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ABSTRACT

An introduction to the critical heat flux (CHF) is pre-
sented. The mechanisms with the greatest promise for explaining CHF are
described. The factors affecting the CHF such as flow parameters, geome-—
try and miscellaneous effects are described in detail. A summary of the
various empirical and theoretically-based CHF predicting methods applic-
able to non-aqueous fluids is presented. Also, a summary of the varilous
CHF scaling techniques between different fluids 1s made. The three
methods which appears to be the most promising for predicting CHF in non-
aqueous fluids are selected for further study: (i) Weisman & Pei's theor-
etically based model for predicting CHF at low qualities, (ii) Katto's
latest empirical correlation for predicting CHF in various fluids at posi-
tive dryout qualities and (iii) non-dimensional CHF table created by non-
dimensionalizing Groeneveld's standard CHF table using Ahmad's & Katto's
CHF scaling techniques.

A comparison of predicted CHF values with experimental
CHF values for water, carbon dioxide, nitrogen and different freon types
is made. It has been found that the non-dimensional CHF table predicting
method is the most accurate over a wide range of pressures, qualities and

mass flows.
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1. INTRODUCTION TO CRITICAL HEAT FLUX

1.1 Introduction

The boiling crisist occurs when the heated surface can no
longer sustain continuous liquid contact due to high heat flux. The boil-
ing crisis phenomenon is characterized by a sharp reduction of the local
heat transfer coefficient which results from the replacement of liquid by
vapour adjacent to the heat transfer surface. The value of the heat flux
at which this phenomenon first occurs is known as the critical heat flux
(CHF). The CHF condition manifests itself by an increase in surface tem-—
perature caused by a stable vapour layer that blankets the heated surface,
or by small surface temperature spikes caused by the appearance and disap-
pearance of dry patches. In severe cases, the temperature rise can be
high enough to cause melting and rupture of the metal surface; this is
known as the physical burnout. The condition of 'dryout' is extremely
important in the design and performance of heat exchange equipment, such
as steam generators and reboilers, in which evaporation occurs.

Fig. 1.1 illustrates the various flow regimes encountered in a

uniformly heated vertical tube fed with subcooled liquid at the inlet.
The heat transfer reglons encountered in the tube, as well as the wall and
fluid temperature variations, are also shown. The transition between the
"subcooled nucleate boiling region” (region B) and the "saturated nucleate
boiling region” (region C and D) is defined by the thermodynamic quality

(x(z) = 0) where x(z) is given by

t Other terms used to refer to boiling crisis are: burnout, dryout,
departure from nucleate boiling (DNB), CHF condition.
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h(z) - h

x(z) = - £ (1.1)

As the quality increases in the saturated nucleate boiling
region, the flow pattern changes from bubbly flow to slug flow and then to
annular flow with entrainment. 1In the latter region, heat is carried away
from the wall by forced convection in the film to the liquid film-vapour
core interface, where evaporation and entrainment occur. At some critical
values of quality, the complete evaporation of the liquid film occurs.
This change in heat transfer mechanism is called 'dryout' and is accom-
panied by a rise in the wall temperature as shown in Fig. l.1. The varia-
tion of heat transfer coefficient with length along the tube for the con-
ditions presented in Fig. 1.1 is shown in Fig. 1.2 (curve (i) solid line)-
At the dryout point, the heat transfer coefficient is suddenly reduced
from a very high value in the forced convective region to a value close to
the one expected by forced convection to saturated vapour. Fig. 1.2 also
shows the heat transfer coefficient plotted against quality with increas-
ing heat flux as a parameter (curves (1) — (vii)). Curve (i) relates to
the conditions shown in Fig. 1.1 for a relatively low heat flux being sup-
plied to the wall of the tube. Curve (ii) ;hows the influence of increas-
ing the heat flux. Subcooled boiling is initiated sooner, dryout occurs
at lower mass quality. Curve (iii) shows the influence of a further
increase in heat flux. An abrupt deterioration in the cooling process
takes place in the saturated nucleate boiling region. This transition is

called 'departure from nucleate boiling' (DNB). Any further increase in

heat flux (curves (vi) and (vii)) causes the condition of DNB to occur in
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the subcooled region. DNB is usually accompanied with rupture or melting
of the heating surface.This is known as physical burnout. The term CHF
will be used to cover the three processes: DNB(subcooled), DNB(saturated)
and dryout.

