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ABSTRACT

"Accurate prediction of the Critical Heat Flux (CHF) or-the heat flux-associated with
‘DNB’ and ‘Dryout’ is of paramount importance in nuclear reactor design, reactor
safety analysis and in the aesign of in&ustrial boilers and heat exchangers involving
two-phase flow. CHF in forced convective boiling was studied for both vertical and
horizontal orientation. It is shown to be a complicated function of pressure, mass flux,
hydraulic equivalent diameter and vapour qualify. CHF due to phdsb separation and
due to annular liquid film failure were analyzed. In horizontal, uniformly heated tubes,
CHF was found to be lower than that for vertical upward flow under otherwise identicz_a.l
flow conditions. In light of the lack of a generalized prediction method for horizontal
CHF, a semi-empirical correlatioﬁ was developed and is capable of predicting both the
upstream and downstream CHF for horizontal flow with uniform heat flux.

| ‘Generalized Property Code’ devgloped during the course of this study was found
to be useful in predicting thermodynamic and transport properties of non-aqueous

fluids and is suita.blg for thermalhydraulic analysis. o
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'Chapter 1
INTRODUGCTION

In most reactor and boiler systems, the energy transport involves various kinds of
boili eat transfer in two—phasé flow. Ig two-phase heat transfer, boiling crisis is

a veﬁnportant phenomenon for the thermalhydraulic analysis. Figure 1 shows a
typical boiling curve for two-phase flow. As can be seen from the figure, boiling crisis

is one of the transition points between different heat transfer regimes.

Accurate prediction of the heat flux associated with the boiling crisis or critica@:\

flux (CHF) is of paramount importance in reactor design and reactor safety analysis.
It is also of equal importance in devices operating under subcooled or non-boiling
conditions such as in PWR. Boiling may occur under off design conditions or accideril‘-t\
conditions in systems which are normally non-boiling and thus CHF may occur. CHF
may also occur in other two-phase flow equipment such as conventional boiler systems,-
distillation and condensation equipment.

Over the years, hundreds of ad hoc correlations have been developed for the predic-
tion of CHF in both vertical and horizontal tube flows. Most of them are for vertical
flow and they are only applicable for a limited range of flow parameters. Recently,
Groeneveld et al.(1986a) have published a generalized CHF table for vertical tube
flow. This table is also applicable for non-aqueous fluids and for bundle geometries.
Assessment of various published correlations undertaker by the ESDU (1986) shows
this tabular method to be the best of the published methods. However, a similar ap-

\ .
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proach for prediction of CHF in horizontal flow is not available. This is because of the
scarcity 6f experimental CHF data, and because the mechanisms controlling CHF in
horizontal flow are less understood than those for vertical flow.

This study is aimed at the development of a generalized semi-analytical prediction
of CHF for hc;rizonta.l flow. Only the CHF for horizontal tubes with uniform heat flux
is considered in fthis study. Sources of experimental data are obtained from Meril
© (1977), Merilo and Ahmad (1979), Robertson (1973), Becker (1971),'Le0ﬁtiev et al.

(1981), Lis and Strickland (1970), Kohler and Hein (1986), RounthWait;e (1968, Ishigai

| and Takagi (19702) and Waﬁg and Su (1980). Some of the data (those from Lis and
Strickland, Wang and Su and fsﬁiga.i and Takagi) were not used in the derivation of
the present correlation. & _

- The zpeéhanisms of CHF for both vertical and horizontal flow are discussed in
Chapter 2. Some CHF' prediction methods fa.va.ilable in the literature will also be
introduced. In éhapter 3, sources of experimental CHF data are outlined and the
experimental data is analysed to shoew the CHF trends with quality, mass velocity,
tube diameter and pressure. The experimental data .was compiled and arranged in a
tabular format and is presented in Appendix A. .

A generalized §r0perty code for r:fq?ueous fluids has also been developed for the
purpose of fluid property evaluatiom&™ The code will permit the evaluation of CHF
in horizontal flow f?r all transport properties for that fluid. The code predicts the
propertaies.including" :peciﬁc volume, spgtiﬁc enthalpy, specific heat, viscosity, thermal
conductivity and surface tél?SiOIl.. The development of this property code is presented
in Chapter 4 and the Source ‘tode can be found in Appendix B.

In Chapter 5, analytical expressions have been derived considering the turbulent-

gravity force balance and bubbles or droplets transit time ratio. The dirdensionless

parameters developed can be treated as measures of the degree of stratification for .

two phase flow and will be used subsequently in the derivation of stratification factor
for horizontal CHF. The derivation of the stratification factor is presented in Chapter
6 with assessinent technique and comparison to experimental data. The parametric

\

" e,



trends of the new CHF correlatjon have been summarized and shown to be consistent

with the experimental trends.

e



Chapter 2

TWO-PHASE FLOW AND
CRITICAL HEAT FLUX

2.1 Flow Regimes in Two-Phase Flow

In gas-liquid flow the two phases can distribute themselves in tH conduit in 2 wide
variety of ways. The phase ditribution- will affect the evaluation of two-phase ther-
malhydra.uhc quantities such as the void fraction, pressure drop and heat tramsfer in
general. The phase dlstnbutlon forms a number of interesting patterns called flow
regimes. A pa.rtmula.r ﬂoxlvv- regime is dependent on a number of flow p‘é.rameters such
as the mass flux (G), vapour quality (X), pressure (P) and the tube diameter (D).
The flow regimes also vary with the tube orientation. The designa.tion' oft the ﬂox:.f
regimes is more of a subjective jtidgﬁqeng than an objective measurement. In this
thesis, only the commonly distinguishable flow regimes encounteréd in vertical and

horizontal tubes will be discussed.

F
¢ .
A

'S

2.1.1 Flow Regimes in Vertical Flow

For vertical upward ﬂow, there are basically five distinguishable flow regimes. They
are the bubbly flow, slug flow, churn flow, wispy-annular flow and annular flow. The

schematic diagram for the flow regimes encountered in vertical flow is shown in figure 2. .



Bubbly Flow
In bubbly flow, the gas phase 1s-distributed in the form of discrete bubbles com-

pletely entrained in the liquid stream. The bubbles are of approximately uniform size.

Slug Flow P
In this flow regime, large bullet-shaped bubbles (slugs) are found and are separa‘t‘\"ed
from the tube wall by the descending film of liquid. Also, the successive vapour slugs

are separated by the liquid élt:xgs which may or may not contain smaller gas bubbles.

Churn Flow
Churn flow is very chaotic and turbulent. It is formed by the breakdown of the
large vapour bubbles in slug flow (Collier, 1981). The main characteristic of the churn

flow is the oscillatory or slternating direction of motion of the liquid.

Wispy-Annular Flow

. Wispy-annular flow regime was first identified by Hewitt et al. (1970). In this flow
regime, relatively thick liquid film flows along the tube wall together with a consider-
able amount of liquid entrained in the gas core. Small bubbles are found in the liquid

film. This flow regime is found to occur with high mass velocities.

Annular Flow

Annular flow is characterized by continuity in the axial direction of the gas phase
in the core. Similar to the wispy-annular flow, the liquid film is flowing Ion the tube
‘wall with little bubble entrainment. Separated droplets are entrainment in the gas

core in varying amount,.
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2.1.2 Flow Regimes in Horizontal Flow'

For horizontal flow, the flow regimes are complicated by the asymmetry of the two-
phiase distribution due to the influence of gravity in the transverse direction to the

flow. Figure 3 shows the generally recognised flow regimes.

Bubbly Flow

The flow pattern in this regime is similar to that in vertical- flow except that the
vapour phase (bubble) tends to flow along the top part of the tube. At moderate and
high mass velocities, the vapour and liquid phases distribute themselves more sym-
metrically and hence the flow pattern resembles that in vertical flow.

—

Plug Flow

Plug flow is similar to the slug flow in the vertical direction except that the gas

bubbles tend to travel in the upper half of the tube.

Stratified Flow
Stratified flow is also referred to as the stratified smooth flow. In this flow regime,
liquid flows along the bottom of the tube. The gas-liquid interface is relatively smooth.

This pattern occurs at very low liquid and vapour velocities.

Stratified Wavy (Wavy Flow) -
As the vapour velocity increases, the interface of the stratified flow becomes dis-
turbed by waves travelling in the direction of flow. The gasiﬁquid interface is wavy

and thus the term ‘wavy flow’.

Slug Flow

The waves at the interface may increase in magnitude due to further increase in
the vapour velocikty and finally touch the upper portion of the tube forming a complete
liquid bridge. This t§pe of flow regime is called the slug flow. The upper surface of |
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the tube behind the wave is wetted by a residual film which drains into the bulk of
the liquid. &l‘ '
Annular Flow

Annular flow in horizontal tube is similar to that in vertical flow except that the
liquid film is much thicker at the bottom of the tube than at the top. Also, the wavy
structure is more pronounced at the bottom of the tube causing more liquid to be
entrained into the vapour core and deposited near the top of the tube.

Each of the above mentioned flow regimes will affect the CHF mechanisms in both

the vertical flow and the horizontal flow. The mechanisms of CHF will be discussed

in the next section with some consideration of the influence of flow pattern.

2.2 CHF Mechanisms

The critical heat flux for horizontal flow may be significantly lower than that for verti-
cal flow under otherwise identical flow conditions. Gravity, which tends to cause flow
stratification in horizontal ﬁdw, is the main reason for tl::diﬁ'erence in horizontal and
vertical CHF's. The mechanisms involvedin each case are quite different except for
flows with high mass velocities. An improved understanding of the mechanisms associ-
ated with critical heat flux will permit an improvement in current prediction methods
and may lead to the development of devices and systems to avoid its occurrence in

practical applications.

2.2.1 CHF Mechanisms in Vertical Flow

Fo; vertical chan.nel flows, CHF can occur in subcooled boiling, in the low quality
region and in the annular flow regime. The most commonly postulated mechanisms
(Hewit‘t, 1982) in subcooled and low qu\a.lity regions are

1. Near-wall bubble crowciing and vapour blanketing

2. Local overheating following micro-layer evaporation from a nucleation site



3. Burnout associated with vapour clot or slug forme?.ti'on.

Figure 4 illustrates schematically the near-wall bubble crowding and vapour blan-

keting mechanism. A ‘bubble boundary layer’ builds up on the €ated surface and
is ultimately thick enough to prevent liquid migration to the séjface, thus causing
high temperature build up at the wall. The concept of boundary-layer separation for
the burnout phenomenon was proposed by Kutateladze and Leontiev (1966). Tong -
(1972) modified the boundary-layer separation theory by pointing out that the fric-
tion factor for a channel with a bubble boundary layer is much higheg than that for 1a
smooth tube because the liquid has to flow over a rougher surface represented by the
bubble boundary layer. He was able to derive a reasonably accurate semi-empirical
correlation.
" The second typ‘e of mechanism is shown schematically in figure 5. When a bubble
grows a.'t a nucleation site, ‘micro-layer evaporation' occurs under the growing bub-
ble, resulting in a disk of dry surface. The wall temperature at this dry patch rise;s
rapidly and the patch can not be rewetted subsequent to bubble departure. The con-
tinually rising temperature spreads over the surface, thus giving rise to the burnout -
phenomenon. '

Fiori and Bergles (1970) observed that CHF was often associated with the forma-
tion of vapour slugs/clots. They postulated that burnoﬁt occurs as 4 result of the.
evaporation of a thin ﬁquid layer under the vapour slugs or clots, the vapour volumes
preventing access of subcooled liquid to the surface (see figure 6). CHF in vertical an-
nuli which occured by the vapour-clot mechanism was studied by Rogers et al. (1982).
Mechanisms in the subcooled and low-quality regions are reviewed by Tong and Hewitt
(1072) and Bergles (1977). |

Dryout in annular flow is most commonly associated with the drying of the liquid
film by progressive entrainment, droplet deposition and evaporation. Dryout occurs
as a result. of the integral effect of droplet mass transfer, liquid entrainment and evap-
oration along the channel. Figure 7 illustrates the dryout mechanism in vertica an-

nular flow inftube. Other similar mechanisms of dryout in vertical annular flow were



discussed by Hewitt (1982) in more detail. A review of the CHF mechanisms on a

uniformly heated surface was done by Katto (1986).

2.2.2 CHF Mechanisms in Hori%ontal flow

In horizontal channels, gravitational force acts on both the vapour phase and the liquid
phase in the direction that is not parallel to the fluid stream, causing phase separation.
In these circumstances, the mechanisms of burnout are much more complex than those
for vertical flows.

For subcooled boiling, Merilo (1977) hypothesized that the migration of the lighter
phase (bubbles) towards the top of the channel as a result of the transverse buoyancy
force causes an uneven distribution of void. This maldistribution of void has a severe
effect on heat transfer in general and CHF in particular. ‘

The flow patterns for horizontal flow are different from those for vertical flow.
Figure 8 shows schematically the transitions of flow patterns in horizontal flow. In-
termittent dryout occurs in the low quality regioﬁ where bubbles coalesce and form
a continuous vapour cushion along the upper portion of the tube (Becker, 1971). As
vaj_)orization continues downstream, the increased stream velocity causes higher am-
plitude waves to form on the steam-water interface. The faster moving gas stream
impinges on the waves and thus causes liquid to be entrained in the vapour core re-
gion. Some of the entrained liquid is being deposited onto the upper portion of the
tube and finally, the water will again cover the full circumference of the tube and an-
n:ula.r flow is established. The annular flow in horizontal channel is not axi-symmetric.
The annular liquid film is much thinner at the tube top because of draining. Usually,
the downstream dryout will occur at the top of the tube first.

Studies of CHF mecﬁaﬂsms in different quality regions in horizontal channels have
been reviewed by Fisher et al. (1978). They have identified the CHF mechanisms in
three different qualities regions:

1. Very low steam qualities

2. Low and intermediate steam qualities



3. High steam qualities. '

At low steam qualities, bubbles that are produced at the wall could form ribbons
of vapour along the upper surface of the éhannel under low flow conditic:ns. These
vapour ribbons act as barriers and inhibit the replenishment of liquid lost by draining
and evaporation thus causing a premature occurence of the CHF condition and a
suPsequent steep rise in the wall temperature.

echanisms of CHF at low and intermediate steam qualities are very different

se at very low steam qualities. For low and intermediate steam qualities, the
flows in evaporating channels are characterized by alternating large splashing waves
(surges) which cprry the liquid to the upper surface of the channel. There is little or

nment activities and thus no replenishment of the liquid film at the

el. As a result, the liquid film at the upper surface is subjected to
drainage and eyaporation which will finally dryout if sufficient time is given before the
next splashing waye touches the upper surface. _

For high steam qualities, the ﬂow. patterns would most likely be annular: Figure
9 shows a horizontal annular flow in air and water, for typical liquid film and vapour
velocities (Fisher et al., 1978). The annular liquid film at the top of the channel is
thinner as a result of draining along the circumferential direction. At the bottom of the
channel, larger amplitude waves give rise to a great deal of droplet entrainment into
the vapour core. Little er;trainment occurs at the top of the channel because here the
liquid film is much smoother. When the heat flux reaches the critical value, the liquid
film at the top of the channel will be completely evaporated and thus causing ‘dryout’.
More details of the CHF mechanisms in’ﬁ%rizontal annular flow will be provided in

section 5.6.
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2.3 Predic.tio‘n of CHF in Vertical Tube Flow

2.3.1 Analytical Model
1
Dryout in annular flow is the most likely form to occur in practical systems, where

the channel lengths are commonly several meters long. This type of dryout occurs as
a result of liquid removal from the film leading to film dryout. An analytical model
for dryout is possible if the rate of ent::a.in.ment and deposition of droplets can be
postulated. With the known local heat flux, the rate of evaporation can be calculated.
The rate of change of liquid film flow rate with distance along the channel can be

obtained through the mass balance equation, thus giving

A dGL_p _ q 5
o X - dz —GD_ GE hjg (....1)

where Gpp is the mass flux (avera.ged over the total cross-sectional channel area A)
of that part of liquid flow which is in the film, z is the axial distance, p the channel
periphery, Gp the rate of droplet deposition per unit channel surface area, G the
rate of entrainment per unit channel surface area, g the local heat flux, and A, the
latent heat. Equation (2.1) is for a steady state and it ignores the contribution to
evaporation by other mechanisms such as liquid flashing as a result of the channel
pressure gradient. More sophiscated expressions which take into account these factors
were given by Whalley £1987).

A number of predici:i}% methods have been proposed for the calculation of dryout
in annular flow. Thg methods differ principally in their treatment of entrainment, de-
position and evépora.tion processes and in thre. choicel of boundary conditions. Perhaps,
the most widely accepted model is that developed at Harwell (Whalley et al. 1974,
1975, 1978 and Hewitt and Hutchinson 1976). The Harwell model is rather génera] and
superior to most empirical models. However, more work needs to be done in advancing

understanding of entrainment and evaporation processes.

¢
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2.3.2 Empiricél Correlations

Burnout mechanisms in vertical tubes are still not fully understood despite many years .
of intensive research. HOWevér, due to the great importance of burnout phenomena,
many researchers have developed correlations for burnout. Some of them are quite
successful but most of them are not. This is because most correlations were developed
based on limited data sources and hence limited range of applications.
rM? of the successful correlations have the general form of
' y

o= T (22)
which was originally devised by Macbeth (1963). Ah,,; is the inlet subcooling, 4', B’
and (' are related to the system parameters and L, is the tube length. ano most

widely accepted correlations are Bowring’s correlation (1972) and Biasi’s correlation
: g

(1967).

Bowring’s Correlation
Bowring’s correlation for CHF in vertical up flow in round tubes gives g. (W/m?)

as follows: .
_ A +0.25DGAR,

= C'+ Ly )
where D is the tube diameter (m), G is the mass flux (kg/m?.3), Ak is the inlet .
subcooling (J/kg). The tube length Ly is in meters. A’ and C" are functions of G, D,

pressure P (Pa), and latent heat Ay, (J/kg) as follows:

(2.3)

A = 2.317(0.25k;, DG)Fy
1.0 + 0.0143F, DV/2G
c’ 0.07TF; DG :
1.0 + 0.347F(G/1356)"
where n is given by
n=20-0.5Pg
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where Pg is the ratio of the system pressure to a pressure of 6.895 M Pa (equivalent

to a pressure of 1000 psia). Thus

P

Fr = (5.505 x 10°)

The functions F} to Fy are also functions of Pg as follows:

For Pr < 1:
o o PLB842,20801-Pr) 4 .917
L 1.917
2 P}?.smez.qu(z—?g) +0.300
E - 1.309
B - ng.ozaem.ess(l—m) +0.667
I 1.667 , )
Fy ;
-4 % Pl. w48
B R
For Pp> 1:
F, = Pansa 60.543(1-9{2)
3
F.;h = PEO.MS £0-245(1— Pr)
\ ‘ £ o= Pg.zm
L F4 ’
1 _ pures
F, R

The ranges of parameters covered by Bowring's correlation are as follows:

Pressure: 0.2-19.0 M Pa

Tube diameter: 2-45 mm
Tube length: 0.15-3.7 m

Mass flux: 136-18,600 kg/m?.s

(2.4)

(2.8)

(2.9
(2.10

T e A

(2.11
(2.12)

Bowring reported that for the 3792 experimental points used, the RMS error of the

correlation is 7% and the 95% confidence level is +14%.
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Biasi’s Correlation
Biasi’s correlation has the advantage of being continuous with respect to.system
pressure with apparently little or no loss of accuracy. His correlation gives q.(W/cm?) -

as follows:
_ _1.883 x 10° f(P)

%= ""pngje [Gl/B - X] (2.13)
for the low quality region
3.78 x 10%h(P
ge = D"GU-G( )(1 - X) | (2.14)
for the high quality region
where n =04 for D> 1lem
n = 0.6 for D <1em

and  f(P)=0.7249 + 0.099 Pe—0032P ]

h(P) = —1.159 + 0.149Pe™0*" O1oP 4 AL

This correlation is evaluated in c.g.s units with the valid ranges as follows:

0.3em < D < 3.75¢m

20em < L; < 600cm

2.7bar < P < 140bar _

10g/cm?.s < G < 600g/cm?.s

1+p;/p <X <1 .

For values of G below 30g/cm?.s equation (2. 14) is used whereas for other values of
G, the critical heat flux is given as the greater of the two values obtained by equations
(2.13) and (2.14). Based on the 4500 data points examined, the RMS error for this
correlation was 7.26% and the 88% confidence level is +10%.

Groeneveld and Snoek (1986) compared Biasi's and Bowring’s correlations with

the AECL tube CHF data bank (containing 10,000 CHF data points). The compari-

son shows Biasi’s correlation to be more promising. However, Biasi’s correlation has
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significant shortcomings when compared to experimentally observed trends, e.g., in-
creasing the flow always results in the decrease of CHF accordihg to Biasi's correlation
whereas the experimentally observed trend shows that CHF increases with an increase
in mass velocity at low qualities. Biasi’s correlation is not continuous with respect
to quality which is another drawback and it can also predict negative CHF values!
A correlations developed based on a particular set of experimental data points often
result in a limited range of application and tends to lose the physical significance of
the parameters involved in CHF mechanisms. |

Since most empirical correlations and analytical models have a limited range of
application, there exists a need for a general technique for predicting CHF in vertical

tube flow.

2.3.3 Table Look-up Method

In 1977, the USSR Academy of Sciences produced a series of standard tables of critical
heat flux. The CHF values are tabulated as a function of the local parameters G, X
and P for an 8 mm diameter tube. For tube diameters other than 8 mm, the critical

heat flux may be approximated by

ge = gegmm(8/D)V* : (2.15;
for4 <D < 16mm.

Similar work was continued at the University of Ottawa and Chalk River Nuclear
Laboratories using a much la;:ger data base (m@i’e than 15,000 tube CHF data). The
completed table was published in 1986 (Groenevéld et al., 1986a). Groeneveld’s table
look-up method is valid over wide ranges of flow conditions. It is accurate, simple
to use, a.nd ‘ha.s the correct parametric and asymptotic trends. The CHF table for
an 8 mm tube is shown in Table 1. CHF values for a tube having other than 8 mm

diameter may be obtained from

qc = Qc.amm(S/D)l/B (2'16)
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fora<DXZ lﬁmm. ' /

The CHF table is also valid for bundle gmhetries with the appropraite correction

factor. Thermal entrance effect is also accounted for in a form of length correction fac-

A

tor. The details of those descriptions are omitted in this work. A comparison of various
CHF correlations and GFoeneveId’s table look-up technique against tube CHF data
was made at ESDU (1986) and the results are sur-nma.rized in Table 2. Bowring/Ahmad
method listed in Table 2 is a combination of Bowring’s cérrela.tion with Ahmad’s (1973)
fluid to fluid modelling parameter. Allowing for the differences in physical properties
by using the Ahmad’s modelling parameter, CHF for non-aqueous fluids was predicted

from Bowring’s correlation. The results show that the table methed is superior to the

other methods.

2.4 Prediction 6f CHF in Horizontal Tubé Flow

2.4.1 Analytical Model

Ishigai and Talagi (1970b) proposed a general theoretical analysis of burnout phenom-

ena in horizontal annular flow. Their analysis involves the mass balance equation

7D?dGrr
4 dz

— —(Ey+E.+E,—E)xD - (2.17)

where E, is the evaporation rate due to heat addition, F, the rate of droplets entrained
by evaporating steam flow, E, the rate of droplets released from the liquid film due to
its instability and E; the rate of droplet deposition onto the liquid film.

The evaporation rate F, is evaluated as follows;

q .
E, =—— (2.18)
hf.q )

E,. was assumed proportional to the average steam velocity ge{('lera.ted by evaporation,
E, assumed proportional to the growing velocity of a crest jof a}; ;-fixgj:_g}_:&l‘g_‘wa:@fg and By . -
was assumed proportional to the radial velocity component™v> of the turbulence and

the droplets concentration in the gas core. %
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Their prediction agrees quite well with the experimental data from Ishigai (1970a)
but tends to be inaccurate outside that particular range of tube diameters, flow rates
and pressures., The calculation procedure for their method requires numerical inte-
gration and the appropriate choice of boundary conditions, which are usually not well
ldeﬁned. Their model is not suitable for a wide range of flow parameters.

2.4.2 Corrg:lations P

There are not too many ad hoc correlations for the predictions of CHF in horizontal
tubes (Merillo, 1979, Wang and Su; 1950 and Yoshida et al., 1986). This is mainly
because of the scarcity of horizontal CHF data.

Merilo’s (1979) corrclat:.ion is one of the more acceptable for the prediction of CHF
in horizontal tubes. He used the method of compensated distortion in deriving the

horizontal CHF modelling parameter,

) 6.41
Yy = Re[Z°Bo|™!% (E-{) : (2.19)%-
. Hg
. where
Re = G2
A He
z =

;;chpf
Bo — p1—p)eD?

His correlation is in the form of

CHF
GHy,

= f(L/D1-Xs'n:Pf/Pg:¢H)

—~2.18 —0.511 1.27
= 5T5Re’**(Z°Bo)**%® (ﬂ) (ﬁ) (p—’ - 1)
9/ D p.g

(1= X ' (2.20)

It correlates 462 Freon-12 and 143 water data points with RMS error of 9.12 and
9.07% ré\spectively. The range of experimental parameters for their data base is shown

in Table 3.
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Atkinson and Rogers (1982) have shown that Merilo’s modelling parameter can
be applied to more complex geometries such as the 37-element nuclear fuel bundles.
By using Merilo’s modelling parameter, Atkinson and Rogers tried two forms of CHF

equation for the bundle geometry:

N

CHF - at o363 5
/ G.Hfg - aO(Pf/Pg) (1 Xm) H f (""21\)
ld_,‘, o .
CHF - . My m
—=— = bt (ps/py — 1) + movii (ps/pg — 1)™ Xin (2.22
Gny .

Equation (2.21) correlates 62 water and 67 Fre51'1-12 data points with an overall RMS
error of 4;6% while equatién (2.22) correlates the same set of data with an overall RMS |
error of 4.4%. The applicability of Merilo’s modelling parameter to bundle geometries
is also partially confirmed by Aﬁmad et al. (1982). |

Despite the applicability of Merilo’s modelling parameters to the bundle geometries,
his CHF correlation for horizontal tubes (equation 2.20) has some limitations. Some
of the water data listed in A'ppendix A were used to test his correlation. As expected,
the data from Merilo (1977) and Robertson (1973) agree very well with the predicted
values but for data outside the range of the parameters listed in Table 3, his correlation
does not predict the CHF values .satisfactorily. Table 4 summarizes the results of
the comparison. Most of the large errors are associated with low pressure conditions
although some large efrbrs oc-cm' also at higher pressure (e.g. Kohler and Hein’s data).
The ranges of G, X and D for the various experimental data can be found in Table 6.
Like any empirical correlation, Equation (2.20) should not/_{)e used outside the ;é.ﬁ;es
of p&meters specified in Table 3.

.~ Since Equation (2.20) is empirical in nature and based on inlet conditions, it is not
expected to be able to account for the possibility of having superheated steam at the
exit. Table 5 shows the exit quality as calculated through the energy balance equation
with the CHF value predicted from Merilo's correlation (for P = 1M Pa, L/ D = 200).
For inlet qualities ranging from -50% to 0%, a large portion of the exit quality calcu-
lated showed that the steam is superheated at the exit ia which case the CHF should

18



be zero. Also, the horizontal CHF predicted is much higher than the correspondihg .
veftical CHF value. It would only predict a z;a-ro value for horizontal CHF if X, =1
ﬁnd thus had ignored the possibility of flow stratification at low flow and negative inlet
quality.

The overall RMS error for Merilo’s correlation 1s found to be 80% when c'ompared
to the water data listed in Appendix A (data from Ishigai et al., Rounthwaite and
Lis and Strickland were not included in the cbmparison). So, Equation. (2.20) is not
generally applicable over a wide range of flow parameters. Incidentally, the Merilo’s
scaling parameters (equation 2.19) in-a} still be valid for correlating horizontal CHF
data in tubes provided the coefficients and exp‘onents are adjusted. For example,
Merilo’s scaling parameter could be used to determine the onset of flow stratification.

Both the Yoshida et al.. and Wang and Su methods predict the dryout quality.
Wang and Su’s Correlation is valid for water while the equation of Yoshida' et al. is

- valid for Freon-22. The correlation of Wang and Su has a. simple form of

X4 = 8.81¢~/8G1/1

Pamm
o
X
&

o —

Equation (2.23) is only valid for the following range of parameters:

pressure 4.9 MPa

heat flux 233 - 698 kW.m™?

mass velocity 500 - 1100 kg.m~2.s7!

It predicts most of their experimental data within the deviation of 10%. However,
it is limited to the above range of flow conditions only. Prediction gutside the specified
ranges is disastrous. Up to now, there is no correlation that is accurate and generally

applicable.

2.4.3 Groeneveld’s Method

To determine the CHF for horizontal flow, Groeneveld (1982) suggested that the CHF

for vertical flow be multiplied by a correction factor Kg, i.e.,

CHFhO.,. = K3 X CH.FMMC (224)
%

\ 19



where C'H Flaste 1s the critical heat flux value obtained from the table look-up method
(droeneveld et al., 1986a). Wl_len flow is fully stratified, the CHF for horizontal flow
is zero and hence Kg = 0. On the other hand, as mass velocities in horizontal flow
are high, effects of tube orientation on CHF become insignificant and hence CHF},.
may be assumed equal to CHF for vertical flow (CHPF,. ). The lower and higher
mass flux thresholds (9"1 g.nd G, respectively) can be calculated for any set of given
flow conditions by using a modified flow regime map adapted from Taitel and Dukler
(1976) (se,e figure 10). Curve DD’ represents the transition criterion below which
.stratiﬁcation is noticeable and curve A represents the transition criterion below which
full stratification occurs. Taitel and Dukler’s transition criteria will be discussed in
detail in Chapter 5. The flow parameters required for the determination of the mass
flux thresholds are the quality,-X, pressure, P and tube diameter D.

For flow conditions between the two mass flux thresholds, Kg varies and depends
on the flow parameters G, X, P and D. A simplified expression for Kg factor was
suggested by Groeneveld et al. (1986a) which assumes a linear relationship between

the K¢ factor and the mass flux. The expression is shown as follows,

G -Gy

Ko= oL 2.25
o) ( )
where
/ /G\ = given mass flux ‘
e ’ G, mr mass flux threshold where complete stratification occurs
G, = upper mass flux threshold corresponding to the onset of noticeable

/\/} . stratification.

This approach has the correct asymptotic trends at the two mass flux thresholds,
i.e., when the flow is fully stratified (G < G,), the CHF will be zero and when the
mass velocity is high (G > G;), the CHF for horizontal flow will be equal to that for

vertical flow.

20



2.5 Present Approach

Taitel and Dukler’s criterion for the onset of noticeable stratification is not sufficient
for an accurate prediction of the CI—iF ratio though its generalized nature is worth
considepihg. An investigation of other dimensionless parameters which might serve
as a éogolﬁng parameter for CHF ratio was undertaken and some improvement in
the CHF ratio prediction was observed. The strategy was to derive analytically a
dimensionless parameter which carries the effects of turbulence, buoyancy and other
“tnteracting forces worth considering and has the correct parametric trends. The pa-
rameter is then tested against experimental data to derive a new correlation for the
correction factor for horizontal CHF. The following sections outline the preparation
~ steps necessary for the derivation of the new correlz.tion. The approach is described

in detail in Chapter 5.
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Chapter 3

EXPERIMENTAL DATA.

3.1 Data Sources -—

Table 6 presents a list of the sources of exi)erimental data that Arfe used for thi

study. The references are listed according or each Source of
experimental data, the ranges of pressures, mass fow rates, qualilties, diameters and
heat fluxes are shown to provide a better understanding of the experimental conditions.

