap
effect.

The effect of gap size on CHF is coupled with the effects of flow conditions, but the flow

parameters seem to have little influence on the gap effect.
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The dumbbell-shaped tube flow visualization test results show that the liquid bridge may
form in the gap region in the annular flow regime. In this case, two gas cores are formed in

the two subchannels.

8.1.2 Modeling study

The partition model predicts the CHF in a circular tube and the dumbbell-shaped tube for R-
134a with good accuracy. For circular tube, the average error is about 2%. For the
dumbbell-shaped tube under uniform heating condition, the average error is about —6.6%. For

non-uniform heating, the average error is only about —3.5%.

The partition model predicts correct trend of the gap effect on CHF. In the case of non-

uniform heating, the partition model predicts the CHF and gap effect more accurately.

8.2 Recommendations for Future Research

8.2.1 Experimental Investigation

The gap effect on CHF was investigated experimentally using a dumbbell-shaped tube. More
CHF tests need to be conducted to build a more complete database of the CHF in complex
geometries.
« Curvature effect
Curvature is another important geometry parameter that may affect the CHF. Further
experimental investigation on curvature effect is required to analyze the mechanistic
effects of curvature on CHF. Furthermore, the gap effect on CHF is normally
coupled with a curvature effect. The coupling of the two effects also needs to be
investigated.
« Circumferential distribution of liquid film
A measurement of the circumferential distribution of liquid film thickness in the
dumbbell-shaped tube is needed as a basis for prediction.
« Visualization
In the current study, a simple adiabatic flow visualization test has been conducted to

qualitatively determine the flow pattern in a dumbbell-shaped channel. To get
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quantitative resuits and the relationship between the flow patterns and flow
parameters, a more sophisticated adiabatic flow visualization test is needed. Flow
visualization under uniform heating would help to understand the CHF mechanism in
the narrow gap region.

Control of heating condition

The CHF that occurred first in the main flow region in the dumbbell-shaped tube,
during this study, may be due to non-uniform heating. Uniform heating is an ideal
condition, but is very difficult to achieve in reality because of limitations in power
capacity, manufacturing processes and material quality. In the future experimental
investigation using a dumbbell-shaped tube, a better method of controlling the heating

condition needs to be considered.

Modeling Study

Kernel

The kemnel of the partition model consists of the various partition and flow model

assumptions. The model could be extended and optimized in the future to:

CHF other than dryout-type.

Currently, the partition model is limited to dryout-type CHF because of its annular
flow assumptions. The partition model could be extended to DNB type CHF in
complex flow geometries.

Deposition and Entrainment Model.

This study used Whalley's deposition and entrainment model. The deposition
coefficient was assumed to be a single value function based on surface tension. The
partition model could use other models of deposition and entrainment, such as Hewitt
and Govan’s model (1990), after a comprehensive evaluation.

Optimization of the deposition factor

In the current study, the deposition factor depends on the shape factor that is a pure
geometric parameter. If possible, the deposition could be optimized based on the
measurement data of deposition rate distribution.

Prediction of circumferential distribution of liquid film thickness
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In the current model, only the effect of geometry on deposition was considered.
Other mechanisms of liquid film spreading are neglected. The model could be
enhanced if the geometry effect on the liquid film distribution along the tube wall is
predicted. This requires the evaluation of turbulent wave, interfacial shear stress, and

surface tension.

Application

The partition model is created to handle the CHF in a complex geometry. The present study

focuses on the dumbbell-shaped tube. To verify the correctness of the model, its application

to a circular tube was also designed and implemented in the software package CHFA++. In

the further modeling study of complex geometry CHF, the partition model could be applied

to other complex geometries. The shape effect and other geometric parameter effects on

CHF could be found based on the partition model.

Concentric annuli

Concentric annuli can be partitioned into two interactive pseudo flow channels, inner
and outer pseudo-channels. By taking the advantage of the partition model, the
curvature effect on CHF may be obtained. The heating condition effect on CHF can
also be found (i.e., single surface heating vs. bilateral heating, different heat flux for
the inner surface and outer surface, etc.).

Triangular and Rectangular Flow Channels

By dividing the channel into the main flow and comer pseudo-channels, the corner
effect may be obtained using the partition model.