Fig. 1.3 illustrates the boiling curve in a temperature-~con-
trolled system. The regions of the boiling curve are: AB - single-phase
heat transfer, BC - nucleate boiling, CD - transition boiling or unstable
film boiling and DE - a region of stable film boiling. The heat flux at
point C is called the CHF and point D correspounds to the Leidenfrost
point.

Fig. 1.4 illustrates the pool boiling curve in a heat flux
controlled system (i.e. when the heat flux is the independent variable and
the surface temperature is the dependent one). The regions of the boiling
curve are: AB - single phase heat transfer, BC - nucleate boiling, and DE
- stable film boiling similar to a temperature-controlled system (Fig.
1.3). When point C 1is reached, any small increase in the heat flux causes
the surface temperature to jump along the dotted line CF and stabilize at
point F. "CF" 1s the temperature excursion occurring at the CHF point.

If the heat flux is increased at point F, the surface temperature will
increase in the direction of E (post—dryout region). However, 1if the heat
flux is decreased at point F, the surface temperature does not return to
the value at point C, but moves along the curve towards point D. It has
been observed by Nukiyama (1960) that any small decrease in heat flux at
point D causes the surface temperature to fall along the dotted line DG.
The transition lines CF and DG can be passed only in the directions shown

by the arrows in Fig. l.4.
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Fig. 1.5 illustrates the flow boiling curve in a heat flux-con-
trolled system using Freon-12 in a uniformly heated tube with vertical
upflow. The temperature excursion, which indicates dryout, was detected
by a thermocouple located at the end of the heated channel (the location
of dryout in uniformly heated tubes is at the end of the heated length).
When the heat flux is decreased from the stable film boiling region (Fig.
1.5), Stevens et al. (1964) observed that the system follows the same jump

and returns to nucleate boiling by way of the CHF point.

1.2. CHF Mechanisms

1.2.1 General

The CHF mechanisms depend on flow regimes, which in turn are
dependent on pressure, flow rate and quality. Fig. 1.6 shows the
variation of CHF mechanism with quality, while Fig. 1.7 illustrates the
various CHF mechanisms in forced convective flow. Three different
mechanisms (two for DNB, one for dryout) give the greatest promise for

explaining CHF. The three mechanisms are described as follows:

1.2.2 DNB (Departure from Nucleate Boiling) Types of Dryout

(1) Nucleation Induced

At high subcooling and mass flux, heat 1s transferred effic-

ientl by nucleate boiling. Bubbles grow and collapse at the wall.
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DNB occurs at very high surface heat flux. Collier (1972) and
Tong (1972) suggested that dryout is caused by the spreading of a drypatch
following microlayer evaporation under a bubble and the coalescence of
ad jacent bubbles Fig. 1.7(a). No experimental support of this mechanism
and no quantitative predictions have been developed. However, Tong (1972)
has shown that the CHF depends only on local conditions and is not
affected by upstream conditions such as axial flux distribution or degree
of subcooling. TFor water in heat flux controlled systems, this type of

CHF could be accompanied by rupture and melting of the heated surface.

(11) Near-Wall Bubble Crowding and Vapour Blanketing

In flows with moderate to low subcooling, the number of bubbles
generated near the heated surface increases with increasing heat flux. A
bubble boundary layer is often formed near the heated surface. At high
heat flux, the bubble layer thickens (Tong & Hewitt (1972)) to the point
where it inhibits heat transfer from the wall. This causes DNB with
bubble coalescence and vapour blanketing Fig. 1.7(b). Experimental
observations have confirmed the thickening of the bubbly layer at CHF

(Tong & Hewitt (1972)).