The data bank was arranged in groups according to inlet condition (when possible),
pressure (P), internal tube diameter (D) and heated length (L;). They are further
arranged in subgroups according to the mass flux and quality. Within each group of

results, the following measured and calculated quantities are tabulated.

1)G mass flux (kg.m=2.571) .’
2) Xer local critical quality
3) CH Fhor critical heat flux for horizontal flow (kW.m=?)
4) CHF,, critical heat flux for vertical flow (kW.m™?)
5) CHFR critical heat flux ratio, CH F},, /CHF,,,
6)I data index for CHF,,,

1—experimental

2—table look-up method

In the test of Rounthwaite (1968), dryout ocpt_l_r_red twice. It first started at low

~
-
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quality and ceased at a higher quality because the vapour velocity caused a change to
annular flow. Later, the failure of annular flow caused dryout at the top of the tube
to begin again. For these cases, two separate points are recorded (data of Rounth-

waite,1968). The final data bank is listed in Appendix A. -

3.2 Parametric Trends of CHEF

Parametric trends of horizontal CHF must be identified and analyzed. Any CHF
prediction method developed must be able to predict those trends as well as tlic CHF
itself. If CHF is assumed to be dependent on local conditions only, then there arc four
Lasic parameters that can affect the CHF. They are the local quality, mass flux, tube
‘diameter and pressure. The cffects of each of these paramaters on CHF and CHF ratio

will be discussed.

3.2.1 Dryout Quality

CHF has a distinct depéndency on dryout quality. At.lower dryout quality, the CHF
is higher. However, we are interested in the effect of dryout quality org‘CHF ratio
(CHFhoe/CHF,.,).

Merilo (1977) noted the effect of quality on the relative CHF performance of vertical
and horizontal geometnes He observed that for qualities greater than 40%, the vertical
and horizontal CHF curves converge for increasing quality, whereas at less than 40%
quality, and h]gher mass flux, the curves diverge for increasing qua.lity (refer to figure
11). However, it must lg_e noted that this trend may be partially due to the different
mass velocities. at the high and low qualities. Most of the other experimenters only
observed the trend of CHF with quality rather than CHF ratio with quality. Merilo’s
observation should be coﬁsidered when one tries to derive a dimensionless parameter
that controls the CHF ratio.

At higher qualities, the vapour velocity will be higher, which then causes more axial

drag and turbulence and a reduced effect of gravitation on the phase distribution. The.
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greater influence of turbulence over the buoyancy effect means that the effect of tube
orientation is iless siéniﬁcant and thus the CHlF ratio increases. For subcooled or
low-quality boiling (before the onset of net vapour generation), the flow pattern for
horizontal flow is very similar to that for vertical flow. This is because the mcch_nnisms
governing the CHF are very similar to those for vertical flow. Some of the subcooled
ddta obtained by Becker (1971) shows thut the CHF ratio is well below the value of 1
(figure 12). This fact can be explained by the existence of void in subcooled boiling.
The amount of vapour present is significant enough to cause some stratification even
though the tﬁermodynamic q.uali-ty is less than zero. Therefore, the actual quality (or
the actual amount of foid present) is the real factor in the stratification of the flow.
Also, Becker’s data were obtained at low pressures for wf{i)ch the density difference is
high and thus stratification is more likely.

Before bubble departure occurs, the bubbles remain attached to the wall and there-
fore the flow pattern for horizontal flow is similar to that for vertical flow. The para-
metric trend is then that the CHF ratio starts at 1.0 initially for zero actual quality (or
onset of nucleate boiling) and stays very close to 1.0 until at a certain point when bub-
bles start to detach from the yvail. After bubble departure, gravitational forces start
to take effect and cause stratification to occur in low quality flows. From that point
on, the CHF ratio decreases sharply with quality until the quality is high enough to
cause some turbtﬂence, thus suppressing the stratification effect. Thereupon the CHF
ratio increases with increasing dryout quality and may eventually approach 1.0 again.
Figure 13 illustrates the variation of CHF with quality for both vertical and horizon-
tal tube flows. It is clear from this figure that the CHF values for both vertical and
horizontal flow are very similar in the s)'ubcooled and low quality regions (ot the CHF
ratio has a value close to 1.0). As the quality increases, tl}e CHF for horizontal flow
decreases more than C H F,,, because of void migration (CHF ratio deéreases). Finally,
at higher quelity when annular flow occurs, void migration is suppressed because of
higher G ana the CHF for horizontal flow approaches that for vertical flow (CHF ratio
approaches 1.C). It is important that the actual quality be used in the analysis of
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stratification criteria. At high qualities, the thermodynamic quality is approximately

equal to the actual quality.

3.2.2 Mass Velocity

As explained earlier, higher mass velocities will prevent stratification and induce more
mixing between the liquid and vapour phases. Consequently, a more symmetri;;?
flow distribution will result. Therefore, the CHF ratio increases with increasing mass
velocity. Figure 14 shows the effects of mass velocity on CHF for horiz'ontnl flow.
However, linear relationship does not seem to be a correct representation of CHF ratio
variation with mass velocity. /Studies to include the non-linear relationship will be
discussed in the later se‘E'fi&'Isf/All expgrimenters agree that as mass velocity increases,
the CHF ratio approaches 1.0 which means that the CHF for horizontal flow s close to
the counterpart for vertical flow. It is always safe to sa@the CHEF ratio increases

with mass velocity.

3.2.3 Tube Diameter

As the tube diameter increases, there is more tendency for stratification to occur
because the li(iuid has to move through a lmgef@;ﬁce before reaching the top part
of the tube. Therefore, the CHF ratio decreases with ar increase in tube diameter.
Becker (1971) and Robertson (1973) observed that for a larger diameter tube,
dryout occurs at lower quality range and that a higher mass flux threshold (G,) is
required in order to avoid the separation of the phases. This implies that CHF ratio
decreases with increase in tube diameter. Merilo (1979) also studied the effect of tube
diameter on CHF for both vertical and horizontal flow. He found a similar relationship

between tube diameter and CHF as those described by Becker and Robertson. Figure
15 shows the effect of diameter on horizontal CHF for typical flow conditions.



3.2.4 Pressure

Pressure has some effects on the CHF ratio variation because it affects the buoyancy
force acting on the two phases. Also, the latent heat of vaporization changes with
pressure thus causing a change in the amount of heat required to evaporate the liquid
film (CHF). With an increase in pressure, the density difference decreases and the
buoyancy force will become less pronounced. As a result, one should expect the CHF
ratio to approach 1.0 at near-critical pressure. At the same time, the density ratio
" py/p, decreases with increasihg' pressure and results in a lower mixture velocity. So,
less turbulence occurs and stﬂliﬁ.cation seems likely to happen.

Becker (1971) observed that for high heat fluxes and high mass velocitics, where
downstream dryout occurred, the dryout quality iicreases with increasing pressure.
However, for low heat fluxes and low mass velocities, the dryout quality decreases
with increasing pressure. For the former case where mass velocities are high, the
latent heat of vaporization decreases with an increase 6f pressure and therefore more
vapour will be genefated (thus higher quality) causing a more turbulent environment
which suppresses dryout. For the latter case, where heat fluxes are low, an increase in
pressure decreases the vapour velocity which decreases the mixi ,g\etw\e:‘n the phases P -
and causing a vapour cushion to exist at a higher mass velocity and l@i steim_/

quality. The effect of pressure on CHF is illustrated in ﬁg/ure 16.
. /

3.2.5 Other Geometric Effects '

Geometric effects such as bends in the piping just upstream of the test-section inlet can

affect the phase distribution to a.( certain degree. The effects of bends on two-phase

ﬂow are not well understood at present. Robertson (1973) and Lis and Strickland

(1970) had performed experiments with upstream bends and they found that the bend

will gererelly tend to separate the two phases very effectively. The heavier liquid

phase wil! collect on the outside surface of the bend and the lighter gaseous phase on

the inside. The stratification effect might be suppressed or enhanced depending on
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the direction of the bend. Spacers and flow obstructions also have some effects on the
phase distribution. The two phases will be better mixed after passing through a spacer
or flow obstruction. This is due to the generation of wakes or eddies downstream of the
flow obstruction which in turn causes more turbulence in the flow. Therefore, the CHF
will be enhanced if the flow encounters spacers or similar type of flow obstructions.
Among other factors that might affect the CHF is the presencé of a compressible

volume upstream of the test section such as a two-phase inlet condition.
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Chapter 4 | >

EVALU\ATION OF THERMO-
DYNAMIC AND TRANSPORT
PROPERTIES AND
THERMALHYDRAULIC
PARAMETERS

4.1 General

In this chapter, propefty codes for evaluation of fluid properties will be discussed.
The property codes are capable of evaluating properties of water as well as those of
non-aqueous fluids. Void fraction model, determination of actual quality and other
preliminary background knowledge are reviewed and examined in this chapter.

.4

4.2 Fluid Properties Evaluation

In all thermmalhydraulic analysis, particularly in two-phase flow heat transfer, fluid

. . . . / :
properties must be known. The most common fluid media used in nucleat reactors
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and commercial heat exchangers are water and refrig;rants. It is important to pre-
dict accurately the thermodynamic and transport properties of these fluids. Many
correlations and property prediction packages have been developed for light water and
very few for heavy water. Most of them are commercial packages and propﬁ/i;ary
software. A simple and accurate water property prediction software (UOCODE) has
been developed by Cheng et al. (1987) at the University of Ottawa.

For non-aqueous fluids, no general method is available in the published literature.
As a part of this thesis, a study to develop a general predictive method for prop-
erty evaluatlon for non- aqueous non-polar fluids was undertaken and completed A
sexm-a.na.lytma.l predictive method was developed for non-polar ﬂ~u1ds including the

refrigerant family and methane fami'ly.

4.2.1 Properties for Water

The UOCODE developed by Cheng et al. (1987) uses simple. correlations for the
evaluations of water properties. It was developed for micro-computer applications.
A The required input parameters are the pressure and temperature. Properties evaluated
are the specific volume, density, enthalpy, specific heat, thermal conductivity, viscosity
and surface tension and lateut heat of vaporization at .the given pressure. .
The range of validity of the UOCODE essentially covers all thermodynamic states

from the triple point to critical point of water, i.e

0.01°C <« T <« 800°C
0.6113kPa < P < 22.09MPa

The authors reported a root mean square error of less than 3% for all properties
except at near critical condition. Recently, the UOCODE was updated to include the

prediction of properties for heavy water and similar accuracy was reported.
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"~ 4.2.2 Properties for Non-aqueous Fluids

A generalized properi;y code was developed for the evaluation of thermodynamic and

transport properties for non-aqueous fluids. This property code makes use of a four

- parameter equation of state developed by Adachi et al. (1983). Thermodynamic
- properties of the fluids were obtained through the derivatives of this equation of state

~while the transport properties were evaluated through the use of empirical correlations.

Equation of State
Adachi et al.’s equation of state was developed for non-polar substances and is thus

valid for fluids such as Freons and light hydroca.ri)ons. The equation of state is given

by
RT a(T)
Vb (V—-0)V+b)

It is in cubic form with one temperature-dependent parameter a(T) and three

P= (4.1)

temperature-independent parameters b;, b, and b3. The parameters can be expressed

as follows: .
22
o(T) = ZL2 1 + o1~ THA)P @)
A = 0.44869 + 0.04024w + 0.01111w? — 0.00576w° | (4.3)
. = 0.4070 + 1,3787w - 0.2933w° (4.4)
and ‘ \_/
b; = B'ch‘,e =1,2,3 (4.5)
where
B, = 0.08974 — 0.03452w + 0.00330w? . (4.6)
B; = 0.03686 + 0.00405w — 0.01073w? + 0.001570° (4.7)
Bj = 0.15400 + 0.14122w — 0.00272w* — 0.00484w° (4.8)

R is the un'versal gas constant, w is the acentric factor of the substance which may
be found fronﬁ Reid et 2l. (1977) and T is the reduced temperature. This equation
\ .

§
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of state is valid for gases and includes saturated liquid states. Jerivations of thermo-
dynamic properties from this equation are briefly discussed in the following sections.
The equations used for the evaluation of each fluid property are presented in Appendix

B together with the source code for the property code.

Specific Volume

-With T and P as input pa.rameters, the molar volume can be estimated using
Newton-Raphson’s iteration techmﬁ (with the equation of state). To obtain the
specific volume, the molar volume is divided by the molecular weight of the fluid.

-
Enthalpy .

Enthalpy is a relative quantity that has no absolute value and it is always evaluated
with respect to a reference value. The %elative enthalpy concept is shown in figure 17.
If the enthalpy difference between two states P, T} and P, T, is desired, there are
an infinite number of calculational paths, all of which give the same numerical results.
Ideal gas heat capacity at zero pressure (C%) for various gases are readily available. A
convenient path of calculating the enthalpy difference is AQCR in figure 17. Therefore,
the enthalpy differences between two thermodynamic states using the I;ath AQCR can

be expressed as

1 4 T2
—H, = (H°-Hp)g + fT CodT — (H® - Hp)r,
1

0 0 0
= (Hp,— B}, = (Hp, = B, + [ CRaT s (4.9)
where ) / //"’"
(Hp, — H%), = Enthalpy departure function (it relates

the enthalpy at Py, T} to a reference

state P = 0 at the same temperature

If one chooses P, and T to be the reference pressure and temperature-at which the

enthalpy is set equal to .\‘zero, then the enthalpy at any state P and’T can be expressed
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T
H=(Hp— H% ~ (Hp,, — H,,, + j CLdT (4.10)

From the equation of state, the departure function can be derived as

(H—H% dA(T) Z - BPT,
., RL (Z‘I)T'J“B B AT~ T T B.P/T,
(H—H% = RI(Z-1)+ :H) [a(T) — Tda(T)]l v+:2 @)
where —
A(T,) = A[l + (1 = TV)? 4.12)

: The ideal gas specific heat at zero pressure for most substances can be expressed

in terms of & third order polyno:ma.l function of temperature | \\

| N
Cy=A+ BT +CT*+ D13 > (4.13)\\—/

The constants A, B, C and D are obtained experimentally and a list of substances
-with these constants is provided by Reid et al. {1977) and other engineering hand-
books.

Specific Heat Capacity at Constant Pressure (Cp)
Specific heat capacity at constant pressure ( or specific heat for short) is defined

as the rate of change of enthalpy with respect to tempera.f:ure -at constant pressure.

Therefore
_oH-HY
cr-cy=EHD, (4.14)
.‘ Differenting equation (4.11) w.r.t T at constant P gives
| 1 _da(T), V-b
Co=Cr= = pawl dar "Van ¥ c
8V . RT ,_.da(T) 1 /
t Py T o) (4.15) .
and

v . (8P/3T)v

3T *= " (2P/oV)r (.16)
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(OP/8T)y and (OP/8V )7 can be derived from the equation of state directly. Equation
(4.16) is the famous Maxwell’s Law.
Three other thermophysical properties (viscosity, thermal conductivity and surface

tension) are also evaluated. The correlations used are discussed below.

Viscosity

\{{scosity can be seen as a measure of the internal fuid friction which tends to
oppose any dynamic change in the fluid motion. The mechanism or theory of gas vis-
cosity has been reasonably well clarified by the application of kinetic theory of gases
but not much is understood for the theory of liquid viscosity. This section o.utlines the
viscosity estimation techniques for both ﬁon-pola.r gases and liquids.
Low-Pressure Gas Viscosity

For low-pressure gas viscosity estimation, either the kinetic theory or the law of
corresponding states approach can be used. The theoretical method requires the knowl-
edge of collision diameter and ;ntermolecular potential function, which are not readily
available, whereas the latter approach only requires_ the knowledge of the critical prop-
erties and molecular weight of the substance. The corresponding states approa;ch is
simpler to use and the constants can be easily found in the operi literature. Both
methods give approximately the same accuracy (Reid et al., 1977). Since the cor-
responding states approach is easier to use, it was chosen for the estimation of low
pressure viscosity for non-polar gases. The exact‘equation used is the Thodos et al.

equation (1970)

(06 = 4.610T%58 _ 2.04e= 04T | 1 94e=4058T | ] (4.17)

wherg— "

6 — TCI/GM—I/2PC-—-2/3
T. = Critical temperature, K

P, = Critical pressure, atm
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M = Molecular weight

u® = Low-pressure gas viscosity, micro-poise

The expeciéd error for this equation is normally between 1 and 3 percent for non-
polar gases. It should not be used for hydfogen, helium, diatomic halogen gases and

polar gases.

Dense-Gas Viscosity

For non-polar gases, the most accurate prediction method for dense gas viscosity

yet suggested is the Jossi et al. (1962) equation

[( — pO)E+1°% = 1.0230 + 0.23364p, -+ 0.585332
~0.407580° + 0.093324p} o (418)

where p, = reduced density

g = dense-gas viscosity, micro-poise

’fhe relation is valid for 0.1 < p, < 3. The exclusion of any specific tempera-
ture éﬁ'ecl; has been critized by Rogers and Brickwedde (quoted by Reid et al., 1977).
Howeyer, most ethane data reported by other researchers show‘no such temperati}re
dependency. Despite its approximate nature, this correlation is reasonably accurate
and simple to use. The agreement between experimental and estimated dense gas
viscositiés is reasonable, The error normally does not exceed 10 percent. \\_J‘*
Liquid Viscosity .
For estimation of saturated liquid viscosity (which is hereby referred to as liquid
~ viscosity), group contribution methods are usually more accurate than corresponding
states methods or other correlations. However, they are usually very complex an
detailed che.nistry of the substance must be known before any calculation can be made. ,

A simple correlatien for estimating low temperature Hqtﬁd viscosity was suggested by

Van Velzen et ol. (1972). They assume that log ur, is linear in 7. Their correlatidn is
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where p;r = liquid viscosity, cP

T = temperature, K - ' A

B and T are constants for each specific substance. A list of these constants for
different substances was tabulated by Reid et al. (1977).
. This relation is only valid for T. < 0.75. For saturated liquid at hxgher tempera-

o

tures, corresponding-states relatlons can be used. Letsou and Stiel (1973) suggested

the correlation . . \
£l pré = (p€)@ + (u &)W . . (4.20)
where /
(u€)® = 0.015174 — 0.021357; + 0.0075T> (4.21)
(ur&)® = 0.042552 — 0.076747; + 0.034072 (4.22)

o
and yy, is in centipoise and £ is defined in the same way as before. This relation is oiﬂy
valid for 0.76 < T, < 0.98. Generally, an average error of about 3 percent was reported
by the authors for T} up t0:0.92. Larger errors were found a.si the critic‘fal point was ap-
proached. Their method represents the best available for estirr_xatin‘gfsaturated-liquid
viscosities at temperature of T, > 0.76. |
Thermal Conductivity

Estimation of thermal conductivity for liquid or gas is similar to that of viscosity.
Group contribution methods are generally the most accurate but not easy to apply
because of the requirement of complex chemistry of the substance. The estimation of
thermal conductivity ie subdivided ixgto three distinct thermodynamic regions, namely

the low density gases, dense gases and liquid regions.

Low Density Gases Thermal conductivity
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A simple and accurate method for the prediction of thermal conductivity for low

density gases is the well-known Eucken correlation for polyatomic gases

M

po

=C, +4.47 (4.23)

This simple Eucken relation is surprisingly good and usually more accurate than some
other modified Eucken forms. Errors are usually less than 10 percent. Other correla-
tions like the Roy-Thodos (1968,1970) and Bromley (1952) methods are very complex
and they are only slightly more accurate than the simple Eucken folrm. Stiel and
Thodos (1964) suégested a similar form to Eucken’s equation and it generally predict
a slightly higher value than the Eucken form. For higher density gases, simple ki
netic theory would not be sufficient-to account for the interactive f;:vrces between the

molecules.

Dense Gases Thermal conductivity
Stiel and Thodos suggested. the following correlation for the dense gas thermal

conductivity estimation.

(A= A28 = 14.0 x 1073(e®%% — 1) pr < 0.5
(A=20rz% = 13.1 x 107%(e*%™" — 1.069) 0.5 < p, < 2.0
(A=Xr2Z5 = 2976 x 1078(e!1%% 4+ 2.016) 20<p, <28 (4.24)

where ' = T}/SM/2P-3/3 and Z. is the critical compressibility factor of the substance.
"This relation should not be used for polar substances or for hydrogen or helium.
According to Reid et al. (1977), equation (4.24) appears to be the best generalized

h

correlation.

Liquid Thermal conductivity
Th= thermal conductivity for liquid is quite different from that of gases. Reid et al. -
(1977)- combined Sato's (1973) suggestion with Riedel’s (1951) correlation and derived

4 new equation for thermal conductivity for a number of non-polar fluids in terms of
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their respective normal boiling point. Their correlation has the following form

A, o 264X 10-3[ 3+ 20(1 - T,)*°
=7 M 34201 =T,)23

where T}, is the normal boiling temperature. Thermal conductivity evaluated from

(4.25)

equation (4.25‘) has a unit of cal.em=1.s71.K~!. For T. > 0.8 the equation for high

density gas thermal conductivity (eq. 4.24) can be used.
\ 4
“ )
Surface Tension

3

Brock and Bird (1955) suggested an equation for the surface tension evaluation and
was later modified by Reid et al. (1977). The niodiﬁt;d equation relates the surface
tension to the normal boiling temperature of the substance. Their relation is given in
equétion (4.26) . ¢

' o = PXPRTMRG(1 — T,/ (4.26)
where § = 0.1207[*=] — 0.281

F..isin atm. and T, in Kelvin. Prediction from the above equation were compared
with experimental data and the authors reported an'average error of less than 5%.

Detailed description of the non-aqueous fluid property code is presented in Ap-
pendix B. The property code was tested against experimental data for a number of

commonly-used fluids. Generally, very good agreement was obtained between the pre-

dicted and the experimental property values.

4.3 | Determination of Thermalhydraulic Parameters

A numbfar of thermalhydraulic pa.ran;eters must be known before any analysis of strat-
ification criteria can be made. Quality and void fraction are found comody in most
of the thermalhydraulic analyses. The onset of bubble departure is important in the
determination of CHF relation between horizontal and vertical flows. Bubble sizes
are also needed when calculating drag forces and turbulent forces on bubbles. '{[‘he.

following sections briefly discuss the prediction methods for the above mentioned pa-
rameters, \ . - N f .
- ) i'

x . ! -
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4.3.1 Onset of Significant Void

Onset of significant void is sometimes known as the point of net vapour; generation
(figure 18). 1t is the point where the subcooling is low enough that bubbles érow and
depart into the stream. Saha and Znber {1974) proposed a cori"ela.‘tion based'upon
the combined mechanisms of hydrodynamic crite"zri:a.‘for bubble detachment and hedt

transfer restraint. The equilibrium quality at bubble departure was correlated as

v

X4 = 000228 0mCrL ¢ Pe < 70000 (4.27)
Ahy
Xug=—-154—2_  for  Pe> 70000 (4.28)
' thg

where A 1 is the thermal conductivity of liquid, Cpz the specific heat of liquid and Pe
is the Peclet number which is the product of Rep and Pry. A large body of data

was uséd by Saha and Zuber in deriving this correlation. The data base used incltides

water with

P=0.1-138MPa L
G = 95 — 2760kg /m?.s '
gw = 0.28 — 1.8OMW/m?

in rectangular channels and annular and circular tubes. Data for Freon 114 were also

used with
P =0.32—-0.85MPa
G =101 ~ 2073kg/m?.s
gy = 0.0063 — 5.36 M W/m?
in an arnular channel. )

Their correla.t'ion was chosen for the present analysis because of its simplicity and
the data buse used in their derivation covers a wide r;.nge of flow parameters. However,
a recent study by Rogers et al. (1987) have shown that Saha-Zuber’s correlation does
not apply at low flow (G < 500kg.m~2.57?) and low pressure (P =~ 1_50EPa) conditions.
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4.3.2 Actual Quality

~ Usually, experimental data involving critical heat flux will contain information such

as thermodynamic quality. In deriving criteria for stratification, actual quality is
desired. For high quality regio'ns, equilibrium quality X, (or thermodynamic quality)
1s approximately equal to the actual quality but a similar argument can not be made
in low quality or-subcooled boiling regions. Estimation of actual quality is essential
in low quality and subcooled boiling. Levy (1967) proposed a correlation for actual
quality based on the onset of bubble departure. His equation is in the exponential

form of

X =X, — X geXe/Xaam1 (4.29)
f

where X4 is the equilibrium quality at onset of bubble departure. Saha and Zuber

(1974) suggested a similar equation in the form of

X = Xe "" Xcdcxelxed—'l
’ - 1-— XchX‘/X“_I

(4.30)

Equations (4.27) and (4.28) can be used in the evaluation of the X.s. Both equations
(4.29) and (4.30) were developed based on vertical tube data and have a restriction
that X .4 < X..

4.3.3 Void Fraction

In the analysis of the turbulent/buoyant force relation in two phase flow, the fraction
of volume occupied by vapour in a cross section (or the void fraction, & ) must be
known. Void fraction is related to the quality in the following fashion

X a S&
1-X [ 1-—a” py

(4.31)

from which
X

*TX+s50-Xx )&
where S is the ratio of the avgrage phase velocity of the vapour to that of the liquid.

(4.32)

. {
This velocity ratio is usually referred to as the slip ratio. "
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There are & number of correlations available for the estimation of slip ratio or void
fraction. Some of the more successful correlations are those of CISE (Premoli et al.
1970), Chisholm (1983), Ahmad (1970) and some proprietary correlations.

Most void fraction correlations are actually correlations of the slip ratio, which is
found experimentally to depend on parameters such as ﬁf, tiiuality, mass flux and other
minor variables such as tube diameter and inclination of the tube. Table 7 summarizes
the dependence of slip ratio on these variables for some common correlations.

The performance of various correlations has been assessed ;n comparison with a
wide range of data (Whalley, 1987). It was found that the most accurate generally

applicable correlation is the CISE correlation. It has the following form

Y
S =1+ Bl gy - BT (4.33)
where N
E = 1.578R8—D‘19(p—‘f)°'22
Pg
E, = 0-.0273WeRe‘°-5‘(P_f)—o.bs
N o,
2
We = G D
O'pf ;
Rﬁ = 9_2
: B
_ B
Y = -3
X
g = Ps

PsX +py(1 = X)
Equation (4.33) was essentially derived for vertical flow. It would not be expected
to give good results at low velocities and pressures in vertical flows. The validity of the
CISE correlation under subcooled condition has not been tested. Zuber and Findlay’s

(1965) equation for void fraction may be used for subcooled condition. Their equation

has the form:
Xpy

T ColXps+ (1= X)pg) + prpg

«

(4.34)
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where ' . (

L1 -
Co = A+ E2Ey
B
0.1
b = (.’39-)
prl
0.25
Uy = 2.9 [w] 3
Py

In summary, the recommended procedure for the calculation for void fraction is to
calculate the actual quality from equation (4.30) and then use equations (4.32) and
(4.33) for the bulk boiling condition and equatiofi (4.34) for the subcooled condition.

4.3.4 Bubble size

Accurate prediction of bubble size has always been a difficult task. Bubble size is
closely related to the bubble departure diameter. Ever since Fritz (1935) first proposed

his correlation for bubble departure diameter, i.e.
- .
g

dp = 0.02088,, | —L—
g(ps — pg)

(4.35)

where f; is the contact angle between the bubble and the wall surface, many other
researchers have subsequently developed new correlations. Some are not very accurate
while the others are too complicated. However, it must be noted that equation (4.35)
is ¢cnly valid for static conditions. For flow boiling, the mechanisms governing the
bubble departure involves dynamic condition such as the drag force. The actual bubble

departure size for flow boiling is much smaller than that for static conditions. It is not

| reasonable to assume that the average bubble size is the same as the bubble departure

diameter.

Once the bubble is ip the flowing stream, its size is determined by the balance of
forces which are functions of the fluid properties and flow velocities. Average bubble
size in the flowing stream can be related to the Weber number, defined as

- 2 '
We = Polts —¥1)°d —1 y'd (4.36)
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At a certain critical Weber number, the bubbles will break up, thus resulting i
a maximum diameter that a bubble ca.n‘ attain. By assuming the average size to be
proportional to the critical Weber number, equation (4.36) can be rearranged to give
Weerio
poltig —us)?

c
= (onstant X ———————— 4.37
pelug — uy)? (-' )

d =

Ty
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) 'Chapter 5

o~

DERIVATION OF FLOW
STRATIFICATIOSN CRITERIA

- 5.1 General

It is important to know the parameters controlling the onset of flow stratification.
Parameters and criteria proposed by previous authors are discussed in this chapter.
In addition, new dimensionless parameter;) are derived based on a force balance and
transit time ratio. These parameters can be used as measures of the degree of stratifi-
cation. They have correct parametric trends with pressure, mass velocity, quality and
tube diameter. In general, attempts are made to determine the ratio of the inertia

force (or turbulent force) to gravitational force.

5.2 Taitel and Dukler’s Transition Criteria

Taitel and Dukler suggested the transition criterion for flow regime transition from
intermittent(slug or plug flow) to dispersed bubbly flow (curve D, figure 10). Their
approach to this criterion is the balance of the radial turbulent force (the radial com-
ponent of the pressure dynamic force due to the turbulence of water) with buoyancy

force. Extension of this criterion to the annular flow regime (curve D’ of figure 10) will
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mean that above curve D’, the annular flow in a horizontal tube is similar to that in '.

a vertical tube. Therefore, the upper mass flux threshold (G;) can be calculated from

their criterion, i.e. \ ,
84g :
Tt = \j 13\-'\5)",1([71,51,)‘“'2 = fl(X.g (5.1)

where T i3

|(dP/dz);.|]°'5
T = | — 22 5.2
[ 9lpr = pg) (6.2)
and can be expressed as
+_ | 0.092G3%(1 — X)M8uj? _ .
= J Do) - &9

e

‘where all the parameters in the first equation (with ™) are defined according to Taitel
and Dukler {1976) and are functions of Lockhart-Martinelli parameter only. Rearrang-

ing equation (5.1) gives
Q
) ot ~

(5.4)

: D“2p,(ps— p
G = f K 2 g g
” ? [ H&) 0.092(1 — X )18492

Similarly, the lower mass flux threshold, at which stratification occurs, can be obtained

from the corresponding criterion

G X? C,4
Fr?= ! =20 = - (8.5
" s —p9)9D  UsdAp/hy F&) (58)
which gives ;
G1 —_ [fz(X)py(pf — pg)gD]O.S (5.6) "‘ |

X2

Equations (5.4) and (5.6) define the upper and lower mass flux thresholds respec-
tively and can be used for estimating ti:e Kg value as defined in equation (2-.25).;
However, comparison of K predicted from equation (2.25) against experimental CHF
ratio. (figure 19) has indicated that it underpredicts the CHF ratio. Modification to

equation (%.25) is necessary for a more accurate prediction of K.
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5.3 Modified Froude Number

It is always possible to evaluate stratification effects of a two-phase flow in the hori-
zontal tube through a dimensionless group, which has the inertia force of thé steam
in i;he numerator and the buoyancy force in the denominator. One such dimensionless
group is the Froude number as defined by Taitel and Dukler in the horizontal flow

regime map.

GX :
r = (5.7)
\/QDPy(Pf — Pg)
The inertia force is approximately proportional to G2X2/p, while the buoyancy

F

force is.incorporated in the gD(ps — p,) term.