Eccentric Annuli

Like a dumbbell-shaped tube, eccentric annuli could be partitioned into a gap and
main flow channel. The coupling of the gap and curvature effects may be found
using the partition model.

Fuel Bundles

The optimal goal of this research on geometry effects is to better predict the CHF in
fuel-rod bundles. Merging the partition model (or its methodology) into a subchannel

code could result in a better prediction of bundle CHF.
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Appendix I
Dumbbell-Shaped Test Section

A dumbbell-shaped tube is consisted of two subchannels interconnected via a narrow gap.
This geometry is close to the two neighboring subchannels and a connecting gap in nuclear
fuel bundle. The narrow gap region of the dumbbeli-shaped tube simulates the space
between two adjacent rods. Figure L1 shows a sample of the dumbbell-shaped tube test

section.

I1 Construction of Dumbbell-Shaped Test Section

The test section of the dumbbell-shaped tube was constructed from a circular tube using a
die. Figures I.2 and 1.3 illustrate the detailed structure of the die designed. The Die has two
slots that hold two balls and guide the balls moving in the radial direction of the circular tube.
By turning the die, the balls squeeze the circular tube symmetrically. The dumbbell-shaped

tube is formed by moving the entire die in the axial direction of the circular tube.

The curvature of gap region is determined by the ball diameter. The gap size is controlled by

ball displacement which is determined by turning angle of the die.

1.2 Gap Size

Gap size is the main geometric parameter of dumbbell-shaped tube. A correlation was
developed to predict the gap size of the dumbbell-shaped tube test section to be made. The
gap size is the function of turning angle and the slope of internal surface of the die. Figure

1.4 gives the correlation between gap size and die turning angle.
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Figure [.1 Dumbbell-shaped test section.
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Figure [.3 Variation of gap size against turning angle.

1.3 Cross Section of Dumbbell-Shaped Tube
As shown in Figure 4.2, the dumbbell-shaped tube cross section is composed of three sets of
tangential circles and two sets of tangential lines. Three sample test sections were made and

the six characteristic geometric parameters were measured. The test results are shown in
Table I.1.

Table I.1 Dumbbell-shaped tube characteristic geometric parameters.
Sample | Tuming | Gap Size Characteristic Geometric Parameters (mm)
Tube Angle (mm) |wg Wy Wy Rg R R
1 400° 1.65 2.35 12.09 5.60 3.0 3.0 1.6
2 430° 0.87 1.57 12.07 5.49 3.0 3.0 1.6
3 450° 0.34 1.04 12.04 5.30 3.0 3.0 1.6
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1.4 Temperature and Pressure Effects on the Shape of Test Section

Critical heat flux experiment is conducted at pressures up to 1.66 MPa (saturation
temperature of 59.5°C). Because both temperature and pressure may affect the shape of test
section, a test for temperature and pressure effects on test section shape was performed

before CHF experiments. A special test section of 600mm long was made for this purpose.

At room temperature and atmosphere pressure, the gap size of the test section is 0.52 mm.

Low-voltage, high-current power is supplied to the sample dumbbell-shaped tube to control

the wall temperature. The power supplied to the tube was predicted by using empirical heat

transfer equation for free convection. The system pressure of the tube was controlled by the

amount of nitrogen gas charged. The characteristic geometric parameters were measured
with micrometer. Table .2 lists the test results.

Table I.2 Temperature and pressure effects on the shaped of dumbbell tube.
p (kPa) T (°c) wg (mm) w, (mm) wy (mm)

101 237 1.22 12.083 5.601
49.5 1.225 12.083 5.601
57.9 1.225 12.083 5.601
82.2 1.228 12.083 5.601
102.2 1.23 12.083 5.601
121.9 1.228 12.083 5.601

965 51.5 1.378 12.089 5.654
80.6 1.376 12.089 5.654
93.7 1.378 12.089 5.654
126.7 1.378 12.089 5.654

1931 429 1.566 12.091 5.72
81.3 1.573 12.091 5.72
114.6 1.575 12.091 5.72
132.1 1.573 12.091 5.72

The test result shows that the temperate effect on the shape of dumbbell test section is

negligible. However, the pressure has very strong effect on the minimum gap size of the

dumbbell-shaped tube. The result suggests that a clamp is needed to prevent the gap size
changing during the CHF test.
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Appendix I
ERROR ANALYSIS

II.1 Introduction

All measurements of physical quantities are subject to uncertainties. It is never possible to
measure anything exactly. In order to draw valid conclusions the error must be indicated and
dealt with properly. The following sections analyze the errors associated with the CHF

experiment.