1.2.3 -+ dF Mechanisms in Annular Flow Regime

The annular dispersed flow regime occurs at high mass flux and

high v¢ d fraction. The liquid flows as a film (Wpp) covering the walls
of the ube with entrained liquid droplets moving at a higher velocity in
the va ur core (Fig. 1l.7c¢c). The mechanisms of mass transfer from or to

the 1li did film are:
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- Evaporation (q/A) of liquid in the film;
= Entrainment Ent of liquid droplets from the film to the vapour core;

= Deposition Dep of entrained liquid droplets from the vapour core onto

the liquid film.

The variation of liquid film flow rate with distance is given by

d W
dz

= Dep - Ent -% (1.2)

As CHF 1is approached, the film becomes very thin. It is
assumed that the (dWpp/dz) term 1s negligible, compared with the other
terms in eq. (1.2). If the evaporation rate (q/\) exceeds the net deposi-
tion (Dep-Ent), the liquid film must breakdown, leading to dryout. The
temperature rise in this case is moderate and physical burnout is not
normally expected. The 1liquid film breakdown may also be caused by one of

the following effects:

1) Breakdown due to Thermal Capillarity Effects

The heat transfer coefficient through the liquid film is non-
uniform due to the existence of surface waves (Fig. 1.7(d)). One might
expect that the liquid-vapour interface will have a maximum temperature in
the valley, leading to surface tension gradients. The liquid moves away
from regions of low surface tension (corresponding to the valley in the
film) to regions of high surface tension leading to dryout in the valley

of the wave.

ii) Film Disruption due to Nucleate Boiling within the Film

Hewitt (1963) (as quoted by Groeneveld (1981)) has shown that

in annu’ar flow, nucleate boiling (i.e., the formation of bubbles at the
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channel wall) and liquid film evaporation can occur simultaneously.
Nucleate boiling bubbles can affect CHF in two ways. The first 1s, that
bubbles can grow and rupture the liquid-vapor interface, leading to a dry
spot that cannot be re-wetted in some cases due to the high drypatch
temperature. The second 1s, the nucleate boiling bubbles leaving the
liquid-vapor interface tend to produce a cloud of liquid droplets that add
to those already entrained (Fig. 1.7(e)). Hewitt (1963) (as quoted by
Tong and Hewitt (1972)) produced results confirming that the action of
bubbles in triggering film breakdown is of relatively minor importance in
the overall picture of CHF and that the indirect action of nucleate
boiling bubbles in promoting entrainment of liquid droplets from the film

can be significant.

i1i) Minimum Wetting Rate

In adiabatic two-phase annular flow, if the liquid film flow
rate falls below the "minimum wetting rate”, film breakdown will occur.
This film breakdown is basically a surface tension effect (Groeneveld
(1981)). 1In diabatic systems, film breakdown may be caused by a combined
effect of this and the thermocapillary effect described earlier.

Macbeth (1968) presented experimental results showing the varia-
tion of wall film flow rate with heat flux and mass velocity (Fig. 1.8).

It can be seen that the liquid film flow rate decreases steadily with
increasing heat flux until it reaches zero or very close to zero at burnout.
Therefc-e, it has been confirmed that in the annular flow regime, burnout
occurs then the liquid film flow rate tends to zero under the effects of

evapor :ion, entrainment and deposition. At burnout, the liquid film
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becomes so thin that it breaks up into rivulets which cause dry spots and

cousequently wall temperature excursion.