Figure 20 shows the effect of Fr on the difference in critical steam quality between
the top (Xco) and the bottom side (X, ) of a horizontal tube (Kohler and Hein 1986).
CHF occurs at the top first and as a result the critical steam quality at the top (X.,,)
is smaller. When the /mass velocities are high (higher Fr value), CHF occurs both
at the top and at the bottom at the same time and so it can be assumed equal to
that for vertical flow. It is evident from ﬁgure 20 that for Fr higher than 15, the
tube orientation has no effect on the CHF. Therefore, this serves as a criterion for

determining an upper mass flux threshold value (G; F,)

_ 1|5\/9ng(P! — Pg)

2,Fr — 7%, X (5'8)

and then using non-linear mass flux interpolation,
Ke=|o—— 5.9
= (6en6) (59)

the K value can be estimated.

’
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5.4 Force Balance Approaph

5.4.1 General

Before deriving the criterion for the onset of noticeable flow stratification, some im-
portant interacting forces must be considered. They are the buoyancy force, turbulent
force and drag force. The forces involved for each flow regime are different from an-
other flow regime. Basically, three distinct flow regimes are involved in non-stratified
flows. They are the bubbly, droplet and annular flows. This section outlines the forces

involved in each flow regime and attempts to derive a force balance equation based

. on parameters controlling flow stratification. Radial and axial transit time ratios for

bubble and droplet trajectories will also be evaluated.
N

5.4.2 Governing Forces in various Flow regimes

Forces in Annular Flow

In Taitel and Dukler’s analysis, the buoyancy force per unit length of the gas region
is
Fg = g(ps — py)Ac (5.10)

and radial turbulent force per unit length is established to be

R

1
Fr= Ep_,-vﬂp.- (5.11)

where v’ is the radial velocity fluctuation and p; is the interface perimeter.

Forces in Bubbly Flow

The buoyancy force acting on each individual bubble can be expressed as

Fs= rd’g(ps — p,)

! (5.12)

The drag force in the axial direction can be expressed as

1
Fp= :,Z-C',p,a_,r(ugr —uy)rd? /4 (5.13)
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Pressure gradient that exists in the surrounding fluid in the axial direction is the
major reason for the difference in the velocity difference. This pressure gradient is
absent in the radial direction and this the bubbles can be assumed to follow the
turbulent fluctuations of the liquid in the radial direction. According to Levich (1962),
the radial turbulent force is proportional to the square of the velocity fluctuation such
that for bubbles '

Fr= épgv’zwdz/&L ‘ (3.14)

. . 4 . . . L . .
where v’ is the radial velocity fluctuation as mentioned earlier and d is the diameter

" of the bubble.

.\Fﬁfces in Droplet flow
N\ . ) )

The buoyancy force has a negative effect on droplets in the sense that it pulls the
water droplets downward. The buoyancy force acting on an individual droplet can be

expressed in a similar form to equation (5.12) except that for this case the diameter

refers to the droplet di : eter. _

When liquid dropl‘e:t‘sie flowing in the pipe, drag forces exist between them and
the moving vapour core. The drag force acting on each individual droplet is governed
by

Fp = %Cppg(ug —us)rd?/4 (5.15)

w

For pre-CHF' conditions, droplet flow occurs mainly in the core of the annular ow. It
is not relavent to assume & radial turbulent force on droplets. Only the drag/buoyancy
force ratio will be considered. However, it must be noted that droplets play an impor-

tant role in annular flow and hence can affect CHF.

Other Forces

Some other important influencing factors involved in the stratification mechanism
are the surface tension force and the viscosity effects. For small diameter tubes, liquids
with contact angle < 90° (wetting liquids), have the tendency to climb the inner wall

due to the capillary effect, thus forming a liquid film covering the complete inner
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perimeter. The surface tension force can thus help in the prevention of stratification.
An important parameter which represents the ratio of buoyant to surface tension forces
is the Eotvos number. The viscosity number may be used as a measure of the viscosity
effect. . ‘

The interacting forces can cause a variety of diﬁ'eren£ flow patterns and it.is im-
portant to relate these forces in a way that one can evaluate criteria for the onslet

of stratification. Some analytically and semi-analytically derived parameters are dis-

cussed in the following sections.

5.4.3 . Force Balance in Annular IFlow

Using an approach similar to Ta.itel.a.nd Dufder’s (1986), the ratio of turbulent force to
buoyancy force can be evaluated. Taitel and Dukler assumed the ho;'izontal equilibrium
interface peri_meter, to be the boundary at which these two forces interact. In annular
flow, the interface perimeter is much greater than the equilibrium interface perimeter,
hwhich is defined as the interface perimeter for smooth stratified flow (see ﬁgﬁre_21).

pi for, annular flow can be estimated as

pi= ‘aTD,‘ . (516)
but .

D} = Ag

ﬁ = 7 (5.17)
Thereff)re

D.‘ = D\/Af' = Daln

Substituting D; into equation (5.16) gives

-

pi = nDa'/? (5.18)

The root mean square value of v’ is approximately equal to the friction velocity

(Taitel and Dukler, 1986). Thus .

(WM =y = u]('%l')”2 (5_.19)
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Substituting equations (5.18) and (5.19)‘into (5.11) gives

1 .
Fr = srrpfu?(%-)ﬂaln . (5.20)
Defining the pémrameter T, as
Fr _ arppuiDel(f1/2)
Tl = — =
Fg 9(ps — pg)Ac -
. T gD(ppp)al? -

Assuming f, = 0.046Re;®? for turbulent flow and substituting it into equation

(5.21) yields '

| B 2 . _
Ty = 0.046Re£°‘2(]; 2y ¢ — .
- 1—a’ gDpr(ps — pg)o®™ i
. ) _ 2
= Cinepta(i=Ly ¢ (5.22)

1—a’ gDps(ps — pg)a®s
The parameter T, can be used as a measure of the dominance of the turbulent force
over the buoyancy foyce.' It has the correct parametric trends with G, X, D and P.
Generally, it increases with G and X and decreases with D and P. The variation of

this parameter with X and P are shown in figures 22a and 22b.

5.4.4 Force Balance in Bubbly Flow

The ratio of axial drag force to buoyancy force is useful in the analysis of stratification,
This ratio is obtainable by dividing equation (5.13) by equation (5.12), thus giving
_3Cppy(ug —uy)?
Y = =
4 gd(ps ~ py)
The bubble diameter can be expressed in terms of Weber numbeér and fluid properties.

For a sphere with 10° < Re < 2 x 10° (Schlichting, 1968), ES

(5.23)

*

CD 0.5
where

.
Re = P1lug —up)d - :
Kyt
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Also, bubbles will break up at a certain critical Weber number. Assuming break-up
/ diameter to be the average bubble‘diameter, by substituting equation (4.37) into equa-

tion (5.23) and knowing that u, and u; can be caléulated by GX/p,a and.

G(1—-X)/pl - a) respecti_vely, T, can be ;ea.rra.nge;l into the form of |

' 4 2L} - )X — a1l — X)1°
T =C, (.‘?_9. G ["F( ) a( : )

pf) gopi{pr — py) a(l 5 a) (5'24,)

where C, is an arbitrary constant.

The turbulent over buoyant force ratio for bubbly flow can be obtained in a mannér

similar to that for annular flow. Defining T as the force ratio, \.
. 3. 1, 20
A 7= I _apTndl/d | (5.25)_
N Fg  9lps ~ pg)md®/6 _ |

The root mean square value of v’ is approximately equal to the friction velocity (Taitel
"«and Dukler, 1986). Thus -

_ ~N
_(UQ)I/Q =y = u!(foz)IIZ A (5-26)
Substituting v into equation (5.25) yields

C3pd(fz/2) v

3T 4 gd(py — pg)

. (5.27)

Assuming f;, = 0.046Re7%? for turbulent flow and substituting it into equation (5.27)
yields

1 R,=02 '
Ty = 0.0173(22) 22700 (5.28)
ps”gd(ps — pg)
The bubble diameter may be approximated by using Weber number as described ear- -

lier, i.e., substituting equation (4.37) into equation (5.28) and rearranging yields

(

T, = CyRepo2pt 2l = 41), o (529)
= e . .
3T L e g, = pg) C
where
GX
u, = ——
Pec
. _ Gu-X)
7 p(1=0)
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Taitel and Dukler argued that when the buoyancy force is balanced by the radial
turbulent force (i.e. when T3 = 1.0), dispersion of bubbles starts to océur, at which
poi_nt:nthe flow distribution is more symmetrical. When T is much greater than 1.0,
the flow distribution for horizontal flow will be_very similar to that for vertical flow

under otherwise identical flow conditions.

5.4.5° Force Balance in Droplet Flow :

In horizontal flow; the buoyancy force acting upon each droplet (of diameter d) is given
by equation (5.12). The ratio of the drag )Hrce_ (equs;tion 5.15) to the gravity force

(same as equation 5.8) can be expressed as -

Fp. 3 P 1
Ty=——=-Cplu, —u,)p?2+-—19 5.30
T Fp 4 pltg = u7) gd(ps — py) (5:30)

The droplet diameter can be related to Weber number, which is defined as

I’V&LO'

d= ———— 3.31
prlug —us)? _ ( )
. Substituting equation (5.31) into equation (5.30) and simplifying yields
; 3 Cp 4__PabPf
S =By PP 5.32
AW T ) GG — o (532

The water droplets will break at a certain critical Weber number. Taking the

avefage size of the droplets to be prdportional to Weg can be treated as a

P!(“:"“I P
constant. Since we re only interested in looking at the*dominance of drag force over
the buoyancy force, the constant terms in equation ( 5.32) can be combined to form an
arbitrary constant and 7 is redefined as
141
Ty = Cy(ug — uyp) —L25L (5.33)
’ 9ps — pg)o

By expressing the actual velocities in terms of mass flux, quality and void fraction,

equation (5.33) is rewritten as

p G* 2(1-a)X - of1 - X)]*
T4 = 04 (—2') 7 £
Ps) 9905(ps — ps) (1 - )

(5.34)

”
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Equation (5.34) is exactly the same as equation (5.24) except for the constant
C4. This parameter serves as a measure of the dominance of drag force over gravita-
tional force. .A criterion for onsi'héh'of stratification based on this parameter should be
investigated.-

The approach taken here is very simplistic in nature. A more rigorous approach

was suggested by Ishii (1977).

5.5 Transit Time Approach

5.5.1 General

An alte-mative to the force balance approachl 1s to consider transit time for a bubble
or droplet in both the vertical and the horizontal direction. The transit time taken
for a droplet or bubble to travelh;.cross the channel is compared to the transit time
to travel to tl}e exit of the tube. This transit time ratio servés as a measure of void
migration and hence a measure of the void accumulation ﬁear the top of the-;:hannel.

Some simplified approaches were utilized in the development of the transit time ratio

for various types of flows regimes such as droplet flow, bubbly flow and annular flow.

5.5.2 Bubbly Flow

L

For bubbly flow, the bubbles have an average velocity of

' _.GX |

= ' 9.39
Ug Py ( )

Therefore the time taken for the bubble to travel to the exit is given by

Ly
o= (5.36)
or

— P&
o= B Ly (5.37)
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By neglecting drag force in the vertical direction, the fopes balance in the vertical
direction 1s

: ad® du, wd® .
TP T g P e (5.38)
where u, = bubbly velocity upward.

Solving for wu, in equation (5.38) with zero initial velocity yields

- t
u, = (p_fppﬂ. (5.39)
9

Assume the a.verage/bubble starts to depart at the middle of the tube, the bubble rise

time can be found by integrating the velocity w.r.t. time over the distance D/2, ie.,

D iy
3= /0 u,dt (5.40)
Substituting equation (5.39) into equation (5.40) and integrating gives
D _ llr—pdety
2 2 Pq
2 = _J'.?pg_
9(ps — py)
D
ty = [——LL_]\/2 (5.41)
9(ps — po)

Therefore, the time ratio is defined as

[

Dp, 1/2 GX
9(psr —pg)”  pgaly

Ty= 2 =

i

Rearranging gives
- G XD
\/.‘IDPy(Pf ~pg) & Ly

Equation (5.42) has the correct parametric trends for heated length, inertia force and

buoyancy force.
5.5.3 Droplet Flow |

One influencing parameter for onset of stratification is the ratio of the time taken for )

T (5.42)

the droplet to fall down to the bottom of the tube over the time taken for the droplet

to travel to the exit.
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Assume a liquid droplet is flowing with a_velocity u; where

Up = —m——= 5.43
‘J pe(l —a) (5.43)
Time taken for the droplet to travel to the end of the tube is given by
Ly
te= (5.44)

i
where Ly = tube length Substituting equation (5.43) into equation (5.44) gi;.'ea

t, = g(—(ll—:-;—)[, | (5.45)

It is assumed that the droplets are entrained in the core of the tube and start to

fall down to the bottom of the tube,

&
Neglecting drag force upwards, the force balance in the vertical direction is
rd®  du, ¢ wd -
P = g (= psdy (5.46)

where u, = droplet velocity downward | '

Solving for u, in equation (5.46) with zero initial velocity yields

"~ po)gt
U, = (—”f—pjpg—)-c’ (5.47)

Similar treatment as in the bubbly flow can be performed to determine the the

time taken for the droplet to reach the bottom of the tube, i.e.

H ekt (548
Therefore, the time ;;tio is defined as
To= :_: B [g(iojf)ifpg) v P.(f};(ll"' a)){!%h (5.49)
Rearranging gives
T = — (2% 2) (5.50)
V9Dpslos—pg) 1= La

“The time ratio is important because the droplets formed might reach the bottom

of the tube before exiting if the t /Bbe is long enough, thereby accumulating more liquid
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at the bottom. Consequently less liquid is concentrated at the top of the tube and
dryout can occur more easily. '
" It must be noted that the force balance and transit tizﬁe rétio appxjoaches are rather
simplistic in nature. A more rigorous approach on the relative motion between the gas

and liquid phases is given by Ishii (1977).

5.5.4 Annular Flow

Many researchers have investigated the mechanisms controlling the horizontal annular
flow cc;nﬁguration. Recent studies include the works of Hutchinson et al. (1974),
Laurinat et al. (1984) and T.F. Lin et al. (1985). Their works are discussed in more
details in section 5.6. The transit time approach can not be easily used for annular flow

because there is no discrete flowing particle for which the trajectory can be followed. -

56 Annular Flow Distribution Approach

The asymmetrical distribution of the liquid film in horizontal annular flow is caused
by the gravitational force. Hutchinson et al. (1974) proposed that there is a minor
circumferential film flow from the top to the bottom of the pipe due to gravity. In order
to maintain equilibrium, the liquid film near the top of the pipe had to be replenished
by net droplet deposition, and, the liquid film near the bottom had to be balanced by
net droplet entrainment (Lin et al., 1986).

In addition to the drdplet exchange model discussed above, Laurinat et al. (1984)
recently proposed that there exists a secondary flow pattern in the gas core of a
horizontal annular flow. In ho;"izontal annular flows, the asymmetrical ilm distribution
causes the interfacial roughness in the bottom of the pipe to be larger than that in the
top. This rougher interface at the bottom presents more resistance to the gas flow in
the axial directich and thus results in a circumferential (secondary) gas flow pattern

as shown in figure 23.

Calculations of film thickness distribution were performed at Rensselaer GFoly-
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technic Institute (Lin et al.,1986), based on the combination of the two mechanisms

discussed. The calculated results compare favorably with experimental data. This

approach can be used for estimating critical heat flux by the inclusion of heat balance

equations. However, this will add a considerable amount of complexity to the 'problern

and further investigations have to be done.
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| Chapter 6

DERIVATION OF
ORIENTATION CORRECTION

ik

6.1 General | | $

»

By combining two or more of the parameters developed in Chapter 5, a more complete
and semi-empirical criterion for onset of stratification can be festablished. Several
parameter groupings have been used in deriving an expression for the orientation
correction factor Kg. This chapter is devoted to the derivation of the K¢ expression.
Three different approaches were examined and the present approach gives the best
result. Comparison of prediction against experimental data was made and the errors -

are summarized in tabular form.

6.2 Groeneveld’s Approach

Groeneveld (1982) suggested that the CHF for vertical flow be multiplied by 4 strati-
fication factor K to obtain CHF for horizontal flow, i.e., '

CHFyor = Ko x CHF,, (6.1)
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For stratified flow, CH F:,o, = 0 and K¢ = 0. For a mass flux greatc?.ff than G,
obtained from equation (5.4), the horizontal CHF is approximately equal to .\%he vertical
CHF and hence Kg = 1.0. For given mass flux that is between these t\#o threshold
values, Kg factors can be approximated by :

' _ _G-G, : )
K = GG | (6.2)

where G, is given by equation (5.6). A

Comparison with data (figure 19) shows that equation (6.2) repr'esents a lower
bound to most of the data. Simple modification to include non-linear. mass flux rela-
tionship can help improve the CHFj,,, prediction. A form of '

_ G—Gl n . ; 7

was suggested because it has correct parametric trends. With: least. squares best esti-
mate curve ﬁtting,‘n was found to have a value of approximately 0.62 and the root- -
mean-square error was found to be about 38.5% (error definition to be found in Section
6.3.1).

Figures 24 and 25 show the errors in prediction for linear and non-linear mass flux |
interpolation respectively. The non-linear approach gives a better prediction of CHF
ratio. Both correlatic;ns give a large RMS error and this leads to the question of the
reliability of curves A a.nd DIY in figure 10.

Work has been done By Minato et al. (1986) to derive a new model for the transi-
tion mechanism from stratified gas-liquid flow into intermittenf or annular flow. Their
model incorporated the contribution of liquid kinematic energy to wave growth on the
in?erphase surface. Minato et al. compared both the Taitel and Dukler’s transition
crilerion and their model to their éxperimental data and concluded that Taitel and
Dukler’s criterion provides a prediction very similar to their own in spite of it:@ct-
ing of the water kinematic energy. effect. Therefore it seems that Taitel and ler's |
transition criterion for G, is appligable.

When extrapolated to the annular flow regime, the critericn for the transition

between intermittent flow and dispersed bubbly flow (curve D) may not be accurate

-
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enough for the determination of G, due to the different mechanisms~nvolved in the
t-wo-phase distribution. Also, the simplistic assumption represented by equation (6.3)
may be another reason for the poor accuracy. Therefore, more accurate methods of
estimating the G, value is required and such alternatives are discussed in the following

sections.

6.3 Modified Froude Number Approach
I .0

Expe?imenta.l water CHF values for horizontal flow were obtained from those listed in
Appendix A and the ratio of horizontal CHF over vertical CHF was determined and
plotted against F'r defined in equation (5.7). Figure 26a illustrate the trend of CHF
ratio versus Fr. It can be concluded from this figure that the CHF ratio increases
with I'jr _in general. -

From an optimization technique using the least squares method, Fr = 15 was

chosen as the criterion for the upper mass flux threshold, Gz r,. Prediction of K,

based on this criterion'a.nd with the form of

— G=Gy 0.
Ks - [GQ.Fr"‘GJ] °

shows some improvement over Taitel and Dukler’s approach. The root mean square
error for this equation is about 30%. From the above analysis, it is evident that the
Froude number contains important parameters affecting horizontal CHF. Perhaps the
heated length over diameter ratio is equally important because a long heated tube
will allow a small buoyancy effect to dominate. A longer tube means a longer time
available for the bubble to rise to the top of the tube before exiting.

A further modification to the Froude number is possible by introducing the heated

length. One such modification is .{; divide F'r by (L,/D) ratio, defining

\ Fre = FTL% (6.4)

w]}ire Ly, = heated length.

/
/
/
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A similar plot of CHF ratio vs. Fr* (figure 26b) shows a similar trend as compared
to figure 26a. There is still a considerable amount of scatter in the data. No'clear-cult
criterion for the upper mass flux threshold can be derived from this figure. Again, from
the least squares curve fitting method, F'r* = 0.10 was chosén as the 1‘1'pper bound at
which the tube orientation has no siéniﬂéa.nt effect on CHF and the G; value can then

be calculated as®

Ls, /9D ps(ps = 3)
D X _
With equation (6.5), the value of K can be calculated for each given sct of flow

Ga,pre = 0.10( (6.5)

conditions by equation (6.3). For this approach, n was found to be about 0.60. There-
0

fore,

_ ¢ G=G1 60
Ke=lgom—Gi

with G, defined in equation (5.6) and G r,+ defined in equation (6.5). The experimen-

(6.6)

tal CHF ratio was compared against the prediction defined in équation (6.6) (figure
27). Errors of prediction were shown in figure 28 and 29 against CHF ratio and quality
respectively. This method provides a better predictipn of CHF ratio as compared to
the methods described in the preceding section. It is simple to use Because of fewer

calculation steps involved in evaluating G, r,-. The is found to RMS error is 29%.

6.4 Present Approach

6.4.1 Summary of Parametric Groups

The parameters derived in Chapter 5 have some similar basic groups. They are sum-
marized in Table 8. The constants C,, C,, C3 and C, are arbitrary constants to be
determined by comparison with experimental data. All the parameters Ty to Tg have
similar parametric trends in the sense that a larger parametric value means a smaller
effect of stratification. The mass flux appears in the. numerator of all parameters. This
simply means that all parametric values increase with mass flux. Note that parameter

Ts is very similar to the modified Froude number except that void fraction appears in
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the denominator of the former case.

Attempts will be made to relate the CHF ratio (CH F,,/CHF,.,) to the parf’:un-

“eters developed in Chapter 5. Different combinations of parameters or dimensionless

groups are tested against experimen‘ta.l data to correlate a function for the CHF ratio.

The details of the assessment technique are discussed in the following section.

6.4.2 Assessment Technique

It i1s known that for CHF experiments, the data obtained are accurate only within

‘the precisions of the experimental set-up. Most of the expt{rimentallﬁt/-ups‘perrrﬁt a

measurement of CHF. with an accuracy of 5% (2 o confidence level). Due to the wide

scatter of experimental data, it is not easy to find an optimum correlation considering -

the number of parameters involved. An assessment technique was developed for the
detér:ﬁination of optimum correlation of parameters.

A crude approach is to plot the CHF ratio against each parameter and coml?inations
of parameters. Figures 30-35 show some of the typical plots. From the‘ plots, the
parameter or, combinations of parameter that give the clearest trend can be chosen and
correlate&. One drawback of this approach is that the combinations of the parameters
are user defined and are not based on any theoretical deductions. A mgre scientific
approach is developed for this purpose. * 7

A statistical software package called SAS (Statistic(a.l Analysis System) wasuged to
determine the correlation coefficient of each parameter with respect to th¢ experimental

CHF data. It was found that T}, T3 and Ts have a significant influence on the CHF
ratio and they will be studied in more detail.

6.4.3 Derivétion of CHF Correlation

" From figures 30 tb 35, CHF ratio seems to depend on the parameters in an exponential

way. It approaches the value 1.0 as the parameter value becomes very large. beempt?

. . .
‘were médeo correlate the CHF ratio as some exponegtial function of the parameters

o~
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because an exponential function give the expected behaviour of the CHF ratio. One

simple function the form of , )

CHFR=1-¢ /A% (6.7)

was found to correlat'e the CHF ratio very well where T; is one of the parameters shown
in Table 8, A and B are the empirical constants corresponding to each T;. Equation
(6.7) can be rearranged to give

T;
" [~In(1 - CHFR)/8

A (6.8)

All six parameters were tested in the derivation of the correlation. All the arbi-
trary constants Ci to Cg were set equal to 1.0. For each parameter and B va.lue,-th-e
horizontal CHF data bank was used to detexl'mine the value of A with equation (6.8).
Unfortunately, due to the wide scatter of data, the value of A does not seem to;_bi;si%\‘rell
defined. Attempts were made to determine a function for A but no suitablei;f\ahction
was found. Figure 36 shows the values of A plotted ag;ainst Martinelli’s pa.fé.r_peter for
T; with B = 0.5. No systematic trend was found for A. Using the least squares.ﬁt,
op.timum'values for A and B Wwere obtained for each case which give the respective

. minimum RMS errors. Table 9 summarizes the error distributions-for each parameter
tested based on the constant local conditions. The con‘lpa.rison based constant inlet
conditidns is shown in Table 10. In both Tables 9 and 10, different values of A and B

-~ were tried with parameters T}, T3 and T5. However, only the best correlated e_quations
for parameters T3 and Ts were shown even though other constant values for A and B
were investigated. o
The best correlation appears to be with the use of parameter 7} with B = 0.5 and
A = 65. The use of different void’ correlations can affect the prediction of CHFR to
some extent. Taitel and Duklep’s void fraction correlation was tried without success.
The CISE void correlation (see section 4.3.3) was chosen for this case because it is
the most accurate generally apphicable correlat@n (Whauey, 1987). W«:Z;he
use of some proprietary correlations developed for horizontal tube flow may improve
62 o T
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the prediction significantly. With the CISE void correlation, the CHF ratio can be

predicted by .
CHFR =1 — ¢~ (T1/85)° - - (6.9)

where T} is defined in equation (5.22).7 Thus the CHF for horizontal flow can be

predicted by ? |
CHFyo = CHFR x CHF,., (6.10)

where CHF,,, is the CHF for vertical flow obtained-from the Groeneveld look-up table.
This correlation predicts the CHF ratio for water with reasonable accuracy (Tables
11 and 12) and is non-dimensional and h‘ence may be applied to non-aqueous fluids
such as refrigerants. Equations (6. 9) and (6.10) were also used to predict the CHF
for Freon-12 and compared to the da.ta from Merilo and Ahmad (19:9) The results
are summarized in Tables {3 and 14. The parametric trefids for equation (6.10) are

L7y

discussed in the next section.

7
6.4.4 Parametric Trends of the CHF Correlation

To permit the development of a generalized correlation (applicable to a wide range of
flow parameters), the correlation must have the correct asymptotic trehds. Pressure,
mass flux, tube diameter and quality are the four major flow parameters that affect
the CHF. Parametric trends of equations (6.9} and (6.10) with respect to pressure,
mass flux, tube diameter and quality are illustrated in figures 37 to 40.
Pressure has a direct influence on the density ratio, which is the main component of
"Hﬁgbuoya.ncy forces. The CHF ratio predjcted from equation (6.9) is found to decrease
with increasing pressure as would be expected from elementary considerations of the
density ratio and the buoyancy forces. Increasing pressure results in the decrease of
the density ratio ps/p, which in turn decreases the turbulent force as discussed in
section 3.2.4. Figures 37a anrd 37b illustrate the pressure effects on the predicted CHF
ratio. .
\- ) The effects of mass flux on CHF ratio prediction at constent local conditions are
¥ ' 5
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shown in figures 38a and 38b. Generally, the CHF ratio increases as the massm
increases. This is in agreement with the experimentally observed trend. The quality
used. in the evaluation of CHFR is the a.ctua]);qua.lity. For negative thermodynamic
quality, Saha and Zuber’s equation presented in Chapger 4 can be used to estimate
the actual quality. Figures 39a and 39b show the trends of predicted CHF ratio
with quality. At constant mass flux, pressure and tﬁbe diameter, the predicted CHF
ratio increases with increasing quality except at low qualities (X < 0.01) when the
CHF ratio decreases with increasing quality. This predicted trend conforms to that
discussed in section 3.2.1. As the actual quality approaches zero, the void fraction
also approaches zero resulting in a very large value of T (due to the term o 0% )
and therefore CHFR — 1.0. The influence of tube diameter on CHF ratio was
dembonstrated in figure 40 based on constant local conditions. CHF ratio decreases

with increasing tube diameter as expected based on the discussion in Section 3.2.3.

[N

6.5 Compari_jon and Error Analysis

-

At the present, there is no a,ckc\ngte and generalized prediction method for the CHF
in horizontal flow. Ishigai et al. (1970b) suggested an\fmalytical model for horizontal
annular flow but their method iﬁ very complex Whe hea‘t\ihg \]S involved. Wang and Su
(1980) have correlated their experimental data to give an ad Hoc equation which is not
valid outside their experimental range. Their method can not be used for comparison
since the wrong p'aramétﬁc trends of their equation é;ften give CHF' values that are
thousands of times greater than the data value (except for their'own data). Merilo’s
(1979) correlation (eq. 2.20) seems to be the most promising and is compared with
the present approach (Table 12).

The present method (equation (6.9)) is compared to experimental data from sources
summarized in Table 6. T,w:o --methods of comparison were\\made: an error analysis

based on constant dryout quality condition (local parameters) and an error analysis

based on system parameter (constant inlet condition approach). Since Merilo’s cor-
C s
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relation is based on the constant ‘inlet conditions, it is only compared to the present
approach with constant inlet conditions (Table 12). The prediction based on constant
inlet conditiorris more accurate than that based on constant local parameters. These

two types of predictions are discussed in detail in the followj?g seét{ons.

6.5.1 Constant Dryout Quality Condition

A Prediction based on constant dryout guality condition assumes that the CHF is a

function of local parameters only. To make the comparison, CHF values are predicted -

directly from the equation or correlation using the local parameters given and then
compared to the experimentally obtained values. The individual prediction error is

defined as
CHFprcd CH-Fc:pt

CHRJ:,D#

The mean error is the average value of all the mdlwdual pred1 ion errors The root

(6.11)

Error,c.a =

mean square (RMS) error is defined as

RMS = \/M —~ (6.12)
/ N ?
where N is thydé of data points. The standard deviation isidefined as
— 2 .
STD = \/E(Errarp,.cd NErrormun) (6.13)

Error,, ., is the arithmetic mean of the overall errors, i.e.,

L ETTO  pred

7 (6.14)

Errormen =

again, IV is the number of data points.
It is clear from Tables 11 and 12 that the present method is superic:r/to the other

methods.

6.5.2 Constant Inlédt Quality Conditiox/l\j

Predictions based on constant inlet conditions require iteration. The principle behind

this is to keep the inlet parameters (such as the inlet subcooling, AH;,) and the heated
» -
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length constant and vary the heat flux applied until CHF occurs. A prediction of CHF
is made at the end of the tube corresponding to each heat flux value while keeping all
the other parameters constant. At each step, the predicted CHF value is compared
to the assumed heat flux value. Figure 41a shows schematicaily the iteration process.
When the predicted CHF value is higher than_ the assumed heat flux, the quality at
the end of the tube is increased (corresponding to an increase of assumed heat flux
value) stepwise until the assumed heat flux has the same value as the predicted CHF.
That final value (corresponding to the intersection of the two curves shown in figure
41a) will be the predicted CHF value used in the comparison.

Generally, the predictions based on constant inlet condition are more accurate
than those based on local conditions. However, it is possible for low flow casés that
predictions based on constant inlet condition give larger errors. In figure 41b, the

slope of predicted CHF versus quality is positive for a range of 'qua.lity. If the above

of the prediction. This will give rise to a higher prediction error. Fortunately, in
most industrial applications, critical heat flux occurs as a result of annular l;quid film
failure which corresponds to the downstream dryout for which CHF' is decreasing with
quality (negative slope).

Table 12 shows the error analysis for various prediction methods based on constant
inlet conditions for water. Notice that predictions made from equation (6.3) improve

significantly in this case when compared to the local parameters approach. On the

trary, equation (6.6) has become less accurate when constant inlet conditions are
applied. Based on both the constant inlet and constant local parameters approach, it is
consluded that equation (6.9) has a better overall prediction accuracy. The comparison
for Frpon-12 for the local parameters approach and constant inlet conditions approach
shown in Tables 13 and 14 respectively. Equation (6.3) predigks the CHE values
more accurately for Freon-12.

Prediction errors for both water and Freon-12 data are also presented in ﬁgmes 42

and 43. The applicability of equation (6.9) to non-aqueous fluids is partially confirmed
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"
by the Freon data comparison even though the prediction was developed based on water
data. This is because the dimensionless parameters were derived analytically based
on fluid properties such as densities, viscosity and surface tension, regardless of the
type of fluid involved. The errors quoted may seem very large to most people but in

thermalhydraulic analysis of two-phase flows, errors of 20% are not uncoy_l-non.

6.5.3 Error Contrﬂ;ution Factors

There are a number of factors which can contribute to the rather large prediction er-

rors. They are summarised below.