The degree of uncertainty associated with the measurement data is presented in either as an RMS
error or standard deviation (o). The error adds both systematic and random errors together. The
RMS error and standard deviation are defined as:
(X, -X)
AL

N

If one assumes these errors are perfectly random and normally distributed about the mean value

g =

measured, then 68% of the data will lie within 1o, and 95% within +2c. This is an important
characteristic when considering the significance of measured data: if the error estimates are
correct, about 70% of the data should fall within tlg, and all the data should fall within +2c,

otherwise there is a systematic error unaccounted for.

I1.2 Uncertainties in Basic Measurements

I1.2.1 Temperature

K-type thermocouples were used to measure the fluid temperature and monitor the wall
temperature. Before the CHF experiment, all the thermocouples were calibrated using a digital
RTD thermometer and a water bath ranging in temperature from 0-100°C. The following table

lists the accuracy of the two measuring methods.
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Method RMS MAX
RTD +0.03 °C +0.05 °C
Thermocouple +0.06 °C +0.2°C

In this study, an RMS value of +0.1°C is used for error analysis for all the thermocouples.

I11.2.2 Pressure

The absolute system pressures were measured with the absolute pressure transducer installed at
the outlet of the test section. The pressure transducer was calibrated before the CHF
measurements. The transducer is characterized as:

Calibration range: 0-3.45 MPa

Pressure calibrator: +0.01%

Max calibration error: 1.834 kPa

The errors associated with the pressure measurement are:

Ap=+/(0.345) +(1.834)" =1.866kPa

I1.2.3 Mass Flow Rate

The mass flow rate was measured using a Coriolis-type flow meter (Model D65 by Micro
Motion). The meter has been calibrated before the CHF measurements. The mass flow rate
meter is characterized as:

Accuracy = * 0.2%

Repeatability = £0.05%

Zero stability = +£0.23 g/s

A/D conversion =+0.1% F.S. (F.S. = 1.333 kg/s)

The RMS error of mass flow rate is calculated by:
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AW _ [(02Y (0.05)2 (0.23)2 (1.33)2
W—\KIOO)+ 100) "\w ) Uw
_ %, (1.82Y
- Jazsxi0® +(122)

which ranges from0.2%-0.27% (1000 — 5000 g/s)

I11.2.4 Power

The power (Q) applied to the test section is the product of the voltage drop across the test section
(U) and the current through the shunt resistor (I). The mass flow rate meter is characterized as:
maximum offset voltage =+ 0.2%
uncertainty in current = +2.9A

A/D conversion = +0.14%
The RMS error is given by:
2 2 2
- [ ()
Q U I 100

In this study, the power applied to the test section ranges from 2000 to 8000 W. For the purpose

of the error analysis, assume that the test section is of an average electrical resistance of 0.09Q.

In case of Q =2000 W,
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- [Tt ) -
o ~ Y100/ "\2081) "\100 = 0.010

Therefore, the RMS error of power ranges from 1% to 2% for the CHF experiment (2-8kW).

I1.2.4 Geometry Parameters

1.2.4.1 Heated Length

The measurement error of heated length is given by:

Az =0.002m = 2mm
The heated length z ranges from 0.7 m to 1.4 m. Therefore, the error Az/zranges from 0.14% to
0.28%.

11.2.4.2 Perimeter

As described in Appendix I, the dumbbell-shaped tube was made by squeezing a circular tube.
Assuming that the perimeter of the tube does not change after deformation, the dumbbell-shaped
tube perimeter is the same as the circular tube. The perimeter of the dumbbeli-shaped tube was

obtained by measuring the inner diameter of the circular tube. The error of the diameter is given
by:
Ad = 0.000002m = 0.002mm

thus, the error of the perimeter is given by:

Alp =0.0063mm

Al Ad  0.002
P = = = o
] 2 98 0.02%

P

11.2.4.3 Gap Size

As shown in Figure 4.6, to obtain the gap size, a chain of pin, rod and wall thickness was
measured. The gap size is the length of the chain minus the chain length with zero gap. The error

of the gap size is given by:

AS =,/0.0022 +0.002* = 0.0028 mm



Appendix I1-5

1.2.4.4 Flow Area

To determine the flow area of a dumbbell-shaped tube is nota simple work due to the complicity
of the geometry and the small size of the test section. As described in Chapter 4, a sophisticated
method was developed to calculate the flow area based on six characteristic geometry parameters

measured. The measurement errors of these six geometry parameters are as follows:

Gap, longitude, and latitude width:
Al = 0.002mm Al =0.002mm Al =0.002mm
w w w

£ x x
Radii,
AIRK =0.25mm AIR, =0.25mm AIRC =0.25mm
To find out the error range of the measurement, the possible maximum and minimum flow was
calculated areas based on the range of each gap size. The real flow area should be within this

range. Based on the computation, the maximum error of the flow area is:

A4 = 0.23mm?

I1.3 Inlet Subcooling

The inlet subcooling is the liquid saturation enthalpy minus inlet enthalpy.

sub

oh,  oh

h_,=h —h,
where,

h=f(p) h,=f(T.,)
Thus, the error of inlet subcooling is calculated by:

S v N
where,

Oh,, _ Ohgy

n
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_ (@, Y, (o ’
Ah’_(f(p) )‘“[ap )

f(T) ah/ ’
Ah"’ f(T) —EYT ATJ

We assume that

&) _ D) _ o0
o) - D

To give the degree of the uncertainty. we give the two cases of the CHF test. Incase of P=1130
kPa, G = 2000 kg/m?s, and T,, = 40 °C, h; = 112060 J/kg. h,, = 106014 J/kg, based on the

equations given above, the error of the inlet subcooling is: Ah, =385 J/kg.

In case of P = 1660 kPa, G = 3000 kg/m?s, and T,, = 55 °C, h,= 136058 J/kg. h,, = 128790 J/kg,

based on the equations given above, the error of the inlet subcooling is: Ah,,, = 447 J/kg.

I1.4 Mass Flux

Mass flux is the mass flow rate of unit flow area.

w

A

The error of mass flux is calculated by:

o ()

According to the previous analysis on mass flow rate, the mass flow rate error ranges from0.2%-

0.27%. In case of the zero gap, the flow area is of a minimum value of 26.4 mm?3. Therefore, the

uncertainty degree of mass flux is:

2
20 _ (__AWV,V ) \/(027%)2 ——62) =0.91%

ILS Quality

The exit quality is calculated by:



X haul —hl
hfx
where,
_n + 2
how - h W
thus,
hin + Q-—hl
X=—o W
h

i/

The error of the exit quality is given by:
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ax ax ax
AX‘[ Ah + QQ) (aW W)+(3}17Ah

where,
o_
oX _ 1 ax _ 1 ox _ wtyh
oh,  hg oh, h, oh,, A
ax ___ 9@ X _ 1
oW W'h, 60 Wh,

To give the degree of the uncertainty, we give the two cases of the CHF test. Incase of P=1130
kPa, G = 2000 kg/m?s, and T,, = 40 °C, h; = 112060 J/kg. h;,=106014 J/kg, he, = 158503 J/kg, d
=0.5 mm, X =0.319, Q = 3433 kW, based on the equations given above, the error of the exit is:

AX =0.012.

In case of P = 1660 kPa, G = 3000 kg/m?s, and T;, = 55 °C, h,= 136058 J/kg. h,, = 128790 J/kg,
hy, = 140056 J/kg, 8 =0.5mm, X = 0.336,Q=4714 kW, based on the equations given above, the

error of the exit is: AX = 0.009.

I1.6 Critical Heat Flux

The critical heat flux is the heat flux when the CHF phenomenon occurs at exit of the test

section.



where, z is the heated length and 1 is the perimeter of the dumbbell-shaped tube.

where,

_Q
q_zl

P

o9 _ 1
o9 zl,
9 __ ©Q
oz 2%,
69 ___©Q
al, z[pz

According to the error analysis for Q, z, and 1,

i‘qi= J%Y +(0.28%) +(0.02%) =2.1%
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Appendix VI-1

Appendix VI
CIRCULAR TUBE CHF EXPERIMENTAL AND

MODELING DATA
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Appendix VI-2
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