1.2.4 Detection of CHF Location

The simplest way of detecting the CHF location is by monitoring
the channel-wall temperature using a thermocouple in the area where CHF is
likely to occur. 1In uniformly heated channels, CHF usually occurs at the
channel outlet. Fig. 1.9 shows four distinct types of CHF. The first,
"fast-dryout”, occurs when the temperature rise is very rapid (Fig.
1l.9.a). The wall temperature becomes dangercusly high unless the channel
power is quickly interrupted. Fast dryout is usually followed by physical
burnout. The second, "stable dryout” (Fig. 1.9(b)) 1Is accompanied by a
moderate temperature excursion, and is usually followed by a film boiling
regime. The third and fourth types of dryout are both "slow dryout”. 1In
the third, the temperature rise is accompanied by the temperature oscilla-
tions (Fig. 1.9c¢c) and in the fourth (Fig. 1.9d) the temperature rise 1s
gradual. Macbeth (1968) suggested that the temperature oscillatiouns
observed in the slow dryout process are due perhaps to the vapor-blanketed
area alternatively contracting and enlargiﬁg. A thick wall has sufficient
thermal inertia to damp out the effect and indicates smooth signals from
the thermocouple. Macbeth (1968) also suggested that slow dryouts are
usually associated with high quality CHF conditions, while fast dryouts

are usually associated with subcooled or low-quality conditionms.
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1.3. Parametric Effects on CHF

1.3.1 General

The factors affecting the CHF can be divided into three

categories:

i) Flow parameters (pressure, mass flux, local quality and inlet

enthalpy)
ii) Geometry effects (cross sectional area, heated length)
1ii) Miscellaneous (gravity, heated surface properties, heat flux

distribution, flow orientation, etc.).
The effects on CHF will be expressed, where possible, in terms

of CHF vs. inlet subcooling and CHF vs. dryout quality.

1.3.2 ERffect of Inlet Subcooling and Exit Quality on CHF

Fig. 1.10 shows the variation of CHF with inlet subcooling for
fixed tube length and diameter. The CHF values are plotted against the
inlet subcooling with mass flux as a parameter. It appears that the CHF
increases linearly with inlet subcooling. This relationship is found in
most cases; however, 1t is by no means universal. The same data as shown
in Fig. 1.10 are plotted in Fig. 1.1l in terms of the exit condition. It
is observed that the CHF decreases with increasing quality. This trend

continues until 1007 quality where the CHF is zero.

1.3.3 Effect of Mass Flux

Fig. 1.10 shows that an increase in mass flux causes an
increase in CHF for a given inlet subcooling. Fig. 1.12 illustrates the

effect of mass flux on CHF. Note that at low mass flux values the CHF is
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almost directly proportional to the mass flux. The region over which this
proportionality applies, is called the "low mass velocity region”. 1In

this region, the CHF is approximated by
= Ge°D k -+ .
9. ( AH, /4L (1.3)

for a uniform axial heat flux distribution. This line corresponds to

Xe = 1.0; it represents the physical upper limit of the CHF. At high

mass flux, the CHF is slightly affected by mass velocity. Fig. L.11 shows
that, in the subcooled region, the CHF increases with an increase in mass
flux at constant dryout quality. In the saturated region, there is
initially a cross=-over while at higher dryout qualities the CHF decreases
with an increase in mass flux. This cross—over can be explained by
considering the CHF mechanisms: at low quality, the CHF is caused by
bubble clouding or microlayer evaporation; an increase in mass flux will
increase the removal rate of bubbles from the wall. This tends to delay
dryout. At higher quality, the CHF is caused by liquid film depletion:

an increase in flow velocity will result in a wavier liquid film and hence
an increase in the entrainment rate which leads to an early liquid film

depletion.

1.3.4 Effect of Pressure

Pressure has a strong effect on the CHF due to its effect on
the thermodynamic properties of the fluid. Fig. 1.13 illustrates this
effect: the maximum CHF value for water is reached between 4 and 7 MPa for
a given mass flux and dryout quality. The same trend is also valid for

pool boiling and can be predicted using Zuber's (1959) correlation
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1/2 4

At low pressures, Pg decreases with decreasing pressure
resulting in a low CHF value. At high pressure (near the critical pres-

sure), the CHF approaches zero since o, A and pf=Pg all approach zero.