1.  The CHF data sources are not very consistent even with similar experimental
set-ups. Some of Merilo’s data a.ﬁd those obtained from Kohler and Hein (1986) are
+ frodf very similar experimental conditions, but the CHF values quoted by both groups

are quite different from each other.

2. The CHF for vertical tubes is predicted from the Table look-up method which.
in itself has some errors involved. Data for vertical CHF @nder otherwise identical
conditions to horizontal tubes are scarce due to the limitations of the experimental
set-up. The table look-up method is the best so far for estimating vertical CHF walues
for a wide range of flow conditions. ‘

3. In the low quality and subcooled boiling region, the equilibrium quality is very
different from the actual quality. Saha and Zuber’s equation (Equation 4.30), used
for evaluating X, has some weaknesses, especially under high pressure and high heatt
flux conditions; when it could predict an actual quality of more than 50% ;Jercent for

negative equilibrium quality (see figure 44). ¢

4.  Inderiving the dimensionless parameters based on the forces balance, some forces

a
were neglected such as the surface tension force (in deriviqg Ty, Ts and Tg). Also, the # f
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viscosity effects were not taken into account in deriving most of the parameters (ex-
cept for T} aud T where u was taken into account in the Reynolds number). These
forces were neglected because they are believed to be insignificant. However, part of

the inaccuracy in the predictions may be attributed to the exclusion of these forces. -

638



Chapter 7 2

DISCUSSION AND
CONCLUSIONS

CHF mechanisms for both the vertical and horizontal §low were reviewed and some
available prediction methods were examined. The ana.l_*;rsis presented here is somewhat
simplified to avoid complex mathematical modelling. A better understanding of the
forces involved in the flow.mechanisms is needed before an improved prediction method
can be developed. Experil;t;ents to st.udy the void migration in a horizontal flow would
be helpful in establishing the onset of stratification.

The scarqity of horizontal CHF data is also an area of concern‘. More experimental
work on horizontal CHF should be-done to provide a bigger data bank and to verify
the validity of the presént model. The model developéd here has not been tested
extensively. A better model can be developed if an extensive amount of horizontal
CHF data is available. Experimental trends of CHF were discussed in terms o&‘its
va.ria.‘eion with pressure, mass ﬂt"lx, quality zlx..nd tube diameter. It was found that the
horizontal CHF generally increases with mass flux and decreases with tube diameter.
The effect ¢f quality on horizontal CHF is somewhat more complicated. If the mass
flux is low, the CHF first decreases with qu-a.lity and then increases with quality and
decreases with quality again at high quality region (see figure 13). The pressure effect
on horizontal CHF was observed by Robertson (1973) and it was found tha? CHF

‘ . T
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decreases with pressure. The predicted CHF was found to have-the correct trend with
pressure {figures 37a and 37b).
A generalized property code for non-aqueous fluids was also developed during the

-

course of this research. This property code helps in the determination of fluid prop-

erties necessary for the prediction of CHF. Development of this property code was,

discussed in Chapter 4. More detailed discussion on the subroutines and comparison
with experimental data can be found in Appendix B.
A generalized semi-analytical prediction method for CHF in horizontal flow has

been developed. This prediction method is only valid for uniformly heated tubes and

should not be applied to tubes with variable heat flux. It was tested against most
of the horizontal tube CHF data available with different flow conditions. The root
Imean square error is about 16%. However, the correlation over-predicts CHF more
than underﬂf)redicts it. It should be useé with caution if a conservative prediction is

required.

Under certain flow conditions (high pressure and high mass flux), equa.t‘ion (6.9)

could under-predict the CH F,, considera.bly._ It is due to the slow approach of the .

exponential function towards the value of 1.0 even though the mass flux is supposed
to be high enough to suppress the gravitational effect. Figure 44 shows the variation
" of CHF raf?ig with mass flux as predicted by equations (2.23) and (6.9). For mass flux
greater than G4, equation (2.25) predicts higher values of CHFR and thus cbnverges
towards the value of 1.0 sooner. If the maximum value of the two predictions is
taken as the final I;redicted value, the problem of under-prediction would be solved.
CHF},, predicted from the proposed combination were compared to the water data
"and the results are summarized in Table 15. The results show an improvement for the
prediction of horizontal CHF (RMS error of about 15%).,
The method developed is also valid for non—aqueousl’lﬂuids like Freons, nitrogen,
carbon dioxide and other non-polar fluids. Groeneveld (1986¢) suggested a few dimen-
sionless groups for fluid to fluid modelling and his method has been found successful in

predicting CHF for vertical flow for non-aqueous fluid using Groeneveld et al.’s CHF
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table. For the prediction of CHF ratio, only the flow parameters and the fluid prop-
erties need to be known. The horizontal CHF for non-aqueous fluid can be predicted

by using equation (6.9) in conjunction with Groeneveld’s method of predicting CHF

for vertical flow. :
Both equations (6.3) and (6.9) represent two of the more generally applicable pre-

diction methods which are valid for'a wide range of flow parameters and for different

fluids.

~N
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FINAL REMARKS AND RECOMMENI?ATIONS

1. The constant inlet conditions approach should be used when computing the CHF
ratio if the inlet subcooling and the heated length are known. This approach is more
accurate than the constant exit conditions (local parameters) appoach. An iterative
process is necessary if equation (6.9) is used/{)ut it usually converges rapidly.
2. For qualities greater than 0.2, the equilibrium quality can be assumed equal
to that of the actual quality. For subcoolzi and low quality flow boiling, the actual
quality can be estimated from Saha and Zf"uber’s equation (see section 4.3.2).
¥

f

i

" .
3. The mechanisms for horizontal CI—}F at low quality and subcooled boiling are
not well understood at the present. F}"lrther experiménta.l and analytical work for
these flow conditions should be carried out before a more accurate and generalized

prediction method can be developed. |

4. Better predictions could result if the data were classified into different flow
regimes (e.g. using the Taitel and Dukler’s flow regime map) and attempts were

made to correlaté the data with different T} in different flow regimes,
5. Experimental and analytical work is ir_1‘. progress at the Atomic Energy of Canada

Limited (AECL) to study the void migration in a horizontal tube. The work ;s aimed
at developing an analyticel CHF prediction for horizontal flow. T

-
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Table 2,

Correlations for All Fluids (ESDU, 1986).

&

"\

Comparison of CHF Data in Vertical Tubes with Various

' ' No. of Mean ' Standard
CORRELATION Points Error " Deviat\on
(1) BOWRING (1972)
Water data within his
parameter ranges, 3756 0..001 0.126
All water data 4579 0.155w 0.155
(2) ° AHMAD (1973)
Water data only 4579 0.381 0.350
All data . 7861 0.265 0.324.
(3) BOWRING/AHMAD
All non-water data 3282 -0.003 d.193
Non-water, non-~R.12 data, 493 0.143 0.360
(4) KATTO and OHNO (1984)
Restricted flow pattern 5364 0.011 0-.144
All data 7861 0.003 0.140
{5) GROENEVELD ot al . (1986a)
ater data only 4304 0.044 0.098,
1l data 7287 0.064 0.112
* . 9ecr,pred ~ qcr,expt '
Mean Value of - %
qcr,expt '
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Table 3. Range of Experimental Paraméters used in Deriving Eq. (2.20)
Tube ‘Mass - } '
Diameter ‘ Flux X
luid mm L/D prleg Mg/m*s %
Merilo (1979)  / Freon-12 126 - 103387  13-20:5  0.7-54  -35-0
Merile (1977) Water 12.6 103-387 13205 1057 -30-0
Water =~ 101 112-160 205 | 0.7-1.4  ~29--7
Freon-12 5.3 193-571  13-20.5° 1681  -35-0
(1979)
N -
/ ) f
¢ \
) s
‘ ) ¥
~



l Table 4. Comparison of Merilo's (1979)

Data Sources

No. of Points &  Average

,'Corrcla.tion'- with \\'.'atgir CHF Data

Pressure Range

~. Error (%)  Error (%) (MPaV,
Robertson 32 34-69
(1979) '
Leontiev et al. 23 6.9 - %,3.?
(1950)
Becker (1971) 82 1.0 - 3.0
Merilo (1977) 34 6.9- 9.7
" Kohler & Hein 69 10, 15, 20 .
(1986) '
: ' ¢
Wang & Su 19 -68.16 69.33 4.9
(1980) : -
All Data 279
\
v

&



Table 5. Exit Quality Predicted by Menlo's (1970) Correlation

h

P =1MPa
G = 2000 kg.m~?.s7!
D =00lm
L/D = 200
Nin (%) CH Fpre Xeaie (%) 7
‘ (kW/m?) (Calculated)
50 9601 141
.45 9082 135
40 8574 130
35 - 8078 125
-30 . 7503 121
25 7120 116 ‘
20 6659 112
.15 6210 108
.10 5773 105
.5 5349 101
0 4938 98
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_Table 6. Sources of CHF Data for Horizontal Flow

. Sources | Robertson® Leontiev Becker Menlo Wang & Su
et al.

Fluids 1 water water water water water

Mass Flux 6830- 1000, 160- 950- 300-

(kgm™%s™1) 1360 2000 1742 5700 1100

Xer : 0.16-0.35 0-0.55 0-0.71 0.1-0.7 0.65-0.08

Pressure 3.4-6.89 6.89- 1.0-3.2  6.89- 19

(MPa) 13.73 9.65

Diameter 12.7, 6.0 © 9.95, 12.6 12.0

(mm) 19.1 12.9

Heated 3.0 0.45 0.96 2.44, 2.0

Length 3.66,

(m) . 4.88

Heat Flux 200- 800- ’ 750- 500- 116-

(kW/m?) 4 1500 4450 4020 2500 608

No. of 32 23 82 34 19

Points .

* Some of the measurements were obtained with a sharp bend
in the pipe just upstream of the test-section inlet.
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Table 6. (Cont’d)

Sources Lis & Kohler &  Rounthwaite Ishigai Merilo &
Strickland** Hein et al. Ahmad
Fluids water water water water ﬁrcon-m
Mass Flux 95- 500, 94- 93- . 1600-
(kg.m~%s71) 1100 2500 214 800 8100
X, 0.0-0.65 0.05-0.55 0.04-0.98 0.22-0.98 0.05-0.50
Pressure ' 1.5-6.65 3, 10, 1.48, 2.86 0.12-0.71  10.5, 15.2
(M Pa) 15, 20
Diameter 41.3 12.5,24.3 413 5.6, 6.2, 5.3
{rnm) L 9.95, 10.7
15.3
Heated 3.0 6.0 11.6 0.3, 0.5, 1.03-3.05
Length 0.75,1.0
(m)
Heat Flux 63 150- 25- 300- 43-
(kW/m?) 600 66 4300 353
No. of 21 69 12 131 203
Points .
-

** Measurements were obtained with a sharp bend in the pipe
just upstream of the test-section inlet.



Table 7. Dependence of Slip Ratio S (Whalley, 1987)

S depends on

C(irrelatlon p1lpg ___“:- - G
\ .
Homogeneous model, § =1 no \ no 10
Zivi (1964) yes’ no no
Chisholm (1972} yes yes no
CISE (Premoli et al. 1970) yes yes ves
Zuber et al. (1967) yes yes yes
Bryce (1977) yes yes yes

(steam-water only)
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Table 8. Summary of Dimensionless Paga.m\eters

Notationa Equation Form

-02 {1-Xx\? G -

Tl C;RCL[)? (11—0) gDp;{ﬁf"ﬂn)"u'& (Eq 022)
: y )
ot nsI(l——ar).’(—on(l—.\’)

T, ¢ (2) P Y. [ i ] (Eq. 5.24)

-0Q. ui{up—uy)?
I; CaRep® ng—jm (Eq. 5.29)

2] 4
o o (1-a)X-a{1-X)

T“ C4 (f?) ydpi(pf—ag) [ a(l-a) (Eq 534)

e} x\ (o ' = 49
T3 TeDretor—r) (G) (Lh) (Eq. 5.42)

) =X\ (D - =
Ty T (:=2) (2 (Eq. 5.50)
Ty - Turbulent/buoyant force (Annular)
T, - Drag/Buoyant force (Bubbly)
T3 - Turbulent/Buoyant force (Bubbly)
T, - Drag/Buoyant force (Droplet)
Ts - Transit time ratio (Bubbly)
Tg - Transit time ratio (Droplet)
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Table 9. Comparison of Horizontal Water CHF Data with Eq. (6.7) for Various

Parameters and Constants for Local Parameters Approach

- C
Ny
Equation " Mean* RMS Standard  Fraction of Data** within
Error Error Deviation  prediction accuracy of
10%  20% 50%
1 — e T/5°° 0,033 0.281 0.279 0.2832 0.5484 0.9212
1—e-(T/s8)™ 0038 0.269 0.269 0.2545 0.5771  0.9212
1—e~(m/3)™ 0038 0.269  0.269 0.2545 0.5771  0.9427
1 — (/65 0048 0.256 0.352 0.2581 0.5305 0.0408
1 — e /T 0,069 0.255 0.245 0.2617 0.5233  0.9606
1 e~ (B/20 g 0p2 0.471 0.471 0.2617 0.4480 0.6810
— e~ (/008" _p 065 0.267 0.259 0.3208 0.5448 0.9319
1 — e~ (B/0065)°* 0 g 0.264 0.255 0.3208  0.5014  0.9310

CHFR —CHFRespm
+ pred P
Mean of CHF Roas

++ No. of data point = 279
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Table 10. Comparison of Horizontal Water CHF Data with Eq. (6.7) for Various

Parameters and Constants for Constant Inlet Conditions

1

Equation Mean* RMS Standard  Fraction of Da.t‘a++.within
Error Error Deviation * prediction accuracy of
10% . 20% 50%
1— e (M/%0° 027 0.169 -0.167 0.4660 0.7133  1.0000
1— e~/ 9005 0.163 0.163 0.4444 0.7419  1.0000
1— e~ T/ 5013 0.159 0.158 0.4050 0.7563  1.0000
1—e /8™ 0032 0.158 0.155 0.4229  0.7850  1.0000
1 — e~ (M/T* 5046 0.159 0.153 0.4229 - 0.7957  1.0000
1— B/ 0054 0.421 0.418 0.4353 0.5020 0.7412
1 — e~(Ts/000°° 0 067 0.266 0.258 0.4029 0.6439 0.9281
1 — e~(T3/0085)°% 0 053 0.243 0.237 0.9496 -

0.4532 0.6655

+ Mean of CHFRerea=CHF Ruxp:

CHFReapt
++ No. of data point = 279
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Table 11. Com_parison'of Horizontal Water CHF Data with Various

Correlations for Local Parameters Approach

/
Equation Mean® RMS Standard  Fraction of Data™ within
Error Error Deviation Prediction Accuracy of

10% 20%  50%
Eq. (6.2) -0.329 0.438 0.288 © 0.1756 0.2975 0.6846
Eq. (6.3) -0.007 0.390 0.390 0.2043 0.4265 0.8531
Eq. (6.6) -0.018 0.292 . 0.292 0.2545  0.5305  0.8817
Eq. (6.9) -0.048 0.256 0.252 0.2581 0.5305 0.9498
Wang & Su Prediction is not velid due to the wrong pa.ra.nietric

trend of the correlation

.

c wa~CHFR,,
+ Mean of 2 RC';' H;'H.,,. pt

++ No. of data point = 279
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Table 12. Comparison of Horizontal Water CHF Data with Various

Correlations for Constant Inlet Conditions

Equation Mean* RMS . Standard

Fraction of Data** within

Error Error Deviation  Prediction Accuracy of
10% 20% 50%
Eq. (6.2) -0.224 0.304 0.206 0.2760 0.4695 0.8817
Eq. (6.3) -0.023 0.162 0.161 0.3620 0.7885 1.0000
Eq. (6.6) -0.115 0.424 0.408 O.4d22 0.6052 0.8450
Eq. (6.9) 0032  0.158 0.155 0.4229° 0.7850  1.0000
Merilo (1979) 0.288 0.803 0.620 0.3513 0.5627 0.7133

Wang & Su  Prediction is not valid due to the wrong parametric

trend of the correlation
1

+ Mean of C”‘””g;;;‘;f“f"“r' .
]

++ No. of data point = 279
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Table 13. Compa.ru's}n of Horizontal Freon-12 CHF Data with Various

Correlations for Local Parameters Approach

Equation Meant RMS  Standard  Fraction of Data** within
Error  Error Deviation  Prediction Accuracy of
10% 0% 50%
Eq. (6.2) +0.173 0.265 0.201 0.2020 0.5271 0.9409
Eq. (6.3) +0.153 0.252 0.201 0.1921 0.4975 0.9606
Eq. (6.6) -0.283 0.367 0.232 0.1773 0.3251 0.7931
Eq. (6.9) +0.111 0.264 0.239 0.1921 0.4877 0.9704 -

Wang & Su Prediction is not valid due to the wrong parametric

trend of the correlation

A

CHFR,,ea~CHFR..
* Mean of Rg}}}ﬂ‘m Be

++ No. of data point = 203
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Table 14. Comparison of Horizontal Freon-12 CHF Data with Various

Correlations for Constant Inlet Condition Approacfl

/
Equation Meant RMS Standard  Fraction of Datat* within
Error Error Deviation Prediction Accuracy of

10% ° 20% 50%
Eq. (6.2} +0.102 0.148 0.107 0.4828  -0.8473 1.0000
Eq. (6.3) +0.097 0.175 0.111 0.4729 0.8473 '150000
Eq. (6.6) -0.566 0.727 0.455 0.1478 0.2414 0.4975
Eq. (6.9) +0.086 0.172 0.149 0.3202 0.7833 1.0000

Wang & Su  Prediction is not valid due to the wrong parametric

trend of the correlation

J

+ Mean of CHFRCP"};‘; RC‘"‘: FRusp
$ )

+* No. of data point = 203

A
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Table 15. Comparison of Horizontal Water CHF Data with The
Combination Approach

./

Prediction Meant RMS Standard Fraction of Data*tt .witlﬁn

Method Error Error Deviation  Prediction Accuracy of

10% 20% \ 50%

%

- Constant Xpp .

Maximum of

Eq. (2.25) -0.016 0.247 ' 0.247 0.2760  0.5699  0.9498

& (6.9)
- Eq. (6.9) -0.048 ., 0.256 0.252 0.2581 0.5305 0.9498
)
Alone
g Constant X,

Maximum of

Eq. (2.25) -0.012 0.150 0.149 0.4660 0.8208 1.0000
& (6.9) ‘

Eq. (6.9) -0.032 0.158 0.155 0.4229 0.7850 1.0000
Alone

CHF -CHF
* Mean of RC","}}}R“” Respe

t+ No. of data point = 279
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Figure 24. Pre«tl.iction Error vs. Experimental CHF Ratio (Eq. 2.25).
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Figure 26a. Experiment.al CHF Ratio vs. Fr.
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(Eq. 6.6).
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Figure 28.  Prediction Error vs. CHF Ratio (Eq. 6.6).
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Figure 30. CHF Ratio as a Function of T}.
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Figure 31.  CHF ratio as a Functibof T5.
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Figure 33. CHF Ratio as a Function of (T} x T3).
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Figure 36.  Variation of A with Martinelli’s Parameter.
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Figure 37a. Predicted CHF Ratio as a Function of Pressure,

D =0.0lm and X, = 0.30.
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Figure 37b. Predicted CHF Ratio as a Function of Pressure,

D =0.01m and G = 1500kg.m™%.5s7%.
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Figure 38a. Predicted CHF Ratio as a Function of Mass Flux,
D =0.01lm and P = 5000k Pa.
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Figure-38b. - Predictet{JQHF Ratio as a Function of Mass Flux,
ﬁj : D = 0.01m and X, = 0.30.
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Figﬁre 39a. Predited CHF Ratio as a Function of Quality,
gf 0.01m and G = 1500kg.m™7.57".
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Figure 39b. Predicted CHF Ratio as a Function of Quality,
D =0.01lm and P = 5000kPa. ’
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Figure 40. Predicted CHF Ratio as a Function of Diameter,
P = 5000kPa, G = 1500kg.m~?.57! and X, = 0.30.

143



CHF
Predictions using Eq. (6.9)
: N _
¢
’
+
4
14
o' o f‘
% Experimental Value
. o of CHF
Error based on constant .%77 <
- inlet conditions {- ‘., g a
. Zy Error based on constant
CHF = —> . ; Ay
W pred’ AHin ct , ... exit conditions -
. ' e, .
= —> o - -
> CHE | aqrXc = Ct / ..
* Line of Energy ‘

Balance

-
L2
-
-
R P

L \
AHin xc,pred xc,expt
Hfg

DRYOUT QUA%ITY

*Energy balance is calculated from the following equation
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Error Based on Constant Exit and Inlet Conditions
(Horizontal High Flow).
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Figure 41b. Error Based on Constant Exit and Inlet Conditions
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Figure 42. Comparison of Predicted and Experimental
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Appendix A
CHF DATA BANK

Data for CHF in horizontal tubes were obtained from Merilo (1977}, Merilo and Ahmad
{1979), Robertson (1973), Becker (1971), Leontiev et al. (1981), Lis and Strickland
{1970}, Kohler and Hein (1986) Wang and Su (1980), Rounthwaite (1968) and Ishigpi
et al. (1970a). Most CHF data for vertical tubes were taken from the tab ok-
up method (Groeneveld et al., 1986a) and whenever possible, cxperimcnfat;;crc
recorded. The data index for CHF,,, is 1 for experimental data a.n:ljjj r value taken

from table look-up method. Table A-1 shows the data bank tabulated into groups

according to fluids {water or Freon-12), sources of experiments and heated length..

Within cach group, the data are arranged into columns of mass flux (G, kg.m=%.s7"),
critical quality (X..), pressure (P, M Pa), tube di&meter-(D,m), CHEF}yor (AW.m™?),
CHF,., (kW.m™?) and data index. The quantities tabulated are explained below:

1) Ly/D Heated length over tube diameter ratio
2) G mass flux (kg.m~2.s71)

3) X, Quality at critical heat flux

4P Pressure (M Pa)

5) D Tube diameter (m)

6) CHE,,. critical heat flux for horizontal tube

flow obtained from experiment (kW.m™%)

7) CHEF,,, critical heat flux for vertical flow (AW.m=?)
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SYCHFR critical heat fux ratio, CHE,, /JCHF,..
91 data index for CHF,,,
1l—experimental

2—table look-up method

Some of the horizontal CHF data were much greater than the corresponding ver-
tical CHF data. This is not likely to be correct from the consideration of plysical
mechamsms involved in horizontal CHF. The discrepancies could be <luvltu experi
mental uncertainties or the inaccuracies in predicting the vertical CHF's for certain
flow conditions.. Those data for which CHFR > 1.3 were screened beeause they are

not considered to be correct.

&
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G
(hg.m=2.5-1)

680.
680.
680.
680.
680.
680.
680.
680.
1000.
1000.
1000.
1000.
1000.
1000,
1000,
1360.
1360.
1360.
1360.
1360.
1360.
1360.
1360.
1360. 5

Xer

0.1760
0. 1900
0.2000
0.2500
0.3000
0.3500
0.4000
0.4500
0.2000
0.2100
0.2210
0.2500
0.2750
0.3000
0.3500
0.1600
0.1750
0..2000
0.2250
0.2500
0.2750
0.3000
0.3250
0.3500

in Horizontal Flow

Source: Robertson (1973)

P
(MPa)

6.8900
6.8900
6.8900
6.8900
6.8900
6.8900
6.8900
6.8900
6.8900
6.8900
6.8900
6.8900
6.8900
6.8900
6.8900

- 6.8900

6.8900
6.8900
6.8900
6.8900
6.8900
6.8900
6.8900
6.8900

Ly/D = 160

D
{m)

0.01900
0.01900
0.01900
0.01900
0.01900
0.01900
0.01900
0.01900
0.01900
0.01900
0.01900
0.01900
0.01900
0.01900
0.01900
0.01900
0.01900
0.01900
0.01900
0.01900
0.01900
0.01900
0.01900
0.01900
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CH Fror

(kW.m2) (kW.m~2)

1129,
807.
746.
654.
651.
667.
701.
718.

1026.
91,
930.

1009.

1043.

1026.

1002.

1303.

1238.

1173,

1129,

1119.

1061.

1026.
958.
855.

CHFyer

3311
3120.
2961.
2887.
2465.
2285.
2106.
1979.
2678.
2650.
2619.
2536.
2529.
2521.
2396.
2910.
2833.
2684.
2607.
2530.
2430.
2329.
2205.
2081.

CHFR

0.34098
0.25865
0.25194
0.23692
0.26410
0.29190
0.33286
0.36281
0.38312
0.36264
0.35510
0.39787
0.41242
0.40698
0.41820
0.44777
0.43699
0.43703
0.43306
0.44229
0.43663
0.44053
0.43447
0.41086

!
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G
(kg.m-2.5°1)
680.

680.
680.
680.
680.
680.
680.
680.
680.
680.
680.
1000.
1000.
1000.
1000.
1000.

1360.
1360.
1360.
1360.
1360.
1360.
1360.
1360.
1360.
1360.
1360.

680

Xer

0.4000
0.4230

0.4500
0.4750
0.5000
0.5500
0.2250
0.2500
0.3000
0.3250
0.3500
0.3750
0.2380
0.2500
0.2750
0.3000
0.3500

0.2250
0.2500
0.2750
0.3000
0.3250
0.3500
0.3750
0.4000
0.4250
0.4500
0.4750

Table A-1. (Cont’d)

. Fluid: Water

Sou;-ce.' Robertson (1973)

P
{MFPa)
3.4000
3.4000
3.4000
3.4000
3.4000
3.4000
5.2000
3.2000
3.2000
5.2000
5.2000
5.2000
5.2000
5.2000
5.2000
5.2000

.5.2000

6.8900
6.8900
6.8900
6.8900
6.8900
6.8900
6.8900
6.8900
6.8900
6.8900
6.8900
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Ly/D = [60)
D CHFhor CHFyer
(m)  (AW.m=2) (kW.m=2)
0.01900  1386. 3605,
0.01900 1357, 3370,
0.01900  1300. 3135,
0.01900  1262. 2900,
0.01900 1225, 2670,
0.01900 1105, 2437,
0.01900 1225, 3214,
0.01900 1122, 3181,
0.01900 1009,  2896.
0.01900 975,  2823.
0.01900 24, 2749,
0.01900 907.  2676.
0.01900  1368. 2989,
0.01900 1266.  2965.
0.01900 1129. 2939,
0.01900 1112 2913,
0.01900 1177. 2820
Li/D = 239
0.01270 1471, 2942
001270  1420. 2874,
0.01270  1351.  2805.
0.01270  1283.  2709.
0.01270 1197, 2641,
0.01270  1129. 2504,
0.01270  1078. 2429,
0.0127¢ 1009, 2291,
0.01270 9i7. 2172
0.01270 855. 2053.
0.01270 766.  [950.

CHFR

0.38447 *
0.40089
0.41467
0.43517
0.45880
0.45343
0.38115
0.35272
0.34841
(.34538
0.33612
0.33894
0.45768
0.42698
0.38414
0.38174
0.41738

0.50000
0.49408
0.48164
0.47361
0.45324
0.45088
0.44380
0.44042
0.42219
0.41646
0.39282
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¢
thg.m-2.5-1)

2000,
2000,
2000,
2000,
2000
2000.
1000,
1000,
1000.
1000,
1000,
2000.
2000.
2000.
2000.
2000.
2000.
2000.
2000.
2000,
2000.
2000.
2000.

("Cr

P
{MPa)

0.0660 " 13.7300

0. 1000
0.1100
0.2100
0.2300
0.2500
0.2060
0.3100
(0.4100
0.5200
0.5400
0.1260
0.1780
0.2000
0.2110
0.3000
0.0330
0. 1000
0.1520
0.1630
0.1850
0.2350
0.2760

13.7300
13.7300
13.7300
13.7300
13.7300
6.8600
6.8600
6.8600
6.8600
6.8600
6.8600
6.8600
6.8600
6.8600
6.8600
9.8100

9.8100 .

9.8100
9.8100
9.8100
9.8100
9.8100

Table A-1 (Continue)
Fluid: Water
Source: Leontiev et al. (1981)

Ly/D =75
D CHFpor CHFyer
(m)  (kW.m2) (kW .m2)
0.00600  2400.  2530.
0.00600  1900.  2150.
0.00600  1950.  2090.
0.00600  1100. 1210.
0.00600 1150,  1160.
0.00600 800, 881.
0.00600  4150.  44Q0.
0.00600 ~ 3600,  3850.
0.00600  2900. 3250.
0.00600  2050.  2640.
0.00600  2100.  2420.
0.00600  4450.  3905.
0.00600  3870. 3622
0.00600  3163. 3575.
0.00600  2900. 3510.
0.00600  2207.. 2737.
0.00600  4400., 4050.
0.00600 3696. 3111
0.00600  3250.  2456.
0.00600  2870.  2362.
0.00600  2543.  2i76.
0.00600  2000.  1858.
0.00600  1380. 1598,

154

CHFR

0.94862
0.88372
0.93301
0.90909
0.99138
0.90806
0.94318
0.93506
0.8923]
0.77652
0.86777
1.13956
1.06847
0.88476
0.82621
0.80636
1.08642
].18804
1.3232
1.21507
1.16866
1.07643
0.86358
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G

fkg'.m‘-).s‘ Iy
238.
248.
358.
365.
477.
601.
610.
738.
772,
980.

1010.
1454.
1513.
1518.
1557.
1590.

216.

212,

226.
233.
234.
246.
247.
354.
J65.
473.
476.
494.
597.

Xer

0.0530

0.0320

0.7 150
0.7420
0.6470
0.5600
0.5510
0.4910
0.4720
0.4130
0.4350
0.3130
0.3050
0.3080
0.2970
0.2950
0.0360
0.1500
0.1240
0.0410
0.0390
0.1690
0.0610
0.7520
0.7380
0.6730
0.6790
0.6660
0.5930

P
{MPa)

3.0000
3.0000
3.0000
3.0000
3.0000
3.0000
3.0000
3.0000
3.0000
3.0000
3.0000
2.9400
3.1400
2.8700
3.1400
2.8600
1.9500
2.1100

{ 1.9600

' 2.0600
1.9100
2.0600
1.9900
2.1400
2.0400
2.0400
1.9900
9400
1.9300

Table A-1 (Continue)
Fluid: Water
Source: Becker (1971)

Ly/D = 96.5

D CHFpor CHFyer

(m)  (AW.m=2) (kW .m2)
0.00995  1064. . 6275.
0.00995  1083.. 6339.
0.00995 1893, 2487
0.00995  1920.  2190.
0.00995 - 2283.  3108.
0.00995  2562. 3370,
0.00995 . 2586. 3394,
0.00995 2992, 3452.
0.00995  2992. 3681
0.00995  3381. 3809,
0.00995  3506.  3566.
0.00995  4074. 4127,
0.00995  4074. 1090,
0.00995  4058. 4102,
0.00995  4136. 14121,
0.00995 4136. 4157,
0.00995  757. 6138
0.00995  1071.  5609.
0.00995  1072. 5726,
0.00995 1014. 6171
0.00995  991. 6112,
0.00995  1366.  5468.
0.00995  1341.  6098.
0.00995  1884. 1941
0.00995  1947.  2070.
0.00995  2279. 2651
0.00995  2302. 2554,
0.00995 - 2355. 2616,
0.00995  2563.  2939.