1.3.5 Geometry Effects

i) The Effect of Length on CHF

Fig. 1.14 shows the variation of CHF with length and inlet
subcooling for fixed mass velocity and tube diameter. It 1s observed that
the CHF increases as the tube length decreases for constant inlet subcool-
ing. For long tubes (L > 1 m), the relationship between the CHF and inlet
subcooling is linear. This linearity breaks down for short tubes. If the
same set of data is replotted as CHF vs. outlet quality as shown in Fig.
1.15, it is observed that the data points for different lengths all fall
on the same curve. It 1is concluded from this observation that the effect

of tube length on the CHF for fixed exit quality is small.

ii) The Effect of Diameter on CHF

The effects of tube diameter on the relationships between the
CHF and inlet subccoling and between the CHF and the exit quality for
fixed values of mass flux, tube length and pressure are illustrated in
Figs. 1.16 and 1.17, respectively. It is observed that the CHF increases
as the tube diameter increases at coanstant inlet subcooling. The rela-
tionship between the CHF and inlet subcooling is linear for small tube
diameters (D < 12.8><10"3 m), but for larger diameters a marked curvature

is observed.



24

7 , .
/) LENGTH z
; 026m S
sk / 2/0=20
7/ 0.432m
|- ,/ 2/D=k0
0, -
4V} P
€ e
~
0.864m
S 2/D=80
> 4
= 3r
v 1.728m
[ v 2/D=160
< .
£ ,L 3.045m
— 2/0=281
S 3.66m .
z / z/D=338
Q<
~ 1
p=6.9 MPa .
D=10.75x10'32-10.85x10'3m
N G:ZOOOkg/T s . '
0 0.2 0.4 0.6

Ahy,, INLET SUBCOOLING, MJ/kg

FIGURE 1,14 THE EFFECT OF TUBE LENGTH ON CRITICAL
HEAT FLUX AT FIXED INLET CONDITIONS,
COLLIER (1972)



25

] T I 1
TUBE LENGTH
SYMBOL m
o 0.216
6 ] 0.432
A 0.864
v 1.73
ol O 3.04
., @ 3.66
N
£ A4f
~
=
P
Q
o
=< 3
o
e
—
<
£ 2+
-
<L
=
=
(o4
J 1
P=6.9MPa
D=10.75x10"3-10.85x10 3 m
G=2000kq/m%s
2 ) L 1

-0t 0 01 02 03 04 0
EXIT QUALITY-MASS FRACTION STEAM, x{z)

FIGURE 1.15 THE EFFECT OF TUBE LENGTH ON
CRITICAL HEAT FLUX AT FIXED
EXIT CONDITIONS, COLLIER (1972)



26

39
30~
4

2-0]

Ml’

CRITICAL HEAT FLUX, g¢ MW/m?

oS

1.0

D=23.6x10"3m

- -3
0=37.5x10"°m 2/0=835

2/0=52

D=12.8x10"2m

z/0=151
B=11.5x10"3m -
2/D=175
D=9.35x10m B
2/0=215
D=5.60x10'3m
2/D=359 ’

1
p=69 bar (6.9 MPa)
2=1.93-2m i
G=2000kg/m?s
+
Q EES 0~lS 033 xfo -

A hy, INLET SUBCOOLING, MJ/kg

FIGURE 1,16 THE INFLUENCE OF TUBE DIAMETER ON

CRITICAL HEAT FLUX AT FIXED INLET
CONDITIONS, COLLIER (1972)



27

o~
=
< i
=
=
o N
)
3
L -
'—
<
ud
T -
_<_[, 15 TUBE DIAM.
s mm SYMBOL
— S.60 ° -
o 9.35 a
hd 1.5 v
- 10 - 12.8 o] -4
o 23.6 °
< 37.5 .

L i 1 J

0 L
-01 0 0.1 02 03 04 05 0.6
EXIT QUALITY-MASS FRACTION STEAM

FIGURE 1.1/ THE INFLUENCE OF TUBE DIAMETER ON CRITICAL
HEAT FLUX AT FIXED EXIT CONDITIONS, COLLIER
{1972)



28

The same data are plotted as CHF vs. exit quality in Fig. 1.17. It is
observed that the CHF decreases with increasing tube diameter for a given

exit quality.