155

CHFR

0.16956
0.17085
0.76116
(0.87671
0.73456
0.76024
0.76193
0.86674
0.81282
().88763
0.98317
(0.987 16
0.99609
0.99171
1.00364
0.99495
0.12333
0.19094
0.18722
(.16432
0.16214
().24982
0.21991
0.97063
0.94050
0.85968
0.90133
0.90023
0.87207

f

Z
2

2
2z
2
2

Y
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g
thg.m-2.s-1)

746.
763.
1058.
1072,
1498.
I511.
1544,
1572,
1590,
1742,
161,
183,
187.
197.
188.
198.
202.
252,
268.
371,
394,
1157
1168.
1175,
177,
1208.

Xer

0.5270
0.5010
0.3970
0.4150
0.3200
0.3190
0.3130
0.3]20
0.3070
0.2770
0.1530

0.1130

0.0800
0.0750
0.2120
0.2100
0.1770
0.2100
0.1940
0.6970
0.6660
0.3760
0.3710
0.3700
0.3850
0.3700

i

4

p
(MPa)
1.9100
2.0700
1.9900
1.9700
2.0600
2.1100
2.1100
1.9600
1.9300
1.9400
0.9300
0.9900
1.0400
1.0300
1.0800
0.9500
1.0500
1.1300
0.9600
1.1500
1.1000
1.0800
1.0800
09800

- 1.1000

1.1000

I

able A-1 (Continue) |
Fluid: Water

-

Source: Becker (1971}

Ly/D = 96.5

D CHFpor CHFyer

fm)  (kAW.m=2) (kW.m2)
0.00995  2863.  2940.
- 0.00995  2909.  3298.
0.00995 - 3418.  3898.
0.00995  3484.  3594.
0.00995  3976.  4019.
0.00995  4004.  4015.
0.00995  4071.  4060.
0.00995  4031.  4042.
0.00995  4086. 4089,
0.00995 4072.  4110.
0.00995  753. 3999,
0.00995  788.  4856.
0.00995  750. 5134.
0.00995  783. 5282.
0.00995  1024.  4566.
0.00995  1048. 4272,
0.00995  1023.  4898.
0.00995  1364. 4735,
0.00995  1360. 4463
0.00995  1854. 1534,
0.00995  1904. 1723
0.00995 3320, 2923,
0.00995  3358.  2966.
0.00995 3205, 2747,
0.00995  3377. 2828
3377.  2960.

0.00995

156

CHFR

0.97381
0.68205
0.87686
0.96939
0.98930
0.99726
1.00271
0.99728
0.99927
0.99075
0.18830
0.16227
0.14608
0.14824
0.22427
0.24532
0.20886
0.28807
0.30473
1.20860

- 1.10505

1.13582
1.13216
1.19949
1.19413
1.14088

!
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G Xer
(kg.m'z.s.‘ {)
480. " 0.4710
495, 0.4680
706. 0.3820
729. 0.3760
738. 0.3700
943. 0.3390
966. 0.3450
1363. 0.2680
1372, 0.2660
1420, 0.2660
350. 0.0780
362, 0.0690
475. 0.5100
482, 0.5180
507. 0.4920
723, 0.4080
741. 0.3970
752, 0.3930
966.  0.3630
977. 0.3610
994. 0.3570
1020, 0.3570
1533, 0.2630
1581. 0.2540
1662. 0.2400
795, 0.3930
816. 0.3860

P
{MPa)
3.0400
2.9400
3.0900
2.9700
3.0400
3.0900
2.8900
2.8900
3.0400
2.8900
1.9600
1.9600
1.9600
1.9100
1.9600
1.8800
2.0900
1.9300
1.9600
2.0900
1.9800
1.9600
2.0600
1.9600
2.1100
1.0500
1.1300

Table A-1 (€ontinue)

Fluid: Water

Source: Becker (1971)

Ly/D = 744

D CHFpyr CHFyer
(m)  (AW.m2) (RW.m2)
0.01290 2411, 3963..
0.01290  2501. 4017
0.01290 2919, 4444,
0.01290  2959.  4536.
0.01290  2980. 4546.
0.01290 3442 231
0.01290 3515, 4194.
0.01290  3963. 4179
0.01290 3977. 4148.
0.01290  4019.  4078.
0.01290  2055. 5593.
0.01290 2034, 5596.
0.01290 2463, 3741.
0.01290 2440,  3669.
0.01290 2488.  3835.
0.01290 2941,  4207.
0.01290  2970. 4444,
0.01290  3004. 4372
0.01290 3383 4136.
0.01290  3488. 4166.
0.01290 3482, 4793,
0.01290  3488. 4129
0.01290  3969.  3952.
0.01290  3969. 3942
0.01290 4023. 3923
0.01290 2913.  3308.
0.01290 2976. 3372

157

CHER

0.60838
).62260)
(.63684

0.65234

0.65552
0.81352
0.83810
0.94831
0.95878

" 0.98553

0.36742
0).36347
0.65838
0.66503
0.64876
(1.69907
0.66832

- 0.68710

0.81794
0.83725
0.83043
0.84476
1.00430
1.00685
1.02549
(.88059
0.88256

{

~
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G
thgm2.s1)
325.
329.
331
342,
374.
J&7.
J10.
317,
318.

228.
239.
270.

Xer

-0.2790
-0.2790

-0.2830

-(1..2900
-0.0210
-0.0210
-0.2240
-0.2180
-0.2120

-0.1210
-0.0520
-0.0830

).

Table A-1 (Continue)

Fluid: Water (Subcsoled Data)

P
(M Pa)

2.9400
3.0400
2.9400
3.0400
3.1400
3.1200
2.0600

“2.1100

1.9600

3.0800

- 2.9400

3.0400

Source: Becker (1971)

Ly/D = 74.4

D CHFpor CHFyer

(m)  (kW.m2) (kW.m-2)
0.01290  1499.  6687.
0.01290  1526.  6678.
0.01290  1536.  6704.
0.01290 1559. 6718.
00120 06 6242
001290  2004. 6285
00120  1477.  6495.
0.01290  1561.  6479.
0.01290 . 1535.  6446.

Ly/D = 96.5
0.00995  758.  6697.
0.00995  1021. 6659,
0.00995  999.  6755.

158

CHFER

0.22418

0.22851
0.2291]
0.23205
0.32248

0.31887

0.22740
0.24093
0.23812

0.11318
0.15332
0214789

!
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)
(kg.m2.5-1)
950.
950.
1360.
1360.
1360,
950.
950.

950.
950.
950.
1360.
1360.
3800.
3800.
3800.
3800.
950.
950.
3800.
3800.
3800.
5700.

Xy

0.4000
0.4500
0.2500
0.3000
0.3500
0.3000
0.3500

0.5000
0.5500
0.6000
0.4000
0.4500
0.2000

- 0.22000

0.2400
0.2600
0.4000
0.4500
0.1200
0.1500
0.1700
0.1000

bl

P

{MPa)

6.8900
6.8900
6.8900
6.8900
6.5900
9.6500
9.6500

6.8900
6.8900
6.8900
6.8900
6.8900
6.8900
6.8900
6.8900
6.8900
9.6500
9.6500
9.6500
9.6500
9.6500
9.6500

2

Table A-1 (Continue)
F !uic'i: Water
Source: Merilo (1977)

“Lp/D = 1940

D CHFpor CHFyyr

(m)  (AW.m2) (AW me2)
C0.01260 1080, 2588

0.01260 1004 2347,
0.01260  1370. 2901
L 0.01260 1190, 2671,
0.01260  1070. 2387
0.01260  §95. 1778,
0.01260  803.  1488.

Ly/D = 290
0.01260 928 2106
0.01260 853, 1878.
0.01260  777. 1650
0.01260  970. 2103,
0.01260  8§70. 1831,
0.01260 2020. 2158,
0.01260  1980.  2080.
0.01260  1880.  2000.
0.01260  1770. 1920,
0.01260  724. 1198,
8.01260  671. 1069,
0.01260 1824.  1838.
0.01260  1618.  1750.
0.01260  1474. 1650,
0.01260  1960. 1965,
D

CHFR

(L41731
(142778
(147225
(.44553
(). 44826
(0.50337

(1.53965 .

0.44063

0.4542{
047091
T

0.46125
0.47515
0.93605
0.95192
0.94000
0.92187
0.60434
0.62769
0.99238
0.92457
0.89333
0.99746

N,

{

~
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G
‘ (kgm 25 1)

950.
950).
1360.
3800,
3800,
950.

. 950,
950."
3800.
3800.
5700.
5700.

!
Xer

0.6500
0.7000
0.5000
0.2800
.3000
0.5000
0.5500
0.6000
(0.2000
(}).2500
0.1500
0.2000

P
{MPa)
6.8900
6.8900
6.8900
6.8900
6.8900
9.6500

9.6500 -

9.6500
9.6500
9.6500
9.6500
9.6500

Table A-1 (Continue)
Fluid: Water
Source: Merilo (1977)

Ly/D = 387.0

D CHFpor CHFyer CHFR

(m) (kW 2) (hW.m2) -
0.01260  701. 1210. 0.57934
0.01260  625.  882. 0.70862
0.01260 - 715. 1574.  0.45426
0.01260 1620. 1816.  0.89207
0.01260 1375, 1697. 0.81025
0.01260 632.  1150. 0.54957
0.01260 374, 789.. 0.72750
0.01260 538. 550,  0.97818
0.01260  1395. § 1600. 0.87187
0.01260  1158.  1500. 0.77200
0.01260 1842, I850. 0.99568
0.01260 [782. 1785. (.99832

160 ,
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)
(/(g.m“?..\" /)

500.
500.
500.
500.
500.
500.
500.
500.
1000.
1000.
1000.
1000.
1000.
1000.
2500
2500.
2500.
2500.

-

Xer

0.0500
0.1000
0.1300
3.2000
0.2500
0.3000
0.3500
0.4000
0.1500
0.2000
0.2500
0.3000
0.3500
0.4000
0.2750
0.3000
0.3250
0.3500

P

(M Pa)
15.0000
15.0000
15.0000

15.0000

15.0000
15.0000
15.0000
15.0000
15.0000
15.0000
15.0000
15.0000
15.0000
15.0000
15.38({)
15.0000

15.0000
15.0600

Table A-1 (Continue)

Fluid: Water
Source: Kohler and Hein (1986)

f
Lp/D = 4880

D
(m)
0.01250
0.01250
0.01250
0.01250
0.01250
0.01250
0.01250
0.01250
0.01250
0.01250
< 0.01250
0.01250
0.01250
0.01250
0.01250
0.01250
0.01250
0.01250

161

CHFEpor CHF yor
(kW .m2) (KW .m=2)
283, 1810,
240, 1810,
205, 1767,
195, 1413,
182, 1365,
169. 1120,
135, 1032,
153, 9435,
385. 1263,
J46.  1059.
31 955,
277, 80{.
248. 584,
224. 366,
569. 3592,
446& 501,
380. 454,
" 339. 408.

~

CHFR

(115605
0.13260
(1.1160)2
0. 13800
0.13333
(.15089
0.15019
0.16402
0.30483

" 0.32672

(0.32565
(}.34360
0.42466
0.61202
0.96115
0.89022
0.83700
0.83088

{

mmrur\,t\,r\,rgr\,r{,rvpvlun‘,:\,ruru:utv



G
(kg.m'-'?..s" /)
500,
750.
1000.
1500
S0,
750).

1000.
1500.
2500.
1500.
1500
1500.
1500.
1500. /

Xer

0). 1400
0. 1400
0.1400
0.1400
().3440
0.3440
0.3440
0.3440
0.3440

0.1000

0.2000
0.3000
0.4000
0.3500
0.4250
0.2500
0.3000
0.3500
0.4000
0.4500
0.2000
0.3000
0.4000
0.5000
0.6000
0:2000

P
{MPa)
10.0000
10.0000

Table A-1 (Continue)
Fluid: Water
Source: Kohler and Hein (1986)

Ly/D = 251.0

CHF@I.“' C%@v;,, CHFR !

D

{m)
0.02430
0.02430

10.0 0.02430
10.0000\_ 0.02430

10.0000
10.0000
10.0000
10.0000
10.0000
15.0000
15.0000
15.0000

*15.0000

15.0000
15.0000
15.0000
15.0000
15.0000
15.0000
15.0000
10.0000
10.0000
10.0000
10.0000
10.0000
10.0000

L4

0.02430
0.02430
0.02430
0.02430
0.02430
0.02430
0.024

0.024}3
0.02430
0.02430
0.02430
0.02430
0.02430
0.02430
0.02430
0.02430
0.02430
0.02430
0.02430
0.02430
0.02430
0.02430

e

(kW .m=2) (kW .m2)

332, 2649.  0.12533
436, 2561.  0.17025
2. 2518 . 0.21009
600.  2216. 0.27076
209.  1817.  0.11502
440. 1537, 0.28627
485.\515?9/01 0.40756
575.( 953.\, 0.58494
592. \ 735. \0.80544
477. /12297 0.38812
a6, \ 819 0.54457
422, 51 0.82583
323 265, 1.21887
405. \386.  1.04922
200. 1243, 0.82305
600.  630. 0.95238
500.  462.  1.08225
400. 376, 106383
300 290.  1.03448
223, 246.  0.90650
444.  2278.  0.1949]
440.  1695.  0.25959
430. 1336, 0.32186
398.  1082.7 0.36784
331. ( 879. 0.37656
43, Y616, 0.39448

o bo b

b
'
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\Table A-1 (Continue)
Fluid: Water
Source: Kohler and Hein (1986)

Lp/D = 2510
G Xer P D CHFjhor CHFyor CHFR !
(kg.m2.571) (MPa) (m)  (AW.m2) (AW

1000. 0.1000  10.0000 0.02430 523, 2680. 0.195]5
1000. 0.2000  10.0000 0.02430 25, 244, 0.23396
1000. 0.3000  10.0000 0.02430  500. 1464. 0.34153
1000. 0.4000  10.0000  0.02430 458. 842, 0.54394
1000. 0.5000  10.0000 0.02430 412. 643, 0.64075
1000. 0.6000  10.0000 0.02430 350. 472, 0.74153
1000. 0.7000  10.0000 0.02430 295, 314, 0.81210
1500. 0.2000  10.0000 0.02430  569. 1749. 0.32533
1500. 0.3000° 10.0000 0.02430 538, 1213, 0.44353

—
[N NS N N PR BUR N

. bty

LN}

(' 1500. 0.4000  10.0000 0.02430  500. 691.  .72359 2

. 1500. 0.5000  10.0000 0.02430 288. 437.  0.65904 2
1500. 0.6000  10.0000 0.02430 210. J0{.  0.69767
2500. 0.2500  20.0000 0.02430  531. 856,  0.62033 2
2500.° 0.3000  20.0000 0.02430 446. 712, 0.62640 2
2500. 0.3500  20.0000 0.02430 400. 628. 0.63694 Z
2500. 0.4000. 208000  0.02430 294. 3. 0.54144 2
1000. 0.4500  10.0000  0.02430 459. 806.  0.56948 2
1000. 0.5000  10.0000 0.02430  354. 698.  0.50716 2z
1000. 0.5500  10.0000 0.02430 280. 605. 046281 2
1000. 0.6000  10.0000 0.02430 212. 513, 041326 2
1000. 0.6500  10.0000 0.02430 175. 427.  0.40984 2
1000. 0.7000  10.0000 0.02430 150. 340. 0.44118 2

163



G
(kg.m2.571)
94.

141

188,

188.

155,

135,

155,

Aer

0.0400 ,

0.0700
.1300
0.9400
0.9300
0.9380

0.9550

0).9850
0.8900

0.9150 -

.9250
1.9500

P
{MPa)
1.4500
1.4800
1.4800
1.4500
2.8600
2.8600
2.8600
2.8600
2.8600
2.8600
2.8600
2.8600

Table A-1 (Continue)

Fluid: Water
Source: Rounthwaite (1968)

HFR

0.01811
0.01564
0.01412
0.17421
0.14216
0.12999
0.13247
0.26600
0.08806
0.08938
0.07492

Ly/D = 280.0
D CHFhor CHFyer
fm) \ (kW.m=2) (kW .m2)

0.04130 63. 3483.
0.04130 63. 4035.
0.04130 63. 4470.
0.04130 66. 378.
0.04130 63. 440,
0.04130 57 390.
0.04130 37. 283.
0.04130 25, o4,
0.04130 63, 711.
0.04130 31 567.
0.04130 37. 501.
0.04130 25. 334.

164

0.07522
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(kg.m‘-g.s'!)
90.
195,
300.
480.
480.
590.
450.
380.
700.
940.

Xer

0.0100
0.1000
0.1000
0.2000
0.0950
0.2100
0.0700
0.0900
0.1500
0.0400

P

(MPa)
1.5000
1.5000
3.3500
3.5500
5.2500
3.2500
6.6500
6.6500
6.6500
3.5500

Table A-1 (Continue)

Fluid: Water
Source: Lis and Strickland (1970)

Li/D

D

{m)
0.04100p
-0.04100
L 0.04100
0.04100
0.04100
0.04100
0.04100
0.04100
0.04100
0.04100

165

=732

CHFjpor

(KW .m-2)
63.
63.
63.
63.
63.
63.
63.
63.
63.
63.

CHFyer
(kW .m~2)
3746.
4703.
5090.
4390.
4413.
3544.
43935,
4343,
3961,
5299,

CHFR

.01682
0.01340
0.01238
0.01435
0.01428
0.01778
0.01433
0.01450
0.01590
0.01189

/
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G

Thg.m2.s-1)
490.
490.
490.
490,
490.
490,
490.
490.
490.
490.
610.
610.
610.
610.
610.
610.
610.
610.
610.
840.
840.
840.
840.
840.

1100.
1100,
1100.

Ner

0.8500
0.8900
(.9200
0.9400
0.9500
0.9600
0.9650
0.9700
0.9750
0.9800
0.8000
0.8400
0.8800
0.9300
0.9500
0.9600
0.9700
0.9750
0.9800
0.7300
0.7600
0.7900
0.8300
0.8600
0.6500
0.7100
0.7600

P

{MPa)

4.9000
4.9000
4.9000
4.9000
4.9000
4.9000
4.9000
4.9000
4.9000
4.9000
4.9000
4.9000

. 4.9000

4.9000
4.9000
4.9000
4.9000
4.9000
4.9000
4.9000
4.9000
4.9000
4.9000
4.9000
4.9000
4.9000
4.9000

Table A-1 (Continue)

Fluid: Water
Source: Wang and Su (1980)

Ly/D = 167.0

D CHEpor  CHFyer

(m;g, (kW.m2)  (kW.m"2)
0.01200 700. 1268.
0.01200 600. 1059,
0.01200 500. 805,
0.01200 400. 604,
0.01200 350, 5053,
0.01200 300. 402.
0.01200 250. 352.
0.01200 200. 302.
0.01200 ]5? 252,
0.01200 100. 201,
0.01200 700. 1501.
0.01200 600, 1294.
0.01200 500. 1087. .
0.01200 400. 688.
0.01200 350. 492.
0.01200 J300. 393.
0.01200 250. 295.
0.01200 200. 246.
0.01200 150, 197,
0.01200 700. 1783.
0.01200 600, 1687.
0.01200 500. 1591,
0.01200 400. 1412.
0.01200 300. 1265.
0.01200 600, 1874.
0.01200 460. 1690.
0.01200 370. 1672.

166

CHFR

0.55210
0.56681
0.62113
0.66254
0.69566
0.74535

0.70986

0.66254
0.59628
0.49690
0.46623
0.46363
0.46005
0.58119
0.71195
0.76281
0.84757
0.81366
0.76281
0.39251
0.35557
0.31418
0.28322
0.23711

0.32019

0.27224
0.22135

K
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NS

G
(kgn-2.51)

247,
242,
240.
239
238.
238.
199.
196.
91
191.
191
149.
149
148,
147,
146.
144,
143
143.
143.
143.
143.
143.
143.

99.

99.

99.

98.

Xer

0.597
0.706
0.748
0.736
0.718
0.723
0.592
0.662
0.761
0.793
0.762
0.575
0.678
0.687
0.725
0.762
0.788
0.814
0.553
0.729
0.807
0.796

10.847

0.775
0.816
0.853
0.795
0.857

Source: Ishigai et al. (1970a)

P
{MPa)

0.12666
0.12666
0.12666
(0.12666
0.12666
0.12666
0.12666
0.12666
0.12666
0.12666
0.12666
0.12666
0.12666
0.12666
0.12666
0.12666
0.12666
0.12666
0.12666
0.12666
0.12666
0.12666
0.12666

0.12666 .

0.12666
0.12666
0.12666
0.12666

Table A-1 (Continue)
Fluid: Water

Li/D = 93.5

D CHFor

{m)} (kW.m=2)
001070 1047,
0.01070 1082,
0.01070 1105.
0.01070 1070,
0.01070 954.
001070 9/9. .
0.01070 872,
0.01070 872,
0.01070 884.
0.01070 837.
0.01070 756.
0.01070 640.
0.01070 721.
0.01070 698.
0.01070 709.
0.01070 709.
0.01070 686.
0.01070 698.
0.01070 465.
0.01070 581.
0.01070 640.
0.01070 605.
0.01070 640;
0.01070 570}
0.01070 570.
0.01070 581,
0.01070 547,
0.01070 . 558.

167

CHFV{T
(KW =)

1107,
893,
783,
813
861,
846.

1022,
937.
754.
684.
750
935.
839.
826.
758.
676.
619.
363.
928.
743.
579.
600.
499.
644.
494.
434.
330.
427.

CHFR

0.943591
1.21111
141147
1.31576
£.10801
1085359
0.85329
0.93121
117300
1.22399
1.00831
(0.68395
(0.85971
0).84438
0.93595
1.04963
1.10875
1.23973
0.50106
0.78308
110568
100732
1.28185
).88454
1.15389
1.34046
1.03097
1.30879
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0
(hgm2.s Iy

96.
96.
95.
93,
95.
93,

397
380,
380.
299.
288.
285,
285,
g
191,
190.
190.
J100.
95.
95.
95.

798.
768.
738.
735,
398.

KXer

0.970
0.984
0.458
0.895
0.981
0).364
0.955

0.256
0.371

0.504

0.279
0.594
0.370
0.487
0.373
0.677
0.397
0.487
0.588
0.980
0.567
0.502

0.549
0.626
0.566
0.542
0.537

Table A-1 (Continue)

Source: Ishigai et al. (1970a)

P
{MPa)

0.12666° ™\ 0.01070 570,
0.01070 570.
0.01070 256.

/

0.12666
0.12666
0.12666
0.12666
0).12666
0.12666

(0.14692
0.14692
0.14692
0.14692
0.14692
0.14692
0.14692
0.14692
0.14692
0.14692
0.14692
0.14692
0.14692
0.14692
0.14692

0.45596
0.45596
0.45596
0.45596
0.45596

Fluid: Water

D CHFpor

CHF yer

{m) (kW.m=2)  (kW.m 2}

0.01079 477.
0.01070 523.
0.01070 442.

001070 488.

0.00995 1746.
0.00995 1396.
0.00995 1744.
0.00995 1454,
0.00995 1977.
0.00995 1105.
0.00995 1221
0.00995 1105.
0.00995 1454.

0.00995 814,
0.00995 814.
0.00995 814,
0.00995  1047.
0.00995 581,
0.00995 407.
Ly/D = 1210 *
0.00620 2791,
0.00620  2442.
0.00620 1861,
0.00620  1744.
0.00620  2035.

168

107.

39.
868.
366.

67.
412,
160.

1477.
-1364.
1275.
1388.
I]2j(bﬂ
1284
1218.
1114.
1007.
1097.
1067.
860.
82.
875.
; 878.

831.
694.
869.
933.
1378.

CHFR

5.32992
9.71968
0.29477
1.30409
7.81639
1.07382
3.04612

1.18222
1.02329
1.36866
1.04708
1.75341
0.86156

1.00266 -

0.99207
1.44331
0.74187
0.76318
0.92495

1281772

0.66461
0.46342

3.35937
3.51942

. 2.14128

1.87000
1.47686
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o
(kg.m-2.s-1)
376.
354.
351
398.
382,
368
367.

796.
787.
779.
766.
753,
742,
733.
596.
587.
381.
575.
363.
355.
350.
393,
390.
385.
382.
379.
374.
368.

Xer

0.684
0.590
0.588
0.760
0.813
0.788
0.598

0.333
0.419
0.486
0.528
0.545
0.544
0.480

- 0.368

0.409
0.512
0.652
0.665
0.634
0.558
0.744
0.606
0.733
0.785
0.708
0.748
0.763

Source: Ishigai et al. (1970a)

P
{MPa)
0.45596
0.45596
0.45596
0.45596

" 0.45596

0.45596
0.45596

0.47623
0.47623
0.47623
0.47623
0.47623
0.47623

© 0.47623

0.47623
0.47623
0.47623
0.47623
0.47623
0.47623
0.47623
0.47623
0.47623
0.47623
0.47623
0.47623
0.47623
0.47623

Table A-1 (Continue)
Fluid: Water

Ly/D = 1210
D CH Fror
(m) (kY.

“0.00620 1977,

0.00620 1454,

0.00620 139,

0.00620 1744,

0.00620  I512.

0.00620 1279,

0.00620 930,

Ly/D = 8§9.6

0.00560 2675,

0.00560 2791,

0.00560 2907,

0.00560 2849,

0.00560 2675,

0.00560 2500

0.00560 1977,

0.00560 2093,

0.00560 1977

0.00560  2210.

0.00560 2559,
0.00560 2384.
-0.00560 2152.
0.00560 1686.
0.00560 2152.
0.00560 - 1744.

0.00560 1999,
0.00560 1977.
0.00560 1744,
0.00560 1744,
0.00560  1686.

v

=169

CHFor

(AW .m=4)
591,
1195,
JOS.
499,
398.
453,
1573.

1865.
1426,
1090).
961.
932,
963.
1235.
2290.
2200.
1684.
825.
752.
959.
1487,
589.
, 1534.
637.
479.
723.
,ﬁg5.
56;.

CHEFR

RIRARAYS
1.21643
115519
3.49825
3.79449
2.8260)2
059131

143420
1.95777
2.66753
2.96529
287114
2.59725
1.60143
0.91427
0.89888
1.31246
310113

307145
2.24439

1.13376
3.65463
1.13730
3.01159
4.12386
2.41140
2.88567
2.98251

/

~

3

-~

ty bt b vy

to

N R L N N R I N LAY L I o)

[ENPR NP NP NP NPT PR T N

AV



ag
(/(g.m'2.s' f)
367,
J67.
J67.
367,
794,
781.
768.
735.
745.
735.
396.
382.
573.
361.
354.
551.
397.
390.
381
374.
369.
367.

797.
767.
729.
597.
576.
547.

Xer

0.814
0.658

0636

0.673
0.224
0.377
0.475
0.516
0.538
0.446
0.303
0.456
0.556

0.6

- 0.363
0.478

0.269
0.603
0.707
0.777
0.723
0.568
3
0.518
0.641
0.702
0.632
0712
0.744

Source: Ishigai et al. (1970a)

P
B1P2)
0.47623
0.47623
0.47623
(0.47623
(.45596
0.45596
0.45596
0.45596
0.45596
0.45596
0.43596
0.45596
0.45596
0.45596
0.45596
0.45596
0.45596
0.45596
0.45596
0.45596
0.45596
0.45596

0.70927
"0.70927
,0.70927
“0.70927

0.70927

0.70927

Table A-1 (Continue)
Fluid: Water

Ly/D = 8§9.2

D CHFpor CHFyer

(n) (kW.m=2)  (kW.m2)
0.00560 1744. 444.
0.00560 1396. 1139.
0.00560 1337. 1329.
0.00560-  1396. 1008.
0.00560  3489. 2313,
0.00560  4070. 1596.
0.00560 4361 1114.
0.00560 4303 965.
0.00560  4187. 940.
0.00560 3024 1360.
0.00560  3082. 2419,
0.00560  3373. 1923,
0.00560 36637 1395,
0.00560 36634 1029
0.00560 3140 1403.
0.00560 2384 1937.
0.00560 1919. 2688.
0.00560  2907. 1530.
0.00560  2966. 697.
0.00560  3024.  496.
0.00560  2675. 669.
0.00560 1919. 1835.
Ly/D = 161.0
0.00620 2035 1317.
0.00620  1919. 634.
0.00620 1686. 515.
0.00620 = 1744. 1025.
0.00620 1570. 625.
0.00620 1337. 570.

170

CHFR

3.93206
1.22573
1.00646
1.38511
1.50871
2.55041
3.91529
4.46131
4.45238
2.22268
1.27415
15384
2.62641
3.56097
2.23772
1.23076
0.71388
1.90003
4.25384

' 6.09044

3.99542
1.0459 &

1.54487
3.02864
3.27405
1.70131
251181
2.34748

&
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G

“(fcg.m‘z.s’ 1)

398.
364.
365.

797.
767,
729,

597. .

376.
547,
398.
384.

365.

/35.§\

1347
"o134.
134.
127.
125.
124.

2.

124,
.
9.
%.,
9.
9.

96.

—

-

Xer

0.723
0.902
0.727

0.524
0.606
0.671
0.655
0.712
0.653
0.780
0.854
0.802

0.643
0.445
0.591
0.657
0.613
0.597

) 0.467

0.504
0.649
0.667
0.682
0.582
0.517
0.561
0.660

Table A-1 (Continue)
Fluid: Water

Source: [shigai et al. (1970a)

b

171

-

Ly/D = I61.0 | )
P D~ CHFjy CHFyy CHFR

(MPa) o Am) (AWmt2)  (kWom2)
0.70927 0.00620 1279. 871, 1.46859
0.70927 0.00520 1279. 495, 2.58545
0.70927 0.00620 872. 027.  0).94048

Ly/D = 1210
0.70927 0.00620 2733 1275 214326
0.70927 0.00620 2442, 724/ §3R353
0.70927 0.00620 2152, 6&4{)
0.70927 0.00620  2384. . 893.  2.66994
0.70927 0.00620 2088 625.  3.34908
0.70927 0.00620 1570, 1002.  1.56669
0.70927 0.00620 1803, 641.  2.81200
0.70927 0.00620 . 1628. 539 3.02109
0.70927 0.00620 1279 605.  2.11316

Ly/D = 654 ,
0.11652 0.01530 768. 735, 1.04383
0.11652 0.01530 488. ) 830. 0.58815
0.11652 001530 605/ 795.  0.76093
0.11652 0.01530 640 715 0.89443
0.11652 0.01530 721, 763, 0.94489
0.11652 0.01530 663. 780.  0.85028
0TG5 . (L0150 477. 809.  0.58921
0.11652 0.01530 500. 801. 0.62432
0.11652 0.01580 628. 711, 0.88274
0.11652 0.01530 605. 687.  0.8805]
0.11652 0.01530 570. 617, 0.92396
0.11652 0.01530 465. 737, 0.63146°

- 0.11652 001530 % 395. . 755. "0.52397

0.11652 0.01530 407. 742, 054804 .
0.11652 0.01530 488. . 646..

0.75626
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' ,
Table A-1 (Continue) .
’ Fluid: Water
Source: Ishigai et al. (1970a)

d .

.  Lp/D =654
G Xer P "D CHFjor  CHFyey CHFR
(kg.m=2.571) (MPa) (m) (kW.m=2) (kW.m2)
'98. 0.766 0.11652 0.01530 547, 470.  1.16406
96. 0.714 0.11652 Y.01530 500. 563. 0.88802

172



(hg.m2.571)
1600.
1600.
1600.
1600.
2700.
2700.
2700.
4100.
4100.
4100.
4100
5400.
5400.
5400.
5400.
6800.
6800.
1600.
-1600.

_1600.
2700.
2700.
2700.
4100.
4100.
4100.
4100,
6800.
6800.

Xer

0.3150
0.3000
0.2800
0.2700

0.2300 +
0.2150

0.2250
0.1800
0.1500
0.1300
0.1150
0.1600
0.1050
0.0750
0.0600
0.0750
0.0600
0.2700
0.2600
0.2150
0.2200
0.1750
0.1600
0.1650
0.1100
0.0900
0.0600
0.1950
0.1100

Table A-1 (Continue)

Fluid: Freon-12 .
. N r -

Source: Merilo and Ahmad o 1979)

P
(MPa}
1.0500
1.0500
1,0500

10500

1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.5200
1.5200
£.5200
1.5200
1.5200
1.5200
1.5200

1.5200

1.5200
1.5200
1.5200
1.5200

Lp/D = 1940
D
{m)
0.00530  90.
0.00530,  97.
0.00530 105
0.00530 113,
0.00530  150:
0.00530  I66.
. 0.00530 170
0.00530 163
0.00530  176.
0.00530  190.
0.00530  206.
0.00530  159.
0.00530 186,
0.00530 212,
0.00530  257.
0.00530 211,
0.00530 243
0.00530  85.
0.00530  106.
0.00530 128,
0.00530  120.
0.00530  176.
0.00530 192,
0.00530 142,
0.00530  176.
0.00530  220.
0.00530  266.
0.00530 165,
185.

0.00530

173

CHFhor CHFyer CHFR
(Wmt2) (W .m2)
167,
176.
190.
198.
180.
188.
183,
176.
179.
186.
191.
187.
210.
-239.,
255.
252,
265.
1.
7.
134
115.
131,
137.
132,
158.
177.
217.
7

232,

0.53860
0.55232

. 0.55134

0.57112
0.83202
0.88114
0.92903
0.92543
0.98056
1.02109
1.07845
0.85064

0.88546

0.88729
1.00874
0.83687
0.91633
0.75905
0.90853
0.95223

1.04492

1.34570
1.39969
1.07578
1.11461
1.24285
1.22608

0.81063
0.79615

I
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| G Xer
(kgm2s-ljmi
6800.  0.0750
6800.  0.0460
8100.  0.1100
8100.  0.0740
8100.  0.0750
8100.  0.0600
1360.  0.3333
1360.  0.3900
1360.  0.4500
138, 0.4700
2720, 0.2400
272,  0.2900
1600.  0.3850
1600.  0.3600
1600. 03500
1600.  0.3650
4100. . 0.2600
4100.  0.2400
4100.  0.2000
. H00.  0.1950
5400.  0.1900
5400.  0.1600
5400.  0.1400
5400.  0.1100
- 6800.  0.185
6800.  0.1500
6800.  0.1300
6800.

0.1000

Table A-1 (Continue)
Fluid: Freon-12 ,
Source: Merilo and Ahmad (1979)

.
(MPa)
1.5200
1.5200
1.5200

= 1.5200

1.5200
1.5200

- 1.0500

1.0500

.1.0500

1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500

 1.0500

1,0500
1.0500
1.0500
1.0500
1.0500
1.0500

Lp/D = 194.0

CHFR

0.95751

1.07766

0.80158
0.87788
0.98099
1.12039

0.30067
0.34911
0.43641

0.44960

0.52151
0.587 10
0.55764
0.52993
0.54344
0.61289
0.88191
0.89260
0.87408
0.89420
0.82573
0.83994
0.86102
0.86708
0.81865

- 0.82791

D CHFpor CHFyer

(m)  (kW.m2) (kW.m*2)
0.00530  255.  266.
0.00530  325.  302.
0.00530  215.  268.
0.00530  264.  301.
0.00530  294.  300.
0.00530.  353.  3I5.

Ly/D = 290.0
0.01260 40. . J133.
0.01200  38.\  i09.
0.01260  38. 87.
0.01260 36. 80.
0.01260 68.  130.
0.01260  .61.  104.
9.00530 71, 127
0.00530 ~ 75. 142
0.00530 ~ 80:  147.
0.00530°  85. 139
0.00530 126, 143.
0.00530  138. 155
0.00530  152.  I74.
000530 156,  174.
OMz 184,
0.00530 7. 187.
0.00530  166.  193.
0.00530  180.  208.
0.00530  159.  194.
0.00530  163.  197.
0.00530  170. 210
0.00530  190. 230

174

0.80846
0.82476

I
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G
thg.m2.5°1)
6800.

8100.
8100.
8100.
8100.
1600.
1600.
1600. .
1600.
2700.
2700. .
2700.
2700.
2700.
4100.

. 4100
'4100.
4100.
5400.
5400.
5400.
5400.
5400.
5400.
5400.
5400.
5400.
5400.
6800.

!

Table A-1 (Continue)}

Fluid: Freon-12

Source: Merilo and Ahmad (1979) -

e

Xer e
(MPa)
0.0800  1.0500.
0.1700  1.0500
0.1300  1.0500
0.1100  1.0500
0.0800 ) 1.0500
0.3600  1.5200
0.3250  1.5200
0.2900  1.5200
0.2800  1.5200
0.2500  1.5200
0.2350  1.5200
0.2150  1.5200
0.2100  1.5200
0.1900  1.5200
0.2650  1.5200
0.1600  1.5200
0.1300  1.5200
0.1100  1.5200
0.2750  1.5200
0.2800  1.5200
0.1900 15200
0.1150 15200
0.1250 . 1.5200
0.0950  1.5200
0.0930 - 1.5200
0.0900 15200
00650  1.5200
0.0100  1.5200
072600

1.5200

Li/D = 290.0
S _
(m)
0.00530  209.
0.00530 173,
0.00530 181
0.00530 . 192.
0.00530 213
0.00530  67.
0.00530 77.
0.00530 8.
0.00530 90.
0.00530 &7,
0.00530  117.
0.00530  "130.
0.00530°  139.
0.00530 152,
0.00530  95.
0.00530  145.
0.00530 163
0.00530  187.
0.00530. 130
0.0053) 133
0.90530 137
0.00530  138.
0.00530 162,
0.00530  194.
0.00530  217.
0.00530  242.
0.00530  267.
0.00530  311.
0.00530  150.

175

CHFjor CHFyyr CHFR

(kW.m=2) (kW.m2)

248, 0.84349
204, 0.84770
222, 0.81558
239, 0.80468
261, 0.81641
72, 0.93488

87.  0.88530
103.  0.77971
7. 0.83883
107.  0.81393
11 1.05534
16, 1.11908
117, 1.18306
124, 1.22186
112, 0.84552
133 1.09102
146, 1.11407
158.  1.18427
154, 0.84182
154 0.86331
164.  0.83340
191.  0.82788
185.  0.87553
206.  0.94297
208.  1.04229
212 L14210
243, 1.10021
337. 0.92409
202,

0.74373
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(kg.m2.st1)
6800.
6500.
6800. .
6800.
8100.

'8100.
- 800,
8100.
8100.

1600.
1600.
1600.
1600.
4100.
4100.
v 4100.
4100.
5400.
5400.
5400.
5400.
$400.
5400.
6800.
6800.
6800.
6800.
6800.

%

Xer

0.1980
0.1750
0.0830
0.0650
0.2650
0.2640
0.1660
0.0980
0.0770

0.4400

0.4400 -

0.4000
0.3800
0.2800
0.2600
0.2500
0.2250

0.2800 -

0.2600
0.2200
0.1900
0.1600
0.1250
0.2600
0.2200
0.1850
0.1400
0.1150

P

(MPa) .

1.5200
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200

1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500

1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500

1.0500

L[}/D =

D CHFfor CHFyer
(m) (kW.m2) (kW.m2)
203.
206.
257.
278.
244.
244.
243.
276.

- 298.

0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530

Liy/D =
0.00530

- 0:00530
0.00530
0.00530

"0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530

176

h3

Tabzmﬁfﬁie)
: Fluid: Freon-12 -

Source: Merilo and Ahmad (1979)

290.0

162,
165,
241,
300.
176.
181,
189.
220.
250.
389.0
61.
64.
66.
70.
115,
14,

131,

136.
132.
140.
145.
I51.
138.
172.

155,

156.
160.
164.
172.

100.
100.
119.
130.
129.
143.
150.
162,
153
157.
174,
184.
187.
200.
173.
184.
194.
204.
220.

CHFR

0.79732

0.80108
0.93657
1.08085
0.72107
0.74128
0.77683
0.79672
0.94070

0.60707
0.63693
0.55556
0.53778

0.89111

0.86791
0.87460
0.84034
0.86296

- 0.88944

0.83463

0.82029
0.84529

0.85917

0.89570°

0.84811
0.82380
0.80559
0.78067
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G
(kg.m2.5-1)

8100.
8100.
8100.
8100.
8100.
8100.
1600.
1600.
1600.
1600.
2700.
© 2700.
4100.
4100.
4100.
4100.
4100.
4100.
5400.
5400.
5400.
5400.
5400.
5400.
6800.
6800.
6800.
6800.
6800.

Xer

0.2400
0.1900
0.1400
0.1200
0.1050
0.0700
0.4200
0.3800
0.3500
0.3400
0.2750
0.2400
0.3000
0.2500
0.2450
0.2150
0.1700
0.1450
0.3150
0.2400
0.1950

0.1700

0.1200
0.1050
0.3050
0.2820
0.2800

0.2400 .

0.2000

Table A-1 (Continue)

Fluid: F reon-12

Source: Merilo and Ahmad (1979) °

P
(MPa)
1.0500

- 1.0500

1.0500
1.0500
1.0500
1.0500
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200

Li/D = 389.0 _

D

(m) (kW) (kW.m2)
08530 171 185.
0.00530  172. 203
0.00530  174. 2.
0.00530  183.  230.
0.00530  193.. . 243.
0.00530  242. 268,
0.00530 38 50.
0.00530  65. 63.
0.00530  73. 76.
0.00530  76.  .80.
0.00530  67. 96.
0.00530 8. . 110.
0.00530 73.  110.
0.00530  101.  1i3.
0.00530 = 105.  1]5.
0.00530.. 124. 122,
0.00530  136. 131
0.00530  I15¢4. 138
0.00530  I111. 148,
0.00530  125. 158,
0.00530  135.  164.
0.0050  140.  I67.
0.00530  157. 188
0.00530  175. 197
0.00530  136. 198
0.00530 142 200.
0.00530  150.  200.
0.00530  160. 203
0.00530  163.  203.

177

CHFpor CHFyer CHER

0.92677
0.84768
0.81464
0.79473
0.79498

0.90340..

1.16873
1.03308

0.96001

0.94509
0.69756
0.74859
0.66331
0.89109
0.91643
1.01674
1.03745
1.11906
0.75018

0.79318 °

0.82506
0.83613
0.83538
0.88984
0.68784
9.71048
0.74989
0.78974
0.80321
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(kg.m-2.571)
6800.
6800.
B100.
8100,
8100.
8100,
8100.

1600.
1600.
1600.
- 1600.
4100.
4100.
4100.
4100.
4100.
4100.
5400.
5400.
5400.
5400.
5400.
6890.
6500,
6800.
6800.
6800.
- 8100.

Xer

0.1500
0.0950
J.3030
0.2300
0.1400
0.1000
0.0850

0.4650
0.4950
0.4800
0.4650
0.3600

0.3500

0.3300
0.3150
0.3050
0.3050
0.3400
0.3250
0.3050
0.2950
0.2700

0.3400

0.8150
0.2950

- 0.2950

0.2400
0.3200

Table A-1 (Continue}

Fluid: Freon-12

Source:" M er;ilo and Ahmad (1979)

P
(MPa)
1.5200
1.5200
1.5200
1.5200
1.5200
1.5200
].5200

1.0500
1.0500

-1.0500

1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500
1.0500

L};/D =

D CHFhor CHFyer
(m)  (W.m2) (kW.m"2)
209.
244.
241.
243,
251
274,
289.

0.00530
0.00530
0.00530
0.00330
0.00530
0.00530
0.00530
Ly/D =
0.00530 .
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
0.00530
N
178

389.0

169.
235.
167.
176.
191.
228
273.
575.0
43.
48.
30.
55.
83,
92.
99.

- 105.

108.
110.

1.

118.
123.
132
138.
134.
144.
151,
154.
159.
170.

89..
75.
82.
8.
90.
94,
103.
109.
113.
113.
138.
142
147.
150.
I55.
181.
183.
183.
183.
175.
219,

J
CHFR

0.80858
0.96379
0.69276
0.72331
0.76205
0.83187
0.94316

0.48296

0.63748
0.60853
0.61774
0.92270
0.97699
0.96497
0.96407
0.95468
0.97236
0.80241
0.83009
0.83533

.0.88217

0.88928
0.73886
0.78585
0.82535
0.84174
0.90965

0.77454

o
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Table A-1 - (Continue)
P | ) Fluid: Freon-12
Source: Merilo and Akhmad (1979)

G- Xer P. D CHFpor CHFyer CHFR I
(kg.m-2.s-1) (MPa) °  (m) (kW.m2) (kW.m-2)

8100.  0.2800 10500 0.00530  171.  203. 0.8439%
8I00\___0.2200 10500 0.00550  I71.  193. 0.88410
8100.  0.2100 10500 0.00530  172.  198. 0.86927
1600. 04650 15200 0.00530  48.  39. 1.2]819
1600.  0.4350 15200 000530  50.  46. 1.08182
1600. 04000 15200 0.00530 55  S4. 101532
- 1600.  0.3900 15200 000530 58  59. 0.99070
700. 03050 15200 0.00530 52 8. 0.62686
2700. ~ -0.2650 15200 0.00530 0.  100. 0.59770
2700.  0.2400 15200 0.00530 - 70.  110. 0.63904
2700.  0.2350 15200 0.00530 74, IIl. 0.66748
- 4100. 03400 15200 000530 62 9. 0.67995
4100. 03100 15200 0.00530. 73 105. 0.69302
4100.  0.2700 15200 0.00530  90. 112 0.80337
4100.  0.2450 15200 0.00530  104.  1IS. 0.90771
4100.  0.2350 15200 0.00530  110. 117. 0.93988
5400. . 0.3800 15200 0.00530  85. 128. 0.68764
5400. 03200 15200 0.00530  105. 146. 0.71708
5400.  0.2800 (1.5200 0.00530  122. IS4, 0.7919] «
5400.  0.2200 15200 0.00530 134 160. 0.83631
6800. ~ 0.3950 L5200 0.00530  119.  186. 0.63994
6300.° " 03100 1520 000530 131, 197. 0.66475
6800.-  0.2700 15200 0.00530  149.  201. 0.74182
- 6800. 00700\ J.5200 0.00530  165. 207. 0.79872
6800 0.450 7 15200 0.00530  175. 212, 0.82575

I P N N N T N N N N N O N NPT N N TR NP NP N N G SO PR N
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G Xer
| (kg.m-2:5-1)
8100. 0.3200
8100.  0.2850
8100, 0.2700
8100. 0.2250
8100. - 0.1800
8100. 0.1460
8100. 0.1300

Table A-1 (Continue)

Fluid: Freon-12

Source: M»e_rilo and Ahmad (1979)

rs

P

(MPa)

1.5200
1.5200
1.5200
1.5200
1.5200
1.5200

1.5200

CHFyor CHFR
(kW.m=2} (kW .m~2)

242,
242.
244.
243.
242.
247.

Ly/D = 5750 .

D CHF by

{m)
0.00530  159.
0.00530  166.
0.00530  172.
0.00530  180.
0.00530 182,
0.00530 191
0.00530 203

180

256.

0.65820
- 0.68521
0.70600
0.74136
0.75206
0.77289
0.79142

I
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Appendix B [ _‘

FLUID PROPERTIES

E\’/ALUATION

B.1 Water Properties Evaluation

The property code (UOCODE} developed by Cheng et al. (1987) was-used for the

evaluation of water properties. It is a convenient code to use because only pressure

and temperature are required as the input parameters. The output provided by the

UOCODE are the specific volume, density, enthalpy, specific heat, thermal conductiy-

ity, viscosity, surface tension and latent heat of vaporization at the given pressure.
Range of validity for the UOCODE covers a wide range of thermodynamic states

from the triple point to beyond critical point of water, i.e.

0.01°C < T < 800°C i

0.6113kPa< P <22.09MPa [
. \ S
/Comparison with data from steam table (1967 ESME steam table) wexJe made for

- various properties at both saturated and superheated regions. The results are shown in
figures B1 to B5. The predictions agree very well with the experimental data for most
of the region except at conditiong near the critical point. Undoubtedly, this property

code is accurate and can be used for thermalhydraulic analysis with good confidence.
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B s
B.2 Non-aqueous Fluid propertigs Evaluation

A software for non-aqueous fluid prbpgrtiés evaluatioﬁ~~ vas de{'elbpecl' based on a fom;

parameter equation of state. Thermod'yna.mig propert;es of the fluids ‘were obtained

through the derivatives of the equation of state while the transport properties were

evaluated through the use of other empirical correlations. Adachi et al.’s equatién of

state (1983) is chosen because it has a simple cubic form.
RT &)

V—b (V- +b)

. y
It has one temperature-dependent parameter a(T') and three temperature indepen-

P =

(B.1)

dent parameters by, b, and b3. The parameters can be expressed as follows:

*

ART?
o(T) = P, “[1+ (1 T (B.2)
-y . E .
A = 0.44869 + 0.0402w + 0.01111w? — 0.00576w° (B.3)
o« = 0.4070 + 1.3787w — 0.2933w? (B.4)
. _ y
and
’ b; BRI, i=1,2,3 (B.5)
‘ - P, .
where
- ~ o,
B, = 0.08974 — 0.03452w + 0.00330w (B.6)
B, = 0.03686 + 0.00405w — 0.01073w? + 0.00}57w® (B.7)
B; = 0.15400 + 0.14122w — 0.00272w" — 0.00484w° (B.8)

R is the univers.al gas constant, w is the acentric factor of the substance and T,
T the reduced temperature. The applicability of the proposed equation of state was
tested by the authors in termns of its calculated valt.:les of'severa.l pure-cor‘nponent'
properties such as the compressibility factor (Z), fugacity coefﬁcient in the form of
log(f/P) and isothermal enthalpy depatture function (H?— H)r/RT.. The calculated
values were compgred with the values reported in Pitzer's tables (1955) along with
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fourcther widely f1sed equations of state. A summary of comparison is reported in

Table B-1.* The/comparison was made at twenty-tWo T. and twenty P conditions

(8 <« T, < 4.0/0.2 <, P, < 8. 0), using six values of acentric factor (0.0 to 0.5 at 0 1

intervals). The|average a.bsolut(e\ deviations obtained for these three propcrtles from

Adachi et al s equation are the lowest. . 1
Equation (B-1)%s.also .valid for saturation state. Adachi et al. -(1983) have com-
. pared the experimental datawith the c‘a:.lculated vzglﬁes of three saturated properties
* (vipour pressure, liquid and vépour volumes) obtained from equation (B-1) and those

obtained frorn the other selected equations of state. Experimental values of eighteen

!

pure components were used in the comparison and the results are summarized in Table /

B-2. The overall average absolute deviation is the lowest for equation (B-1) and thus
indicates that it yields satisfactory values in the overall evaluation.
o ", .
Estimation of Saturation Pressure
At saturation, tl}e fugacity coeﬂici’ént of liquid must be equal to that of vapour
in order to ha.vehthermodynaxﬁic-equilibrium. Adachi et al. derived an expression for
fugacity coefficient bas;ad on their equation of state:

& . Z
:lla(f/P) = Z— 1 —IIIZ'*'IIIW
AT) | Z-BRJT,
T,-(Bz + -BS) Z + BSPr/Tr

+ (B.9)

For a given temperature, an iteration process is required in order to determine the
saturation pressure; i.e., in order to have thermodynamic equilibrium, the condition
that In(f/P)v = In(f/P)r must be satisfied. To avoid this time consuming iteration
process, Lee-Kesler’s (1975) equation for vapour pressure is used. Their equation
only required the critical pressure, critical temperature’and the acentric factor of the

substance. It is derived from the Pitzer table and has the following form:

In Pt = fO(T,) + wfON(T,) (B.10)
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: Lo { . ) { Kl .
where / . 2 : - . S

fOUT,) = 5927146006487 — 1.28862In T, + 0.16034T°  «(B.11)
- FOTY" = 15.9518 —-:15.68‘75T,,‘1—13.4721111’.1‘,;#0.4357?2“?  (B.12)

4

- '~ Equutions (B.10) to (B.12) were used to estimate the saturation pressure with good

accuracy. - v soen \

[

. s

Derivation of Volume from Equation of State

A}

The volume is not expressed explicitly in equation (B. 1) W:th given temperature
and plesﬁn‘e an 1terat1on process is neccssary for the determma,tion of molar volume.
The Newton- Raphson method was used because the method converges\rap1dly. ,For
the superheated region, only one root would be expegcted (figure B6). The ideal gas
volume is chosen for the initial guess for this case because it is close to theactual value
and thus alléws earlier convergence. For the saturation region, there are three possible
roots because the equation of state is in c'ubic form. Figure B7 shows a typical P-V-T
.i,ej,apion at sapgratiox{. The'lowest root is taken as the solution for the saturated liquid
volume while the highest root corresponds to the saturated vapour voluxﬁe. To obtain
the lowest root, the initial guess has'to be very small such as having a value of 0.001.
N o .
N Derivation of Equatlon for Specxﬁc Enthalpy
The var'o.uon of enthalpy between two states is "independent of &e path chosers to
pass from one state to the other. There are an infinite number of possible calcula-
' tion paths, all of which give the same numerical result (see figure 15). The enthalpy
;

difference between two states can be expressed as - .

. T -
H = (Hp ~ H — (Hpres — H)1res + L , 03T (B.13)

From the equation of state, the departure function was derived by Adachi et al. as
(H — H%r 1 dA(T )., Z—B;P, /T,
= (Z-1)T, + s [A(T}) - T, In
: RT: ( ‘ ) +(B2+B3)[ ( ) ] Z+BSPr/Tr

or

’ -
.
_/ T
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(H—H%-;}HM—U+“JJJAQ— “@ﬁmv+? (B.14)
where
A(T,) = Al + a1 — TV (B.15)

The ideal gas specific heat at zero pressure for most substances can be expressed

in terms of a third order polynomial function ¢f temperature

2,

N Cl=A+ BT +CT*+ DT® (B.16)

The constants 4, B, C and D are obtained experimentally and a list of substances with

these constants is provided by Reid et al. (1977) and other engineering handbooks.

Derivation of Equation for Specific Heat Capacity
Specific heat capacity at constant pressure is defined as the rate of change of

enthalpy with temperature at constant pressure, i.e.;

Ce (H—H° |p (B.17)

P“aT

Taking the partial derivative of equation (B.14) w.r.t temperature at constant pressure

-

yields 4
ov R+ 1 (=T d*a(T)

a7 P Rt Gy T Py,
ov by + by

da(T)
+57 o (G gy e - 7552

_ 1 do(T), Vb

T Tt darr tvie F

av a(T) _ da(T) 1

_ 1 &a(T), V-b

- (m+deﬂ lV+b3 R
da(T) A

57 g T T n e

Cp~C% = P my=b

+ ]

(B.18)

where .
ov., _ (0P/dT)y ’
3T |lp= (3B/aV)z (Mazwell'sLaw) (B.19)
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and da(T)/dT and d?a(T)/dT? can be obtained by taking the derivatives of equation

(B.2) w.r.t T once and twice respectively, i.e.

da{T ax 14« .
d(T) = “glge e - (8:20)
d*a(T aa(l + o) _ '
dz("2 ) = (2T3 )Tr 3(2 (Bgl)

(8P/0T)y and (8P/8V)r cen be derived from the equation of state directly. After

taking the partial derivatives of equation (B.1) and simplifying, the final equations for
(8P/8T)v and (OP/3V )T are

5P R da(T) 1

T =TT VRV AR (B2
9P RT o(T) 11

F N e R ceyw ool s L B

With any P-V-T state, the specific heat capacity is calculated from equations
(B.18) to (B.23). '

Evaluation of Transport Properties for Non-aqUeéus Fluids

All the present prediction methods for transport prdperizies are either semi-empirical
or purely empirical in nature. There is no generalized and accurate analytical predic-
tion method for viscosity, thermal conductivity and surface tension. The equations
used for transport properties predicticlm are discussed in a fair amount of detail in
Chapter 4.This section summarizes the equations used for transport properties eval-

uations and their sources.

Low-Pressure Gas Viscosity

The most common form of correlation for the prediction of viscosity at lov:r pressure
is the one which makes use of corresponding states principle. This type of correlation
is easy to use and only requires the knowledge of the critical properties and molecular
weight of the substance. These constants are readily available in the open literature.

Equation suggested by Thodos et al. (1970) was chosen for the present work:

p(l& — 4_6101-:?.618 - 2_046«-0.449Tr + 1.948—4.058’1'1" + 01 (B.24)
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where

RS

T. = Critical temperature, K‘-
P. = Critical pressure, atm

M = Molecular weight

1% = Low-pressure gas viscosity, micro-poise

The expected error for this equation is normally betveen 1 and 3 percent for non-
polar gases. It should not be used for hydrogen, helium, diatomic halogen gases and

polar gases.

Dense-(Gas Viscosity .

Jossi et al. (1962) have developed a correlation relating the dense-gas viscosity to
the low density viscosity. Their equation is recommended by Reid et al. (1977) as the
most accurate prediction method for non-polar dense gas viscosity. They haw;'e related

the dense-gas viscosity to the low density gas viscosify in terms of the reduced density:

[(p— u®)e+ 1% = 1.0230 + 0.23364p, + 0.58533)?
—0.40758p3 + 0.093324,] (B.25)

where

pr = reduced density

u = dense-gas viscosity, fnicro-poise
Equation (B.25) is valid for 0.1 < p, < 3.0. It can also be used for the estimation
of saturated liquid viscosity as long the reduced density is within the specified limits.

\
-\\
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Liquid Viscosity
For T, < 0.75, the relation of Van Velzen et al. (1972} is used for the estimation

of saturated liquid viscosity. They assumed that log py, is linear in 1/, i.e.

- 11 )
}{" log 4z = B(7: — 75 @ (B.26) -

where

pr = Liquid viscosity, cP

T = Temperature, K

and B and T° are correlation constants for each specific substance. A list of theée
constants for different substances was tabulated by Reid et al. (1977).

For saturated liquids at higher tefnperature, corresponding-states relation is used.
The correlation suggested by Letsou and Stiel (1973) is easy to use and yields accurate

results up to T, = 0.92. Their correlation is shown below.

pré = (€)' + w(p &)Y (B.27)
where -
(26)® = 0.015174 — 0.02135T, + 0.0075T7 (B.28)
(226)® = 0.042552 — 0.076747, + 0.034077 (B.29)

The viscosity evaluated (up) is in centipoise and £ is defined in equation (B.24),-,

Low Density Gas Thermal Conductivity
A simple and accurate method for the prediction of thermal conductivity for low

density gases is the well-known Eucken correlation for polyatomic gases.

X0 '
#{,"*’ =C0+447 . (B.30)

AP is the low density gas thermal conductivity in cal/g-mole. K, u° is the corresponding

low density gas viscosity in poise, M is the molecular weight and C? is the ideal gas

specific heat at constant volume and can be obtained from

C0=C%-R _ (B.31)
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which has the unit of cal/g-mole.KX.

Dense Gas Thermal Conc‘luctivity' .

At higher pressure (or density), simple kinetic theory would not be sufficient to
account for the interactive forces between the molecules. Additional parameter such
as the density of the gas has to be taken into account. Stiel and Thodos (1964)

suggested the following correlation for the dense gas thermal conductivity estimation.

(A=XOTZ% = 14.0 x 1078(%%% —1) pr < 0.5

(A=20r2 = 13.1x 107%™ —1.069) 05<pr <20
(A=X0TZ% = 2.976 x 107%(e"1%% —2.016) 2.0 < p, < 2.8 (B.32)

where T = TVSMY2P-2/3 and Z, is the criticul compressibility factor of the substance.
T: is in Kelvin, P, is in atm. and M is in gm/g-mole. Again, this relation is only good

for non-polar substances.

Liquid Thermal Conductivity

Normally, liquid thermal .‘conduc.tivity is quite well behaved. The liquid thermal
conductivity at any temperature can be estimated if the corresponding values at normal
boiling temperature is known. Reid et al. (1977) suggested a correlation for non-polar

fluids relating the thermal conductivity to that at normal boiling point;

2.64 x 1072
AL =
L Y

342001 — T,)¥°
3+20(1 — T2/

(B.33)

where T}, is the reduced\ngrina.l boiling temperature. Thermal conductivity evaluateid
from equation (B.33) has a‘unit of cal/em.s.K. For T, > 0.8, the equation for high
density gas thermal conductivity (equation (B.32)) can be used.

Surface Tension
Reid et al. (1977) modified the equation suggested by Brock and Bird (1955) for

the surface tension evaluation. The modified equation relates the surface tension to
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the normal boiling temperature of the substance. Their equation is shown below.

o = PMTM(1-T )P

Tepln P,
8 = 0.1207(1 + ——~=
[ (1-"T.)

] — 0.281 (B.34)
where P is in atm. and T in Kelvins. Reid et al. (1977) reported an average error of
less than 5% based on their comparisyn with experimental data.

”

‘Criterion for Dense Gas ‘ _

In evaluating the transport properties for gases, different co:relations are used for
low and high density gases. A criterion is needed for deciding whether the gas is at
low density or high density. Childs and Hanley (1968) have deduced criterion which

indicates whether or not the pressure effect is significant. Their results are summarized

'in figure B8, An approximate equation for the above criterion is

P, = —0.125 + 0.1875T, 5 . (B.35)

o separate low density gases from high density gases.
Accuracy of No -Aqueous Property Code

All the above/mentioned equations were used in the development of the property
code for non-aqupous fluids. This code is generally applicable to non-polar fluids with
adequate accuraty. Data for Carbon dioxide, Nitrogeﬁ, and .Freon-12 were used to
test the accuracy of the property code. The predictions for all properties are very
accurate for gases as expected. Results of the comparison for Freon-12 are shown in
figures B9 to B13. For the saturated liquid properties, deviations of more than 10%
are found at temperatures close to T.. More extensive numerical comparison was made
and the results are summarized in Table B-3. The results indicate that the property
code developed can predict the thermodynanﬁc and transport properties of non-polar

fluids satisfactorily. With the availability of new and more accurate correlations, this

property code can be updated easily to produce more accurate predictions.
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Progra-mrning Speciﬁcati;ms of the Préperty Code

The code is written in modular form for easy updating of new equations. Flowcharts

\\“'Vfor the pfoperty code are summarized in figures B14 to B15. The source code is shown
( in figure B17. The code is ;.vritteln in Fortran-77 language and compiled with IBM
Professional Fortran Compiler. It is available in micro-computer version apd would
require an 8087 Math Coprocessor. The required input parameters are the critical
constants (T, P; and V.), molecular weight (M), acentric factor (w ) constants for
ideal gas specific heat (CPVA, CPVB, CPVC and CPVD) and constants for liquid

viscosity (B and T°). A list of such constants for several commonly used fluids is

shown in table B-4.
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Table B-1. Comparison of Calculated Thermodynamic Properties with
Pitzer's-Talle for a Total of 2640 Data Points at 22 T,

and 20 P, Corditions /\

Acectiric ] Average absolute deviation .
-factor Z
SRK PR HK ICL . THIS WORK
0.0 0.0n 0.026 0.013 0.042 0.007
0.1 0.018 0.018 0.016 0.043 0.007
0.2 0.026 0.013 0.019 0.043 0.010
0.3 0.033 0.013 0.022 0.044 0.013
C.4 3.041 2.017 0.025 0.045 0.017
0.5 .049 0.025 0.028 0.047 0.02?
" overall 0.030 0.019 0.020 0.047 0.013
log {f/p)
SRX © PR HK IcL THIS WORX
0.0 0.005 0.016 0.005 0.016 + 0.004
0.1 0.009 0.012 0.005 0.015 0.003
0.2 0.012 0,008 0.006 0.014 0.004
0.3 0.016 0.005 0.007 0.014 0.006
0.4 0.019 0,007 0.008 0.015 0.008
6.5 0.022 0.010 0.009 0.016 0.011
averall 0.014 0.010 0.007 0.015 0.006 ¢
(He-H) /RT,
SRK PR HK 1cL THIS WORK
0.0 0.041 0.079 0.077 0.065 0.047,
0.1 0.044 0.057 0.080 0.049 0.040
0.2 0.059 0.046 0.089 0.054 0.040
0.3 0.08% 0.053 . 0.099 *~ 0,080 0.051
0.4 0.120 0.073 0.114 0.126 0.067
0.5 0,159 0.104 0.1 0.183 0,089
overall 0.085 .069 0.098 0.093  0.056
o
SRK —  Soave (1972)
PR — Peng-Robinson (1976)
HK —— Harmens and Knapp (1980)
ICL — Ishikawa et al. (1980) ,
THIS WORK — Adachi et al. (1983) L
| k3
']
192



5 work

Thi

Average absclute deviation %
HK ICL.