1.3.6 Effect of Heat Flux Distribution

The effect of axial flux distribution (AFD) on the CHF has been
studied by many researchers (e.g. Collier (1972), Tong (1972), Groeneveld
(1981)). All these studies point out that AFD effect depends strongly on
the CHF mechanisms. Fig. 1.18 illustrates the AFD or (flow memory
effects) on the CHF. The effect is expressed as a flux shape factor,

F., calculated for a set of hot-patch CHF data (Tong, 1972). These data
were collected from a 0.686 mlong rectangular test section with a 0.0127
or 0.038 m hot patch located at 0.0095 m from the exit. The hot patch
peak to average heat flux ratio was 2:1. The AFD effect (or flux-shape
correction factor) F., is defined as the ratio of CHF in a uniformly
heated tube to the CHF in the same tube with a heat flux of a hot patch.
Since the hot patch heat flux is about double that of the upstream heat
flux, an Fg value of 0.5 indicates a perfect AFD effect, whereas an Fg
value of 1.0 indicates a zero AFD effect. It is observed that the AFD
effect is weak In the subcooled region and strong in the high quality
region. Therefore it is concluded that the CHF in the subcooled region is
strongly affected by the local heat flux and weakly by the AFD. Con-
versely, the CHF in the high quality region is affected strongly by AFD

and weakly by the local heat flux at the dryout location.
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1.3.7 Other Effects

i) Effect of channel orientation

The effect of test section inclination on CHF can be signifi-
cant at low flow due to the buoyancy effects. Macbeth (1968) suggested
that the CHF at low flow can be influenced significantly by the channel
orientation due to the relative motion between vapor and liquid in the
channel. Groeneveld (1981) suggested that the effect of channel orienta-
tion on CHF is significant only for mass fluxes less than 3 000 kg o 2s~ 1.
Also, the CHF value was found to increase when the inclination angle (from

the horizontal) was increased. By comparing CHF values during upflow and

downflow a slightly reduced CHF value for downflow was found.

ii) Effect of surface conditions and liquid purity

Macbeth (1968) reported many CHF experiments with different
surface materials, different finishes, degrees of aging and different
fluids in various states of purity. He concluded that the above mentioned
factors have no significant effects on CHF. However, Groenmeveld (1981)
reported opposing effects of surface roughness on CHF. In the subcooled
region, the near-wall mixing is improved by roughening the surface leading
to a higher CHF value. In the high quality region, the CHF decreases by
roughening the wall. This is caused by (i) an increase in the entrainment
rate due to a wavier liquid film, or (ii) a decrease in the film flow rate

due to protrusions from the heated surface acting as liquid film trippers.
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2. CHF Prediction Methods Applicable to Non—Aqueous Fluids
2.1 General

CHF prediction methods applicable to non-aqueous fluids can be

divided into three groups:

i) Fluid to fluid modeling of CHF: This is a technique that enables the

CHF of a given system to be predicted using a modelling fluid rather than
the working fluid (e.g. Barmett (1964), Stevens & Kirby (1964), Ahmad

1973).

i1) Empirical dimensionless correlations: These are empirically derived

dimensionless correlations that predict the CHF in a system regardless of
the fluid type (e.g. Katto (1983), Shah (1979), Kutateladze (1963)).

111) Theoretical Models: These are theoretical models based on the mech-

anism of CHF. They predict the CHF in a system within a dryout quality
range regardless of the fluid type used (e.g. Weisman and Pei (1983),

Whalley et al. (1973)).

2.2 Fluid to Fluid Modeling of CHF
2.2.1 General

Fluid modeling is a technique that enables the thermal and
hydraulic behaviour of a given system to be predicted using a modeling
fluid rather than the working fluid. The working fluid can be replaced by
a modeling fluid having a lower latent heat of vaporization. This reduces
the operating pressure and the test section power considerably. For
example, water at 7 MPa (pf/pg = 20.6) can be replaced by Freon-12 at
the same liquid to vapor density ratio which occurs at 1 MPa. Also, the
latent heat of Freon-12 is approximately 1/20th that of water. This

allows a tremendous reduction in the dryout power, and therefore in the
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cost. The fluids chosen for such modeling are usually members of the
fluorocarbon family (Freons) because of their low latent heat and
relatively safe use. Also, the physical properties of freons are well

known because they have been used extensively as refrigerants.