PR

SRk

Three Saturated Properties

~ Table B~2. Comparison of Calculated and Experimental Values of

=N
........ [
N — OO O m ™M
SWNINVINN U OO

oy O e O — O

"N OO = —m
— O~ MO WO o) ey O

...... v e e e

N ML o~ 00 O} © @
4?7]2246. .2-|
Ve =0 MY A @D ™ <t

MODONOTD I~ M~
MO DU Oy D e O —
............

NI D DN o W

VDODD M MNNGG OO
Wit M= O@ere e~ s
......... wm
——_e—— 0O MNG— O —

o — O = o~ 0D WO o [+l ol
Uy o~ WD OV MY ...IU
........ ] - .
N = = — = — = ™

WIS N DN
P P P o= = WO W D M

W W0 o WU P MO 0

I NN NOON— -
ey~ WMo e u
..... Py . a
COoO0O0O00Q —~0OMNWDODO

Mt DT~ WA w
NNNg -0 0O , o,
........ t - .
B — - — ™ <

MOV e e— —— < WOy
P OO — O GO e

........... .
P10 " W M o

= NN MO M= O Mo
WOOT MO~ oM

WO~ MO a) -
— MO oo T .3......
........ 1 ..
N O e —— — - [an oV |
CWIWD Mt OOy O
L= I o+ o

MO — OO

D e o o O = -t WO
CNOWV— W =M OCh— O
W — o =y N~ WO P 1D

e = OO — MM~

MMM oS — o —
MUY R D00 VU mm
@ w

Yocvocoaau- o
by UCmCoCCCE @
CwCmodmerumooCc o
METHC®XOALEU O
EmOIuadydod oy
P L OO TITOZ O R
Qo e
TWoceococoe ooz

1.08 5.35 3.67 1.59 5.46 3.05 1.04 2.41 3.04

24 0.83 3.83 3.87 1.43 8.49 2.97

monoxide a

Carbon-
Carbon-

—_o M~
— o D .
P
————
T — — D o
MO oD
s
< MMM e
[ T o]
" — o
.....
OO0 -
=r 0 D <r L
N M~ uOun
R
o — ——

-----

™ oom oo oo
v w
LT T
v CaC
—_— W e—
Mo— yad Dy
RN
~— T O W
R ]
[ST =N Y

1.21 4,26 1.78

1.27 4,96 2.17 2.45 4,32 3,37

1.28 6.04 2,00

g (1967}

1.57 12.8 2.04
Sage and Lacey (1950, 1955)

Canjar and Mannin
Young {1910}

Overall

a
b
c

N Number of data points

A ap/p
B avint
RUAFIM

c

193

(1983)

Harmens and Knapp (1980)
Adachi et al.

Soave (1572)
Ishikawa et al. (1980)

. Peng-Robinson (1976)

THIS WOIRK ———



N

Table B-3. SJmnaJ:y of Fluid Property Prediction Accuracy for
. Different Fluids

‘.

Fluid Property Freon— - Nitmgex} Carbon Dioxide

N Ras* N RMS N  RMs*
Sat. Liq. Vol. 24 0.0865 20 0.0519 13 0.0727
Sat. Vap. Vol. 24 0.0108 20 0.0160 19 0.0084
Superheated Vap. Vol. 35 0.0079 22 0.0026 55 0.0064
sat. Liq. Enthalpy, - 24 0.0560 20 0.1487 18 0.0981
Sat. Vap. Enthalpy 24 0.0211 20 0.1180 18 0.0139
Heg 24 0.0338 20 0.0444 18 0.0605
Superheated Enthalpy 35 0.0110 22 0.0166 55 0.0126
Sat. Tiqg. Sp. Heat 14 0.1058 11 0.1701 9 0.1291
sat. Vap. Sp. Heat 14 0.1097 11 0.0379 9 0.1381
Superheated Sp. Heat 40 0.0254 22 0.0127 35  0.0047
Sat. Liq. Viscosity 14 0.1789 ~ 12  0.1097 7 0.0531
Sat. Vap. Viscosity 14 0.0812 12  0.0213 7 .0.0202

Superheated Viscosity 24 0.0535 26 0.0081 23 0.0166
Sat. Lig. Therm. Cond. 15 0.1402 14 0.1111 13 0.0744
Sat, Vap. Therm. Caond. 15 0.0863 14 0.0957 13 0.0968
Superheatad Therm. Cond. 24  0.0408 26 0.0503 31 0.0467

Overall Average 364 0.0643 202 0.0634 349 0.0533

* RMS error is definad as

{(Error, )2
e - [
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Table B—4. List of Constant Necessary for Pmperty Evaluation

| FREON-11 | FREON-12 | FREON-13 | FREON-21 | FREON-22 |
| l | l ! ! J

CRTICAL TEMP.

471.2 385.0 302.0 _451.8 369.2
(DBG. K) -
 CRITICAL PRESS. 4406550 4122910 3920310 " 5166300 4973830
(PASCAL) :
CRITICAL VOLUME ~ 1.805E-3 1.795E~3  1.723E-3 1.914E-3  1.906E-3
(M**3 /KG)
ACCENTRIC 0.188 0.176 0.180 0.202  -0.215
FACTOR =
MOLECUIAR 137.368 120.914 104.459 102.923  86.469
WETGHT
CONSTANTS FOR :
1DEAL GAS CP.
CTVA 9.789 °  7.547 5.449 5.652 4.132
cw}—/ 3.893E-2  4.257E-2  4.565E-2 3.777E-2  3.865E-2
CEVC -3.383E-5 -3.603E~5 -3.765E-5  ~2.866E-5 +2.794E-5
CEVD 9.903E-9  1.037E-8  1.065E-8 7.795E-9  7.305E-S
CONSTANTS FOR
BO 840.17 684.0 564.472 731.876 532.853
TO 227.9 178.7 138.315 203.167 176.928
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LEVEL 1
Main Sul = PROPER

Given T, P

CALCULATE
Psat

YES

l

Call SATURA

NO

I P < Psat
' ﬂ,eﬂTB;{}icoor.. ' YES

{>\f . ‘\ Call SUPER

( ' RETURN

Figuré Bl4. Flow-Chart for Main Program of
Non-aqueous Property Code.
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LEVEL 2

START

CALL
VLIQ

CALL
VVAP

CALL
ENTLIQ

CALL

. ENTVAP

CALL

CPLIQ -

CALL
CPVAP

Figure B1S5.

Flowchart for Saturation Subroutine.
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CALL
VISLIQ

l

CALL
WISVAP

CALL
AKLIQ

CALL
AKVAP

JrEALL

SIGMA

RETURN




LEVEL 3
Subroutine VLIQ
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* Evaluate
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‘VLIQ = VNEW
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Figure B1S6. Flowchart for Saturatga’Liquid—gﬁbragtine.
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C

C**************************************************************
C
c Subroutine for Non-Aqueous Fluid Property Evaluation
cC P = Pressure (Pa), T = Temperature (K).
C
C**************************************************************
C.

SUBROUTINE PROPER(P,T)

REAL, MW, MW1, M2

DIMENSION B(3)

C************?**********************************************************

C

c CRIT - External Camon block in which the physical constants
c of the fluid are passed to this subroutine.

C B

C C - Critical temperature of the substance (K).

c PC ~ Critical pressure of the substance (Pa).

C VC- . Critical volume of the substance (ky.m~3).

C W - . Acentric factor of the substance.

cC M- Molecular weight of the substance (kg.kgmole™l).

c @1 - First constant for ideal gas specifi= heat evaluation.
c Q2 - Secand constant for ideal gas specific heat evaluation.
C Q3 - Third constant for ideal gas specific heat evaluation.
C a4 - Fourth constant for ideal gas specific heat evaluation.
c (constant values are given such that ¢g0 has a unit of
c cal.gmole™,0c 1), : -

cC BO- ‘First constant for liquid viscosity evaluation.

c TO - Secand constant’ for liquid viscosity evaluation.

c TREF - Reference temperature at which the saturated liquid

o enthalpy is equal to zero. ({
c
C************************************************t**********************
C

CMMON /CRIT/TC, BC, VC, W, M, 001, 002, 003, 004, BO, TO, TREF

Figure Bl7. Source Code for the NanAqueous Property Subroutine.
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C . \

C PROP —— Cammaon block in which all the calculated fluid

C " properties are passed back to the calling program.

C .

c VF - Saturated liquid specific volume (m3.kg™1).

c VG- Saturated vapour specific volume (m®.kg™l).

c VL- Subcooled or superheated specific volume (mo.kg™l).

C RHWOF -  saturated liquid density (kg.m™3).

C 'RHOG -  Saturated vapour density (kg.m™3).

C RHOL - Subcooled or superheatod density (kg.m™3). n,

C HF - Saturated liquid enthalpy (J.kg L).

c He - Saturated vapour enthalpy (J.kg™1).

C HL- Subcooled or superheated enthalpy (J.kg™1). .

C  CFF - Saturated liquid specific heat capacity (J.kg™1.K°1}.

cC CEG - Saturated vapour specific heat capacity (J.kg~l.x™1).

c CPL - led or Superheated specific heat capacity (J.kg™l.k1).
C UF- Saturated liquid viscosity (kg.m™1.s™1ly.

c UG- Saturated vapour viscosity (kg.m™t.s™1).

cC UL - Subcooled or superheated viscosity (kg.m™t.s™l),

C  AKF - Saturated liquid thermal conductivity (W.m™1.K 1).

C  AK: - Saturated vapour thermal conductivity (W.m 1.K™1).

C AKL - Subcooled or superheated thermal conductivity (W.m i.K°1).
C PRF - Saturated liquid Prandtl rumber.

C PRG - Saturated vapour Prandtl mmber,

c PRL - Subcooled or superheated Prandtl mmber.

c HFG - Iatent heat of vaporization.

C SIQRA - Surface tension on gas~liquid interface (N.m™}).

C.
C*****************************i*********i********t******t****************
C

CCMMON  /PROB/VF, VG, VL, REOF, RHOG, RHOL, HF, BG, HI,, CPF, CFG, CPL,
UF,UG, UL, AKF, AKG, AKL, FRF, PRG, PRL, HFG, SIGRA

Chdedkdehkdehhkhkihkhhikhthhihihiiihihkiihkiiihkihiihiddiihikidikikhhiiihiikhiik

QNST, PARAM ——— Internal Cammon block in which working
variables are being transfered to and from the
internally defined functions.

**********;*****ﬁ*****************************************************

()QIﬁf)O()O

COMAN /OONST/R,B,BA,ALEHA d
COMMON /FPARAM/TR, PR, DEPREF , HFGREF
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104
c Initializes all canstant values.
c
C***********************************************************************
Cc ' ’ :
R = 8314. . :
B(1)=0.08974~0.03452%H0. 00330*W**2
B(2)=0.03686+0.00405%W-0. 01073 *A§Aa*2-+0, 00157 *Wr*3
B(3)=0.15400+0.14122?W-0.00272*W**2~0.00484*W**3
AR=0,44869H-0. 04024 MFH0 ., 0111 1AWA*2-0, U057 6*WA*3
ATPHA=0.4070+1.3787%W=0. 2933 AJ**2
C .
C**********************************************************************i
c .
c Determine the reference state enthalpy departure function
c necessary for relative enthalpy evaluation.
C
C*************************i*********************************************
Cc
TR = TREF/TC
PREF=PC*PRSAT (TR, W) \‘\‘\
VV=VVAP(TREF, PREF) :
VL=VLIQ(TREF, PREF)
ZV=PREF*VV/ (R¥'REF)
Z1~=PREF*VL/ {(R*TREF)
HFGREF=ENTTG (TR, ZV, ZL)
PR = PRSAT(TR,W)
DEPREF = CEPENT(TR,FR,ZV)
™R = T/TC
FR = P/FC

C***********************************************************************

When saturation state is pre-determined, eithex: the
ta:peratueorthepressuremthe
be assigned a negative value. This 1 permit PROPER
mcalltheSamratimsm-:ruxtine

*********************i************'

OQOOOOOO

**********************************

IF (T.LT.0.001.0R.P.LT{0.) THEN
CALL SATURA(P,T)
RETURN
ELSE
IF(TR.1E.1.0) THEN
PSAT-Pc*HtSAT(m,

(P,T)
END,
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If the given pressure is within 0.5% of the saturation
pressure calculated from Lee-Kesler equation, then the
given condition is assumed to be in saturation.

e e e e e e e sl e e ek e e e e e e e e e ke e e e e e e e e e e e e e dee e ek ok v e e e e e e e e e e de e e e de ok ek

FiQ naoan 0(1‘2(1

IF(ABS ( (P-PSAT) /PSAT) .1E.0.005) THEN
CALL SATURA(P,T)
RETURN
EISE
c

Chiakkhhkhhkihkhkhhhkhkhhihhkhhikhhihkhhhkhhhikriithhkkihkikhkhhkihihihihkiikhikhik
o .
o Check for superheated or subcooled state. ¢
C .
c*****i*****************************’f*****************%****************
c .

IF(P.LT.PSAT) THEN

CALL SUPER(P,T)

RETURN r

ELSE )

CALL ' SUBCOOL(P,T)

RETURN

ENDIF

ENDIF
ENDIF
END
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c
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o
o] - Superheated Subroutine
C
C***********************************************************************
C
SUBROUTINE SUPER(P,T)
REAL MW,MW1,MA2
DIMENSION B(3)
OMMON /CRIT/TC, BC, VC, W, ¥, 001, 002, 003, 004, BO, TO, TREF
COMMON /PROP/VF, VG, VL, RHOF, RHOG, RHOL, HF, HG, HL, CEF, CBG, CPL,
. UF, UG, UL, AKF, AKG, AKL, PRF, PRG, PRL, HFG, STGMA.
COMMON /QONST/R, B, AA, ALFHA
QRIN /PARAM/TR, PR, DEPREF , HFGREF

V = VWAP(T,P)

ZL = PAV/ (R*T)

VL = /MW

RHOL=1/VL, g

VR = VI,/VC

C***********************************************************************

C
C Enthalpy is calculated relative to the reference state.
C I.e., the saturated liquid enthalpy at reference temperature
C was assumed to be zero.
c
C***********************************************************************
c N
DEP]l = DEPENT(TR, PR, ZL) r
HL = ((CPO(T)-CEO(TREF) ) *4186. 8+ (R¥TC* (DEP1-DEPREF) ) )
$ /MY + HFGREF
CPL=CP(T, V)
UL = VISVAP(TR,FR,VR)
AKL~AKVAP(T,FR,VR) -
PRIAULACPL/AKL .
RETURN
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c****_*u***********-u***************m}**********************************
o .
o] Subcooled Subroutine
C
C****************************************************i******************
a .,
SUBRCUTTINE SUBOOOL(P,T)
REAL MW, MW1,MW2
DIMENSION B(3)
QCMMON /CRIT/TC, PC, VC, W, MW, 001,002, C03, 004, BO, TO, TREF
COMMON /PROP/VF', VG, VL, RHOF, RHOG , RHOL, HF, HG, HI, CPF, CFG, CPL,
3 UF, UG, UL, ARF, AXG, AKL, PR¥F, PRG, PRL, HFG, SIGMA
COMMON /CONST/R, B, AA, ALPHA
COMMON /PARAM/TR, PR, DEPREF, HFGREF

V = VLIQ(T,P) |

ZL, = P*V/ (R*T)

VL = V/MW

RIK)L—l/VL

= DEPENT(TR,FR,2L)

= ((CFO(T)-CFO(TREF) ) *4186. 8+ (R*‘IC*(I]EP—[IEPREF) ))

$ . /M4 + HFGREF

CPL = CP(T,P)

UL = VISLIQ(T)

AKL = AKLIQ(T,FR,VR)

PRI, = UL*CPI/AKL
RETURN
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g******************************************************&****************
e S

C Saturation Subroutine ' . <
C | A
C******'********************************************************'_*********

C

SUBROUTINE SATURA(P,T) .
DIMENSION 3(3) ) _
COMIN /CRIT/TC, PC,VC, W, MW, (01,002,003, 004, BO, TO, TREF
QoMM /PROP/VF, VG, VL, RHOF , RHOG, RHOL ,HG, HL,, CFF, CBG, CPL,
$ w,m,m,m,m,m,m,pm,m,m,sxm
OOMMON /CONST/R, B, AA, ALPHA
CCMMON /PARAM/TR, PR, DEPREF , HFGREF

IF(T.LT.0.001). THEN
TSAT=TC*TRSAT (FR, W)
T=TSAT
EISE
PSAT=PC*PRSAT (TR, W)
P=PSAT (
TSAT=T :
ENDIF
TR = TSAT/TC
VF1= VLIQ(TSAT,P)
VG1= VVAP(TSAT,P)
ZF = PAVF1/ (R*TSAT)
2G = P*WG1/ (R*TSAT)
DERG = DEPENT (TR, ER, ZG)
VF = VF1/MH
VG = VG1/M4
RHOF=1/VF
RHOG=1/VG
VRF=VF/VC
vm:vc/vc
= ((CPO(TSAT)~CFO(TREF) ) *4186. 8+(R*‘IC*(DEPG—IIEPREF)))/WI
$ + HFGREP
HFG = ENTFG(TR, 2G, ZF)
IF (ABS (TSAT-TREF) .LT.0.05) THEN
HF = 0.0
EISE
HF = HG ~ HFG
ENDIF
CPF = CP(TSAT,VF1)
CPFG = CP(TSAT,VG1)
UF=VISLIQ(T) ‘
UG=VISVAP(TR, FR, VRG)
AKF = AKLIQ(T,FR,VR) '
AKG = AKVAP(T,PR,VRG)
SIGA = SIG(TR,TC,PC,W)
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PRF = UF*CPF/AKF
- PRG = UGACEG/AKG
RETURN
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c A

o Function for evaluating vapour molar volume given T and P.
C  Newton-Raphson iteration technique is used.
c - ‘
C*********************‘***************************f‘**********************
cC
FUNCTION VVAP(T,P)
REAL, COUNT,MW
DIMENSION B(3),BB(3) ,
" COMMIN /CRIT/TC, PC,VC,W, MW, 001, 002,003,004, BO, TO, TREF
oMM /CONST/R, BB, AA, ALFHA
TR=T/TC -
DO 10 I=1,3 ,
B(I)=BB(I)*R*TC/EC
10
A=AAMRRA2ATCh*2% ( (1+ALPHA* (1-SQRT(TR) ) ) **2) /EC
C .
C**************************ﬂ************ﬁ*******************************
C )
C Ideal gas volume is used as the initial quess -
C
C*********************i**i*i********f******iﬁ***************************
C
VOLD=R*T/P : N
COUNT=1 : ,
C
ChkAhkkhRhkhhkkhihkhhrhhkhiihhhhhhhkihkiihkhkihhhhkRhkhkrhcxkhihkikhihiihhihkhhiik
C .
e If there is no canvergence within 100 iteration, a message
o will be prompted to the user.
C
C***********************i***********************************************
C .

TERM1=P* (VOLO-E{1) ) * (VOLD~B(2) ) * (VOLD+B(3)) -R¥T* (VOLD-B(2))*

$ (VOLD+B(3)) + A% (VOLD-B(1))
TERM2=P* ( (VOLD-B(2) ) * (VOLD+B(3) ) +(VOLD-B(1) ) * (VOLD+B(3))
2 +§;om-a(1))*(vom-3(2))) ~RAT* ( (VOLD-B(2) ) + (VOLD+B(3) ) )
+

VNEW=VOLD-TERM] /TERM2
IF(ABS (VNEW-VOLD) .1E.0.00010) GO TO 2
VOLD=VNEW

COUNT=CCUNT®1
GO TO 1
2 VVAR=VNEW
RETURN
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S

3 VVAR=VNEW ¢

WRITE(*,11)

11 FORMAT(' NO CONVERGENCE WITHIN 100 ITERATICX\IS')
RETURN
END

c .
C*****************i*******************************************_**********
C ‘ .
C Function for evaluating liquid molar volume given P and T.
C Newton-Raphsion iteration technique is used. :
Cc E : , '
O\'*************************************************************;\'********\_;
C
FUNCTION VLIQ(T,P)

REAL COUNT,MW

DIMENSION B(3),BB(3)

QMON /ONST/R, BB, AA, ALPHA .

M/PR{)PI/«'C[C,PCVCWWWI Qoz,Q03, OD4 BO,TO, TREF

TR=T/TC
DO 10 I=1,3
B(I)=BB(I)*R*TC/FC
10 :
BEARARK A2 XTCHA2% ( (1+HALDHA* (1-SQRT (TR) ) ) #42) /PC
C ‘
e e e e e R e
c R
c A very small value is used as the initial guess to ensure
(o it will converge to the smallest root.
c .
ChIRARIRRIRIIRARARNIRKRARRRKKIRIRRAKKARIKIRRRINAAAKIAI AR AR KA KR KA DA AAAAE
C
VOID=0.001
QOUNT=1
c . .
ChikhhhhhhhkhhhhkhkhhhkhhhRhhhhdkhkkhkhhhihkhihhkhhhihkihikhihhhhihkhhikihhikdh
C
C If there is no convergence within 100 iteration, a message
C will be prompted to the user.
C
Chek hkkkdedhdd Ak Ad itk ddddekddeddd s o id sk d e dodddo sk hdddkr
C
"1 IF(COUNT.GT.100) GO TO 3

TERM1=P* (VOLD-B(1) ) * (VOLD-B(2) ) * (VOLD+B(3) ) —R*T*(VOID—B(z))*

$ (VOLD+B(3)) + A%(VOLD-B(1)) &
TERM2=P* ( (VOLD-B(2) ) * (VOLD+B(3)) + (VOLD-B(1))* (VOLD+B(3)) +

$ (VOLD-B(1) ) *(VOLD-B(2) )} ~ R¥T*((VOLD-B(2)) +

$ (VOLD+B(3))) + A
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VNEW=VOLD-TERM1,/TERM2
TF ( (ABS (VNEW-VOLD) /VOLD) .1E.0.0001) GO TO 2
VOLD=YNEW
COUNT=COUNT1,
GOTO 1
2 VIIQ=VNEW
RETURN
3 VLIQ=VNEW
WRITE (*,11)
11' FORMAT(' NO CONVERGENCE WITHIN 100 ITERATIONS')
RETURN
END

C
C*********************************************************ii************

C
C Function for evaluating enthalpy departure function.
c
C***********************************************************&***********
C
FUNCTION DEPENT (TR, PR, Z)
DIMENSION B(3) ;
QCMMON /OONST/R, B, AA, ALPHA
TERM1=(2-1) *IR
TERM2=AA*ATPHA* ( 1+ALFPHA* ( 1-SQRT (TR) ) ) *SQRT (TR)
TERMI=AA* ( 1-+ALPHA (1~SQRT (TR) ) ) #42
TERM4=L0G (ABS ( (Z~B(2) *PR/TR) / (Z+B(3) *PR/TR) ) )
DEPENT = TERM1+( (TERM2+TERM3) *TERM4) / (B(2)+B(3))
RETURN

END
o
C***********************************************************************
C
c Function for evaluating Iatent Haat of Vaponzatlon using
C Clapeyron relation.
c
C************t**************************i*******************************
C

FUNCTION ENTFG(TR, ZV,2L)

M/PR)PI/‘ICPCVCWWCDICDZGDBMETOTREF

RE'AL M

= 8314.
PSI = 6.09648 - 1,28862#TR + 1.016082*TR*#7 R
$- + W*(15.6875 - 13.4721*TR + 2,61462#TR**7)
ENTFG = PSTARNTC* (ZV-ZL) /M
RETURN
END
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c

c Iee-Kesler ecuation for saturation pressure evaluation.
C. .
(e sdedededede oo dode e e de deodede deodededeodede dedek i dededeode dedekdede dede ok dedededek ke dek k kA kkh kR hk ki hhhhkhkhkkkkhkkk
C
FUNCTION PRSAT (TR,W)
TERM = 5.92714 - 6.09648/TR - 1.28862*L0G(TR) + 0.169347*TR**6

$ + Wk (15.2518 — 15.6875/TR —13.4721*L0G(TR)+0.43577¥TR**6)
PRSAT = EXP(TERM) .
RETURN

END

e

(Coiede e e e e e e e e e e e e e de e s ode e do-de e o e e e e e e e e e e e e e e e e e e e e e dede e de de e de e e g o e e e e ek ek ke ek
C
c Determination of saturation temperature by iteration method
c through the use of Lee-Kesler equation.
c
e e e de e o e de e de de S e e de e e e J e e Je e e e I e s v o e de e e e e e e ke e Fe e e e vk e e e e e e e e sk e de v e vk e e e ek e e e
a .
FUNCTION TRSAT (FR,W)
™ = 0.5
COUNT = 1.
N = 100
C
Chikhkhkhhkhhhhhhhhhihhkhhikkihkkhhiiihidhidldiriiiitikiddkhikkidkiihikkiidkhihii
c .
c If there is no convergence within 100 iteration, a message
o will be prampted to the user.
C .
Crhedededododededodode de dode Je e oo de g dod dedo dede de de ek de ek I e de v de e oo e e e e e e dede de dede dede o de e de e de e e Aok A de v dede o e e
C
1 IF(QOUNT.GT.N) GO TO 3

TERML = LOG(PR)-5.92714+6.09648/TR+1, 28862+10G(TR) —0.169347+*
$ TRA*6 -3k (15.2518-15.6875/TR~13,47214L0G (TR)+0. 4357 T*TR**6)
© TERM2 = —6.09648/TR**2 + 1,28862/TR — 1.016082¥TRA*5 —
$ - W* (15.6875/TR**2 - 13.4721/TR + 2.61462¥TR¥*5)
TERM] /TERM2

Y

TRNEW = TR - ,
IF (ABS(TRNEW-TR).LE.0.001) GO TO 2
TR = TRNEW '
COUNT = COUNT + 1.
GO TO 1
2 TRSAT = TRNEW -
3 TRSAT = TRNEW
WRITE(*,10) N
10  FORMAT(//,T2,'NO CONVERGENCE WITHIN',I4,' ITERATIONS')
RETUN
END
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C*****ﬁ*****************************************************************

c
c Integral of ideal gas specific heat capacity¢
c -
C*****************************************;;****************************
C -
FUNCTION CEO(T) .

OOMMON /PROP1,/'TC, FC, VC,W,MH, A, B, C, D, BO, TO, TREF

CPO = T (A+T*(B/2+T* (C/3+D*T/4)))

RETURN

END

c
C***********************************************************************
p )
g Flmctlon for evaluating viscosity of gases. . -
C**********Ji***********************************************************
cC
FUNCTION VISVAP(TR,FR,VR)
REAL MW .
88, 0. /PHDPI/'IC,R‘.‘,VC,W,PN,ODI,CDZ,(1)3,034,33,10,'11?‘.&5‘
PCA = PC/101325.
DENSE = 0.1875*IR - 0,125
ZETA = TC**0.16667/ (SQRT (MW) *PCA**0. 66667)
VISG={4.610%TR**0,618-2. 04 *EXP(~0.449*TR)
$ : + 1.94*EXP(-4.058*TR) + 0,1)/ZETA

Q()

**********************************************************************
!

The low density gas viscosity is assumed first using the method

of Thodos et al. If the gas is at high density, Jossi et al.

equation is used. -

**********************************i***********************************

Otaf)ﬂtﬁf)n

IF (PR.GE.DENSE) THEN
RHS = 1.0230 + 0.23364/VR + 0.58533/VR%2
$ - 0.40758/VR**3 + 0.093324/VR¥*4
VISG=VISG + (RHS**4 - 1)/
ENDIF :
VISVAP = VISG*1.0E-7
RETURN .
END
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C - '
(e e e e e e e e e e e e v e e e e e e e e she e e e e e e e oo de e e o o d e e Je de e de e de o de de e e e Je e e o e ek e de e e do e de e e de e
o .
o Function for Evaluating liquid viscosity.
C . .
C*******************************************************Q***************
c
FUNCTION VISLIQ(T)
REAL MW )
QMMON /PROPL/TC, BC, VC, W, MW, 001,002,003, (04, BO, TO, TREF
PCA = FC/101300.
TR = T/TC

e e e e e e e e e e e e e e e dhe e e e ke e e vy e e e e e ke e e e e e e e St de e e ke de e e e e e e ke e e e de e ek e ok dek ke kKo de R e

Q(]

'Van Velzen et al.'s equation is used for low temperature
liquid viscosity and Letsou and Stiel's equation is used
for high temperature liquid viscosity calculation.

dededededodedededededede dedede fede e dededede ke ke dede dede ek de kA kR Ak k kR i kdhkkkdekkhhdkkkihikihhkiik

O(}f)f)C)O(T

IF(TR.GE.0.75) THEN
TERML = 0.015174 - 0.02135*%TR + 0.0075*TR**2
TERMZ = 0.042552 = 0.07674*TR + 0.0340%TRA*2
ZETA = TC**0.16667/ (SQRT (MW) *PCA**0. 66667)
VISLIQ = ((TERML + W*TERM2)/ZETA)/1000.
EISE
VISLIQ = (EXP(BO*(1/T - 1/T0)))/1000.
ENDIF
RETURN
END

C

-~
Cesdede o de e e e e e vede e e e e e e e e e e e e e s e e de e e e e e e d e e e e e e e e d e e g e e e e e g o e dede g de e ok de e
c

C Function for evaluating specific heat capacity. Equation was

c derived from the equation of state suggested by Adachi et al.
C

C***********&***********************************************************
c

FUNCTIGN CP(T,V)

REAL MW

DIMENSION BI(3),B(3) :

COMMON /PROPL/TC, PC, VC, W, MW, 001, €02, CO3, 004, BO, TO, TREF

COMWN /OONST/R, B, AA, ALPHA

TR=T/TC

Do 10 I=1,3

BI(%) = B(I)*R*IC/PC
10 CCNTINUGT
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A = ARRRARQXTCH42/PC
AT=A* ( 1+ALPHA* (1-SQRT (TR) ) ) **2
DADT=—A*ALPHA* ( (1+ALFPHA) /SQRT (TR) ~ ALFHA) /TC
D2ADT2=A*ALPHAX (1+ALPHA) *TR** (-1,5) / (2#TC**2)
DPDIV=R/(V-BI(1)) ~DADI/((V-BI(2)}*(V+BI(3)))
DPDVT=-RAT/ (V-BI (1)) **2 + AT*(1/(V-BL(2))**2 -1/ (V+

$ BI(3))**2}/(BI(2)+BI(3))
CPG1=(-T*D2ADT2*I0G( (V-BI(2))/ (V+BI(3)))/(BI(2)+BI(3))
$ —DPDOTV#* (R¥T/ (V-BI (1) ) “T*DADT/ ( (V-BL(2) ) * (V+BI(3))})
$ /DPDVT ~R)+ (QOL+T* (CO2+T* (CO3+T*Q04) ) ) *4186. 8
CP=CPG1/MH
» RETURN . ]
END 3
c .
£ C***********************************************************************
o
C Function for evaluating thermal conductivity ?f gases.
c
C***********************************************************************
p .
FUNCTION AKVAP(T,FR,VR)
REAL MW, LAMDAD .
QOMMIN /PROP1,/TC, FC, VC, W, MW, 001, C02, CO3, 004, BO, 10, TREF A
TR=T/TC :
ECA = PC/101300.
RHOR=1/VR
ZC = PCHVCAMI/ (TC*8314)
ZETA=TC**0. 16667/ (SQRT (M) *PCA**0. 66667)
VISO=(4.610*TR**0.618-2. 04*EXP(~0. 449*TR) +1. 94 *EXP (~4 . 058*TR)
$ + 0.1)/ZETA/1000000.
CV = COL+T* (CO2+T*(QO3+T*C04)) - 1.98
LAMDAO=VISO* (1.164CV+4 . 00) /MW
DENSE = 0,1875*R - 0.125
c
c*********************t******************************************t******
o]

C Stiel%ni‘]lndos'sequatimsamusedforboththelwaxﬁ
c high density gases. .

c :
i C**********************ﬁ********i******ﬁ**i*****************************
: c

IF(PR.LE.DENSE) THEN

AKVAPSLAMDAD -

EISE

TAL = ZETA*MA

CONSTANT=TALAZCA*S5
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TF(RHOR.LT.0.5) THEN '
AKVAP=(14 . OE-8* (EXP(0.535*RICR) ~1) /CONSTANT) +LAMDAO

ELSE :

IF(RIR.IT.2.0) THEN

AKVAP=(13. 1E-8% (EXP (0. 67%RHCR) ~1. 069) /CONSTANT) +LAMDAD

ELSE

AKVAP=(2.976E-8* (EXP(1. 155+RHOR) +2. 016),/CONSTANT) +LAMDAO
- ENDIF
\ ENDIF .
ENDIF
AKVAP=418 . 63*AKVAP
RETURN
END

C
Coede Fo e e dede e do e dede de o de g de e de e e e e e e s dede e e e e e e o e i e e e e e e e e s e s ke e e e de e ok e ke e e de de e ek e e
C
C Function for evaluating liquid thermal conductivity. The
C Sato-Riedel's method is employed.
c .
Ck*********i*.*******i***************************************************
c .
FUNCTTON AKLIQ(T,ER,VR)

M/Pmmm,mvcwmoalcoz 03,004, BO, TO, TREF

REAL, MW -

TR=T/TIC

IF(TR.IT.0.3) THEN

PRB = 101300./FC

TRB = TRSAT(PRB,W)

AKL = 2.64E-3%(3+20% (1-TR) **0.66667) / (3+20% (1~TRB) **0. 66667)

AKLIQ = 418.68*AK1/SQRT (MW)

EISE -

AKLIQ = 2KVAP(T,ER,VR)
ENDIF :
RETURN

END
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?*********t*******i********************************************i******
s, - P . .
Function for evaluating surface tension using Brock and Brock's
approvach.