2.2.2 Barnett's Laws to Scale CHF in Flow Boiling

The first systematic analysis to model water CHF behaviour with
Freon was initiated in the United Kingdom by Barmett (1963). Barnett
attempted to construct a model based on the laws of dimensional analysis
by considering the parameters in a given set which would be compatible
with the degrees of freedom available in an experiment. Barnett (1964)
suggested fourteen possible sets of laws to scale CHF in flow boiling.
The sets are listed in Table 2.1 with the assumed important physical
properties and the scaling factors between water at 7 MPa, (1000 psia) and
Freon-12 at 1 MPa, (155 psia). Barnett assumed that L/D, pg/pg and
AHi{n/MN have the same values in both systems. Barnett tested the
fourteen sets of scaling laws and showed that scaling law 4 gave the best

results. Scaling law 4 is given by

1/2 1/2 1/2

LY . (L P Cpg Pg G Pe AHin) (2.1)
172 D’ 177 172 & y
Aopg Ke ¥ Pe Pq

When each of the dimensionless parameters on the RHS of eq.
(2.1) has the same value in both the Freon-12 and water systems, then the
value of the dimensionless parameter on the LHS of equation (2.1) is the

same in both systems.
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Possible Sets of Scaling Laws, Barnett (1964)
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Iwpliead ratio of variables in
rater at 1000 1b/i.112 and Freon
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Mrppeey 2 For. | F 7 7
L~ D G AH 5
c (1liquid specific heat) 5. % L. '3
Y PL' q P ) pzc DCp i a.? CRCpe
P / Py A gcp
K., (1iquid thermal conductivity) | —pro¥ = f\%, L L?L i T P, y{t) 0.583 2033 | 11.72 | 27.32
- A P T I\'Lﬁz )‘IF F] PV
#, (rote of change of saturation L L
temperature with pregsurse)
1
’ 7
2 | Sppy K %y . ;%, DCPL&" r 5, PL, At 0.669 2,053 | 11.72 | 24,03
PLAE K, P’ Py
3 Cp » o (surface tcnaion) 2 1.155 16489 | 11472 | 13.92
v 4% A <£, Popy Op, SNy, , Py, g_i_)
Mpy O, \PD KT op Opp ey M
1 1
Z 1 2
b | Cpps Kp» ¥ (rete of change of S L (L DCp,p)° oy oL, 4!1) 0.747 1914 | 11.72 | 2243
"L with pressuro) XPL"’ KLXz PLz Py
v
1 1 1
& 25,2 . 1 22
5 | BE, ¥ Pp¥ sy, DMRL7 643, Py, é_*.‘.) 082 1.9 | 11,72 43
N A T AL »
6 Orby, (viscosity of liquid) T 5L ngpL’ Ei’ PL, gﬂ) 0.1016 | 44007 | 11.72 | 46495
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MrpL Dy opp Py A
8 ¥ 3 L4 . . 1.7
By ¢BX - L, DJ,.I.‘.;)-' ﬂz, &’ aH\ 0,2128 1,914 | 1172 | 22443
z b ¥ . T Py X
»y SR 33
1 1 1 i 1
g Zx I i) 7 g 2 . - 1t
B Ky B 846 1, D¥p Y CETK oL, 45) 0.3204 | 14270 | 41,72 | 14487
5 ¥ BE T s, Z% N
Mot N et At Y
)
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}‘PL_Z «\D o Px,i Py l/
Zop 2 By, ® gatcp. ¢ 0.3710 | 1,963 | 11.72 | 23.06
12 va’ ]w. p @Ba‘CI\v -, {/L, DCnv*k PL_' GB ‘lp-, R 952".’ AHN 3710 <9 ° .
‘7—'—.‘_ PAE:Y x R
At NP S I
1 1
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Scaling law 4 assumed that Cp, K and y are the important
physical properties in addition to A, pf and Pg* Also, scaling law 4
related the Freon 12 and water CHF data with less than *5% error. The
results of the comparison of water and water equivalent of Freon-12 CHF
data for different length to diameter ratio are shown in Fig. 2.1.
Barnett also advised that scaling law 4 may be 1lmproved by introducing

another dimensionless term involving B.