DQOODOQO

**************************************i*******************************

FUNCTION SIG(TR,TC,EC,W)

PER = (101300/FC)

TER = TRSAT(PER,W)

THETA=0. 1207* (1+TBR*LOG (PC/101300) / (1-THR)) - 0.281

SIG =(PC/101300) ¥*0.66667+TCA*0. 3333*4THETA* (1-TR) ** (11. /9..) /1000.
RETURN

END
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Appendix C |

'PROCEDURE FOR
PREDICTING HORIZONTAL

FLO\VV CHF

C.1 Input Parameters

s

The input parameters required for the prediction are the pressure in kPa, mass ﬂu:}l

in kg.m~2.s~!, thermodynamic vapour quality and the tube diameter in m. Wit?
these given flow conditions, fluid properties and the parameter Tj will be calculated.
The CHF ratio can then be predicted based on the local parameters approach or the

constant inlet condition approach.

C.2 Calculation Procedure

C.2.1 Evaluation of Fluid Properties

The saturation properties of the fluid are estimated from the UOCODE (for wa.tér\\
and from ron-aqueous property code, PROPER (for fluids other than water). The
list of constents shown in Table B-4 for the fluid of interest must be given before the

properties can be calculated. These critical constants are passed to the property sub-
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routine through a common block called C@IT. The estimated properties will be passed
- back to the calling program through : common block called PROP. An example of the
calling process is shown in figure C1. The program calculates the fluid properties of
freon-12 and print oP‘t the values for saturated liquid s.peciﬁc volume {VF), saturated
vapour specific volume (VG) and the single phase specific volume (VL). For this case,
* the fluid is in the superheated vapour state and thus VL corresponds to the super-
heated vapour specific volume. Consequently, subroutine PROPER only calculate the
superheated volume and assign zero values to the saturated properties. The source

code for property subroutine can be found in Appendix

C.2.2 Evaluation of Actual Quality

When analyzing the force balance, actual void fraction and quality are needed. The
method-suggested by Saha and Zuber (1974) was used for actual quality evaluation
(see Chapter 4). Heat flux, tube diameter and fluid properties are required for the
intermediate calculation steps. Normally, the heat flux is not known if only the local
parameters are given. Critical heat flux for vertical flow is used as the estimate of the
heat flux. The predicted actual quality is then used to predict CHF ratio which in
turn yield the value for horizontal CHF. The flowchart for actual quality evaluation
subroutine is shown in figure C2. For thénnodyna.nﬁc qualities greater than 20%, the
actual quality can be assumed eqﬁe.:l to the thermodynamic quality.

C.2.3 Evaluation of Void Fraction
. r :
CISE (1970) equatjon is chosen for the slipk‘atio estimation and subsequently the void

-

fraction is evalua._ted from the relation :’
- _X'
o (C.1)

X+ 8(1-X)&

where S is the slip ratio calculated from equation (4.33) and X is the actual quality. '&
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C.2.4 Evaluation of Parameter AU

With the fluid properties, actual quality and void fraction, equation (5.22) is used to
caleulate the value of parameter T; with Cy = 1.0. Rey is defined as G(1 - X)D/pu; in
equation (5.22). T is then substituted into equation (6.9) for the evaluation of CHF

ratio.

C.3 CHF Ratio Prediction Based on Local Param-
eter Approach |
The CHF ratio (CHFR) is evaluated by the use of equation (6.9), ie.;
CHFR =1 ¢ (T1/59)°* (C.2)
Horizontal CHF valugs can then be obtained from
i CH Fhor = CHI;‘R x CHF,,, ' (C..3)

where value for CHF,., can be taken from Table 1.

C.4 CHF Ratio Prediction Based on Constant In-
let Condition Approach

For this method, the inlet subcooling and the heated length must be known. The exit
quality is varied until the heat flux calculated from energy balance is the same as the
critical heat flux predicted based on that local exit quality (see figure 41&){

C.5 User Friendly rI.".':lbulrsu' Method

Despite the correct trend of equation (6.9) with the mass flux, it would under-predict

the CHF ratio considerably for certain flow conditions (high pressure and moderate
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~mass flux). The reason is that the exponential function would not converge to the {
value of 1.0 soon enough evén though the mass flux value is supposed to be high
enough to suppress éravity effect. A simple correction for this deficiency is to take the
maximum value of CHFR calculated from both equation (6.9) and .equation (2.25).
Figure C3 shows the prediction of CHF ratio by the two methods’_mentioned. For mass
flux greater than G4, equation (2.25) predicts a higher value of CHER. If equation
(2.25) is used for mass flux gréater than G4, the prediction will cénverge to the value
of 1.9 sboner. 7
This combined approach was used to produce a CHF rati FR) table for
water (see &able C-1). The CHFR table provides users with an easy jmd quick way
of estimating the CHF ratio. Table C-1 is only valid i}r an*8mm inner diameter tube.
The CHF ratio is found to decrease with increasing tube diameter as illustrated by

figure 37. Tube diameter correction factor for CHFR is approximated by

. 0008,
o I\dm— D )

e

for 0.006m < D < 0.016m and tube diameter con}sction factor for vertical CHF is

(C.4)

given by
_,0.008 445
Therefore, horizontal CHF can be calculated as
CHFhoo = Kgio x Ky X CHFRgepn X CHF er 8nm (C.6)
CHFhor = (0.008/D)*%® x CHFRgmm X CHFyor gmm (C.7)

where CHF Rgpum 18 th.e CHFR va.lu?_%;a.ken from Table }C-l and CHFy.,gmm 1s the
corresponding vertical CHF value 'ﬁ}f{e'n from Table 1 (under the same G, X and
P) ‘Table C-1 was arranged in a matrix form so that simple linear interpolation is
possible. The CHF R values are tabulated against thermodynamic quality so that no
further calculation for actual quality is needed. Values with asterisks are extrapolated
from the higher qualities region. They correspond to the conditions where the actual
qualities are equal to zero. Table C-1 was used.to predict CHF ratio and compared to
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the data bank. The results for water and freon-12 comparison are summarized in Table
C-2. 1t is clear that similar type of-error distribution is found by using Table C-1 as
compared to the step-by-step calculations outlined earlier. It is therefore worthwhile
to lose some accuracy when the prediction method is so- simple to apply such as the

tabular approach.

C.6 Source Code for Horizontal CHF Prediction

The prediction subroutine can be divided into three levels. Level one is the main
subroutine where the input parameters are read in. It is in this level that the necessary
subroutines are called and the main calculations are being performed. Figure C4 shows
schematically the flow of inform i\oﬁﬁi;\le\.rel one.

Level two is the main backboneqof the whole program. It calls the other subroutines
in level three needed for intermediate calculations. Property subrdutines is being called
first and subsequently subroutines such as XACT and VOID are called so that T} can
be eviluated. The flowchart for CHFRAT in second Level is shown in figure C5.
CHFRAT is the subroutine which calculates the CHF ratio.

Subroﬁtines in level three are PROPER, XACT and VOID. The source code for

the whole prediction program is listed in figure C6.
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Table C-1. CHF Ratio (CHEhor/CHFver)
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4

Table C-2. Camparison of Predittion Accuracy Between The CHF Ratio
Table and Equation (6.9)

Eas

Fraction of datatt within

Prediction  Average® RMS Standard . prediction accuracy of

Method Error ‘Error Deviation = +10% +20% +30%
Constant Xp, : '

CHFR Table  0.005  0.278.  0.278 0.1885  0.4577  0.9308

(Table C-1)

Eq. (6.9) -0.044  0.259  0.255 0.2654  0.5423  0.9462
Constant Xy '4

CHFR Table  -0.022  0.181  0.181 0.3846  0.7615  1.0000

(Table c-1)

Eq. (6.9) “.~-0.029  0.165  0.165 0.3615  0.7462  1.0000

-+

+ Mean of (GFRppreq ~ GFRexpt)/HFRexpt

++ No. of data point = 260.
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C

c

B

C*************************************#*********************************

c Mple program for estimating fluid properties of Freon-12.

c

C****************3}***********ﬁ*****************************************.

C

PROGRAM FREON12 -

REAL, MW

oMM /CRIT/TC, PC,VC, W, MW, 001, C02, 003,004,

,TO, TREF :

BO
M /PROP/VF, VG, VL, RHOF, RHOG, RHOL, HF , HG, HL,, CFF, CFG, CPL,
$ UF,UG, UL, AKF, AKG, AKL, PRF, PRG, PRL, HFG, PSAT, TSAT , SIGMA

TC=369.2
PC=4973830.
VC=0.0019056
W=0.215
MW=86.469
(01=4.132
002=3.865E-2
C03=-2.794E-5
Q04=7 . 305E-9
BO=532.855
TO=156.928
TREF=233.15
P = 300000.

T = 400.

CALL PROPER(P,T)

" VISF=
AKF =

SIGMA =

WRITE(*,10) VF,VG,VL,HF,HG,HL,CFF, CPG, CPL, UF, UG, UL,
$ AKF, AKG, AKL,SIGMA, T, P
10 FORMAT(//,T2,'VF =',El15.5,T25,'W =', E15.5,T48,'VL =' E15.5,//,

g ) { n,:‘HF =':m5m.5ém5,5'r'%;3—-',§15.5,T48,'n:5. =',E];5.5,//,
N i
$ //,T2,'SIGMA =',E15.5,T25, 'T =',E15.5,T45, 'P =1, E15.5)
2D -
¥
= 0.00000E400 VG =  0.00000E+00 VL=  0.12593E+0
=  0.00000E+00 HG =  0.00000E+00 HL =  0.34709E+06
0.00G00E+00 CBG =  0.00000E+00 CPL =  0.76401E+03
0.00000E+00 VISG=  0.0000Q0E+00 VISI=  0.17288E-04
0.00000E+00 AKG =  0.00000E+00 AKL =  0.16752E-01
0.00000E+00 T =  0.40000E+03 P =  0.30000E+06

Fiqure Cl Example Program listing for Evaluating Fluid Properties.
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Given q, xe,

D, Properties

!

Evaluate
X

YES
xact =0
YES
act ~ Xg
1)
1)
\ 4
—> <+
v v .
'RETURN | ,

'
: -
Figure C2. Flowchart for Actual Quality Subroutine.

243



1.0

CHFE
Ratio

ol el R R R e T T T T T T T T T U Uy

B o A o A W W m -

I

- -
el ar w A A e e A A ar A e Er o o AR A A AR e -

()
W

ﬁass‘Flug

+

Tigure C3. CHF Ratio Prediction as a Function of
Mass Flux.
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e

Main Program CHFHOR

g .
START
/"'—‘\

Input

P, G, X b

e !

CALL CALCHF .

CALL CHFRAT

CHF, . = CHFR x CHF o,

RETURN (

Figure C4. Flowchart for Main Program of
Horizontal CHF Prediction.
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Subroutine CHFRAT

=)
l

Input
P, G, X

;

. CALL PROPER

l

CALL XAGT

;

CALL VOID

e’ D

y

Evaluate Tf

L

0.5
-(T, / 6.0)
e 1

l

RETURN

CHFR = 1 -~

Figure C5. Flowchart for CHF Ratio Subroutine.
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c A
Chhddhhkdkhkhkkhhrkhihikrhhkhkihkihkirkkhirkihkhkihhhiihhihhhkdkihtkkiik
C .
c Main subroutine for horizontal CHF prediction
C . .
Ce o de e o e e & e e e e vk e de g e e e de e e de e e e e e e e e e e e e e e e e e e e v e e e e e e de g e de e e e o v e e ek e e
C .
SUBROUTINE CHFHOR(P, G, XE,HY , CHFH)
C
Cdede do e e e Je o vt e e e e e A e e o e e e e ok e e e e e e e e e de e s e e e e e Fe e ok e e e e e e e Je e de e e e e e ey e e de e de e e e
4
c Call subroutine QALCHF to get the CHF value for vertical flow
C . h
(T e e e e e e e e e e e e e e e e v e e e Fe e e e e e v e e e e e e e e e e e de e e o ke g K e e e e e A v e ek o e e vk e e ek ke ok
C

CALL CALCHF(P,G,XE,[HY,CHFV)
C :
Cedededededededed e dedede e dedk e de e gk ko de ok ok e dr kg de ok e do ek Ao sk ok ook e ek Aok ek ek ok e ek ek ok &
e .
C Call subroutine CHFRAT to get the value for CHF ratio
C
C-k************************************************:‘:*********************
c .

CALL CHFRAT(P,G,XE, DHY,CHFR)
c
(e e e e e de e de de e e e de e e e de e de e e g e g e g de Jedede e de ke dedede e de ke ko Aok K e dr e de ke de dedede de ke deok dededo ke ok ok ok kK
C
C Calculating CHF value for horizontal flow
c
Cledededdkddkhkhhhhhhhihhkhkhdidhihihihhkhiihhiihiiikkiddhikihhkikikikkikdikhkikkdk
c

CHFH = CGIFR*CHFV

RETURN

END
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Fede e dedededode e dedede e dede e de e de e e de e de e de e e g e de e e e e ek de Jrdede e e de e e e R e e de e e de e de e o e e de o o e e

Subroutine to calculate CHF ratio
Pressure in KPa

Mass flux in kg/m**2/s

Diameter in m.

e e e e e e e ek e e Bedede e e ke Ao e ke e e e e e ke e e e e o e e e e vk e e e e e e e e e e e e e e e e o e e de ek e A ek

Y

SUBROUTINE CHFRAT (P,G,XE,DHY,CHFR)

Fededededededoded dededede e ek Rk dedeok dodok de e Ao oo g de e de de e o e de de e el Ak e e e e gk o e e A A ek dede gk ek de e

PROP —— Cammcn block in which all the calculated fluid
properties are passed to this calling subroutine.

hekAfehdkdokh kR RARRkKRRIARARRRhARARhkhkkhhkhhkhhkhxhhkhkhkhkhhkhkikhhhhhhhkhkhhkhkkkhk

OQGDOOQO OQOOO(’)OOQO

/PROP/ VF, VG, VL, ROF, ROG, RHOL,
. HF, = HG, HL, CPF, CBG, CPL,
VISF, VISG, VISL, AKF, AK, AKL, P
PRF, ' PRG, DPRL, HFG, PSAT, TSAT, o
SIQRA

P .
0.0 v

o+ 4+

PSATU

TSATU
c
CredededededododeJodeJe de o e e e do de dohede d e de e e e Fe oo de de e de o de e de e e e e de e de g e o dedede de ke de e do e de e Koo dedede e ek
G :
C » Call the property subroutine for evaluating saturation fluid
C properties at the given pressure.
cC ; .
Coede g e e dedo e deeode e e e de do Ko e de e o e e e 2 e e v ok s e i e o e e e e e e e e e e e e e ke e e e e de ok e dedede e de e s dede e e ek ke
C

CALL PROPER(PSATU, TSATU)

c
(o L L L g 2 X T 0y W arr v urrur Y

If the thermodynamic quality is less than 20%, calculate
the actual quality using the Saha=Zubér equation, and the
vertical CHF as the estimate for heat flux. If it is
greater than 20%, asyme the actual quality to be the same
as the thermodynamic quality. \

Rk dedkdededoRdeddedededdododedosok foddededodedv i s dededededededodo e ek dede de Ak kg dodede kg dod ko dek dode ek de ko ke dek

OQOOOQOOO

-

IF (XE.1E.0.2) THEN
CALL CALCHF (P,G,XE,IHY,CHFVER)
Q2 = CHFVER*1000.

Figure C6. (Cont'd)

/J
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C
C CAILCUIATE ACTUAL QUALITY
c
CALL XACT(QQ,G,[HY,XE,X)
EISE : '
X =XE
ENDIF
o)

C***********************************************************************
c .

c Void fraction is calculated through subroutine VOID using
C CISE equation.
C

Codedede dedede e de e e Jo e e Fode de ek e e Je e de e she e ek e de e e de e e e e e Fe e ke e e e e ok o e e e e ek e ek e e e e e ok e e

o

CALL VOID(G,X,[HY,ALPHA)
C
c***}f********************************u***********u********************

ﬁ/ Value of the force balance parameter T1 is evaluated and
C the CHF ratio can thus be calculated
C
C***********************************************************************
C
REL~G* (1-X) *CHY/VISF
TERM1=REL** (~0.2)
TERM2= (1-X) / (1-ALPHA)
TERM3=G*+*2/ (9. 81 *[HY*RHOF* (RHOF-FRHOG) )
TT1=0. 092 *TERML*TERM2*#2 *TERM3 /SQRT (ALFHA)
CHFR=1-EXP(- (TT1/6.0) **0.5)
RETURN
END

~

Figure c6. (Cont'd)
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Coededded ik ki khhidkiok ek kkhdkk ki ddk ko ddkkhikiehiokddhihkidkhhhhkiikkikikkk
Subroutine to calculate actual quality

P in KPa, G in kg.m2.s™1, [HY in meter and
00 in W.m™2 /

**********************************************************************

ognnboon

SUBROUTINE XACT(QQ,G,[HY,XE,XA)
CMMON/FROP/  VF, VG, VL, RHOF, RHOG, RHOL,
HF, HG, HL, CPF, CPG, CUL,
_VISF, VISG’,/VISL, AKF, AKG, AKL,
— - M' PRL, I-EG' ESAT, 'ISAT’

! s1QMA

++ + +

C
Chhkkdkhhkkihkkiihhihihhikhkhkhkhihhkhkixhhkhkrhikhhikiikihiihhhkihkiihkkikidkikikikkk
C .
c Calculate quality at bubble departure, XED
C .
Chihkhhkhhhhkhhiidhihkhihihhhikhhkiihkhkhkihihkiddihidkdhiddiihikhdkiihickihihk
c _
PE = G*IHY*CFF/AKF
BOIY, = QQ/ (G*HFG)
IF(PE.GT.70000.) THEN
XED = =154*BOTL,
EISE
XED = ~0.0022% (PE*BOIL)
ENDIF

QOO0

IF (XE.LE.XED) THEN
XA = 0.0
RETURN
ELSE : ,
IF(XED.GE.0.) THEN ‘
XA = XE
RETURN
EISE
"EXPON=XE/XED
IF (EXPCN.1E. (=20.0)) EXPON=—20.0
EE = XED*EXP{EXPON-1)
XA = (XE - EE)/(1-EE)
ENDIF
ENDIF
RETURN ' i
END
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C :
c***********************************************************************

Subroutine for estimating void fraction

‘G in kg.m™2.s”1, HY in m and X is the actual quality

QQQOOO

o e e e e e e de e de e e e e e e e e vl e e e e e e e e e e sk s de e e e e e e e e o A e e e de e ke e e e e e e e e e e e e e o e e e e e

SUBROUTINE VOID(G,X,DHY,ALPHA)

**********************************************************************

PROP —— Commen block through which the calculated saturation
fluid properties are passed to this subprogram.

Fe e e e o e e e e e ke e o s e ol e e e e e e e sk e e e e e ek e e e e e o e e o o o sk ok e ol ok e e e e ke ok e e e ok ok

n'QonanO 0

COMMON/FROF/ VF, WG, VL, RHOF, RHOG, RHOL,

- HF, HG, HL, CPF, CEG, CPL,

. VISF, VISG, VISL, AKF, AKG, AKL,

PRF, PRG, PRI, HFG, PSAT, TSAT,
sIGR | N

++ +

C
Cedededede dedede dudede dededodededede Jod dede Ko Je e de dede Jode Ao o e e o e e e dede T o e e e o e A d e e e v e oo e e e e ke e e e e A e
C .
C + Calculation of void fraction using CISE equation.
C
C***********************************************************************
C
VR1 = X*RHOF/ (REOG*(1-X))
RE = G*[HY/VISF
BETA=RHOF*X/ (RHOFAX-+RHOG* (1-X) )
WE=G**24[HY/ (SIGMA*RHOF)
El=1.578*RE** (~0.19) * (RHOF/RHOG) **0. 22
E2=0, 0273*KENRE** (=0, 51) * (RHOF/RHOG) ** (-0 08)
YY=EETA/(1-EETA) °
ARGU = YY/(1+YY*E2) -YY*E2
IF (ARGU.IE.C0.) ARGU=0.0
SRATTO=1+E1*SQRT (ARGU)
IF (SRATTIO.IT.1.0) SRATIO=1.0
ALPHA = 1/(1+SRATIO/VR1)

END
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SUBROUTINE CALCHF(P,G,D,X,CHF) | ’

Codededodedode dodede deJo dededede 2 de e dedede dede e de e e e oo de e de e de e dededede dedeodededed e de ko de ke ek dedede e dedevie ok ok ke ok ok ok

NOO0O0O0

Subroutine CAICHF

This subroutine is used to cbtain the CHF from table of discrete

values. The table was presented by Groeneveld et al..

% % % ¥ F %

C***********************************************************************

¥

Cricedede s o dede ook Jodededoode ok dode dedede dodeodeode dedededede s e dededede et dede dododede N dede e dede e dedede dododede de dede ook e dedede ke e

Q

C
cC
C
C
c
C
C
C
cC
C
C
c
o
Cc
C
C
C
C
C
c
c
cC
Cc
C
Cc
C*

Variable declaration:

Character:

GECM
UNIT
FLUID
CRIENT
STATE

'UGUKE

~

%»’835‘3%

NFIG
Flag

Iogical:

s us e

a8 24 a8 s ¥E A W

™

a single character variable for channel geametry.
a singie character variable for unit.
a single character variable for fluid type.

a single character variable for channel crientation.
a single character variable for state of the system.

provided quality.

provided diameter.

provided mass flux.
provided pressure.

the interpolated value.
discrete value of quality.
discrete value of mass flux.

Program termination flag.
Step termination flag.

" REAL CHMFIAB(21,14,15),PX(21),PG(14),PP(15),INTRP3

TOGICAL FIAG
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C***********************************************************************

c ”-Ln\,- *
c Call up two cammon blocks to pass sxnﬁzvarlables in and out the *
c subroutlne %
C . ‘ *
C*****************************#*****************************************
QOMMON /TABLE,/CHFTAB
14 QOMMON/ROWS /FPX, G, PP, IX, IG, IP \
. PHRO =
G20 =G .
(e dedede de e dhe e e e e ke e e e e e e she e e e e e e e Fe e e v e e e e dede e e e e e e e e e de e de g ke de dode ek e dede ok ok e ek ok ok ke ke
c : 3 *
c Initialize the flag and range pointer. - *
c . *

C***********************************************************************

‘3
FIAG = .TRUE.

IX = 20

= 13

IP = 14
ChaikRhhikkkhkikhikkiihhhhhkiokidhhiirRadrdkikihdhiihioin kil ihiortiiidt
C ' v, : - *
c Iocate the discrete value of quality bounding the input value. *
c ’ *

e dode e dede de de e e oo e e do e e e de e e e e e e e e e oo e e e e o e e e e e e e e e e e e e e A Je e e e e e e e de e e e de o e ek ke ke

DO 100 I=1,20
IF((X .IE. PX(I+l)) .AND. FLAG)THEN

X=1I
FIAG = .FAISE.
END IF
100 COONTINUE
i
h Crvdededededodedode ek dod ded dodo ke Jo e de Je e do e -de de e dude Je s Je e de e Je e d K de e e e e de K de e dede Jo e Jede e dede g e dede de e e e g e ek
c ' *
C ' Re-initialize the flag. *
c Iocate the discrete value of mass flux bounding the input value, *
c *

ChAhdddei i ihdeidddohikdhdoiddikddiidhddiihdhddiokddikhihhiiikkhiihkiihrhikikhih
FIAG = .TRUE.

; DO 200 I=1,13
3 « IF((Gi20 .1IE. PG(I+1))} .AND. FLAG)THEN

IG=1T

FIAG = .FAISE.

IF N
\ 200 -
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C***********i***********************************************************

c - *
C Re-initialize the flag. *
C Locate the discrete value of pressure bounding the input value, *
C *

C***********************************************************************

FIAG = .TRUE.
DO 300 I=1,14 .
IF((PH20 .IE. FP(I+1)) .AND. FLAG)THEN

IP=1I .
FLAG = .FALSE.
END IF »

300 CONTINUE

.

C***************i*******************************************************
c o ' *
C Calculate modification factor for tube diameter other than 0.008.%*
c _ *
C***********************************************************************

IF(D .GT. 0.016)THEN

CKl = 0.7937
EISE IF(D .IT. 0.002)THEN

CKL = 1.5874
ELSE

CK1 = (0.008/D)**(1./3)
END IF

CHF = INTRP3 (X,GH20, PH20) *CK1*100
RETURN | »

END
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REAL FUNCTION INTRP3(X,G,P)

C*********************************************************************i*

Function INTRP3

mSﬁmctmnlsusedtosetupthe/éamnete_rs for linear
interpolation in CHF evaluation. . The parameters are the slcpe,

- and two boundary points.

e dedededede de e e de de o dede Jede e dodede de e i Jo e e o de Fo o dedede g de e e dode e e de e e de e e dede e e de e e e e ek e e e o ek ke ok e

PHeNoNo NN NS
* F F * * * %

Chddedkhddoddededdedodedododedek ek ddddod dedodododedededededededededdodod dedk hdeded ko e A vk ke gk e 2 ok v d de ok

C *
c Variable declaration: *
c *
C Real: ] *
C X : provided quality. { *
c G. : provided mass flux. VA
C P : provided pressure. . *
< INTERP : the interpolated value. *
@ PX : discrete value of quality. *

s FG : discrete value of mass flux. *
c PP : discrete value of pressure. *
cC CHFH&B-:asetofMlodiscretevalueofCHFaIrargedmthree—*
c dimensional arrays. *
c *
C***********************************************************************

REAY, INTERP, CHFTAB(21,14,15) ,PX(21) ,BG(14) ,FP(15) \

C*****************f*****************************i****f******************

C . ) *
C Call up two camnon blocks to pass same variables in and cut the *
C subroutine. ®
Ceo s 7 *

C******i****************************************************************

COMMON/TABLE/CHFTAB -

COMMON/ROWS /PX, G, PP, IX, IG, IP . ' i
c***********ii*************i********i*********************************i*
c . *
c Linear interpolate the pressure value. : *
C ’ *

C*****************************************************i*****************

PAREM = (P'FP(IP))/(PP(IP*D-PP(IP)) 4

Cl = INTERP(CHFTAB(IX,IG,IP) ,CHFTAB(IX,IG,IP+1) PARAM)
‘@ = INTERP(CHFTAB(IX,IG+1,TP) ,HFTAB(IX, IGH , TP+1) , PARAM)

C3 = INTERP(CHFTAB(IX+1,IG,IP),CHFTAB(IX+1,IG, IP+L) , PARAM)

C4 = INTERP(CHFTAB(IX+1,IG+1,IP),CHFTAB(IX¥+1,IG+1, TP+1) , PARAM)

"‘w\\ //

v
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Crededoddedohe Ko dedefedede d e o de o de e e o de e e e de e e e e dedode Jede s de e e s e do e e dede ek de e Fek de e de e e e de ke ke e e e g g e ek e

c , *
C Linear interpolate the mass flux value, %*
C ' . *

C*********************************************************************;*

PARAM = (G-PG(IG) )/ (PG(IG+1)~BG({IG))

CS = INTERP(C1,C2,PARAM)

C6 = INTERP(C3,C4,PARAM)
C*************************i*****************************i***************
C : ' *
C Linear interpolate the cuality value. *
c ’ . © %

C***********;***********************************************************

PARAM = (X-PX(TX) )/ (PX(IX+1)-PX(IX))
INTRP3 = INTERP(CS,C6, PARAM)

RETURN

END

REAL FUNCTION INTERP(Al,A2,P)

Criededededodedede e dodedodedededodededededode dededo ke de dede &k K e Koo de de g oo dode dede sk e ok g e dede o g de e e o e de ke d e

c ' *
c Function INTERP . *
C *
C This function is used to interpolate value linearly. *
C It requires the slope of the function and two bourdary points., *
C *

Cedek e dede dedk dedodededededodededede Jodde dede dede dede dedede de g o de de dedededede et de e dededdede i de e g de Ao o e e de e e e ek e e e ok o

Chkdokkdddhkhhtdkddhidddddedkdhhhihiihddodddodeddedd ik ik ik kit ddediikkiik

c , ' - *
c Variable declaration: *
C . *
c Real: ) . *
c INTERP : the imterpolated value. *
C P ¢ slope of the function. *
Cc Al,A2 : the two bounds. *
C . ) : C ok
Chd R R AR RS AR AR AR IR A ke de e o ek ek e etk ek ok s vk Ao e e

INTERP = Al + (A2-Al)*P

RETURN

END
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