2.2.3 Stevens and Kirby Freon—-12 - Water Scaling Technique

Stevens and Kirby (1964) developed a graphical correlation to
scale CHF in uniformly heated round tubes. The correlation was developed
for Freon-12 at (1. MPa, 155 psi) (abs) and water equivalent of (7 MPa,
1000 psi) (abs), based upon equal liquid-to-vapor density ratios for both
fluids. Stevens & Kirby plotted water and Freon—-12 CHF data as dryout
quality vs. a function of flow and geometry. They observed that the data
fall on the same curve if the water function was multiplied by a constant
factor. The scaling relation has the following form:

[GDO.ZS (290.59]

- x[c®+ % (g_)

Freon—-12 Water

0.59] (2.2)

where K = 0.658.

Fig. 2.2 shows a plot of thermodynamic quality vs.

GDO'25 )-)0'59 x 10-4 for Freon-12 data at a subcooling ratio (AHin/X) of

0.2. iso, Fig. 2.2 shows water data at the same subcooling ratio plotted
. . =4

as th odynamic quality vs. K GDO 25(%00 29 x 10 ', where K = 0.658.

Steve & Kirby obtained similar results for zero subcooling ratio.
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10 L WATER, P;=1000 1b/in? (a b s)
N
N D=.22" TO .451", L=8.5" TO 79" (THIS DATA SHOWN +)
9 G=.75 x 10% TO 3.0 x 10° (b/HRFT?
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; AH = 0,20
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N
-1 "
. p— I ,<
'Y
-2 | | ] 'L ]
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X=KG.D.V" (—0-)59 « 10+ b’
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FIGURE 2.2 CORRELATION OF WATER DATA SUPERIMPOSED UPON BEST CURVE FOR
FREON-12 DATA. STEVENS & KIRBY (19€4)
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Therefore, according to Stevens and Kirby water CHF results at (7 MPa,
1000 psi) (abs) can be obtained from Freon-12 ones at (1 MPa, 155 psi)

(abs) if

(pf/pg)w = (pf/pg)Fr_12

1/&,D

0.59
o)

(K. - (epl/4(2)0-59)

L Fr-12

where K = 0.658.
Then:

e 9c

(=) =(=) (2.3)

AG W AG Fr-12

Fig. 2.3 1llustrates the comparison between Freon-12 CHF data
at 1 MPa and the equivalent water data at 7 MPa calculated using Stevens
and Kirby scaling technique. Also, Stevens and Kirby obtained similar
results for a large range of diameter, length to diameter ratio and inlet
subcooling ratio. For all the results compared by Stevens and Kirby, the
accuracy of prediction falls within the range of uncertainty in the water
CHF data. Eq. (2.2) implies that only geometric ratio can be scaled.
However, in later work in complex geometries (19-rod clusters), Stevens et
al. (1966) indicated that the best results were obtained with identical

geometries for both fluids.
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@ WATER, P=1000 lb/in?, D=626", AH=143 ta 164 BTU./Lb.
+ FREON 12, P=155lb/in®(abs.), D=334", AH=114 to 12,6 BTU/Ib.
DATA
2.0 WATER | FREON 12
P 1000 155
) 426 334
L 80 765
1.8 ) 160 152.8
338 337
AH | .22 206
— | 710 T0
1.6 A | 252 228
1.4
_—x
SHADED AREAS SHOW REGION OF UNCERTAINTY ~ T . 80 AND 765
1.2 ki)
1.0 +
/ "~ — S\S;;
+ L
’ /+/ T = 160 AND 1523
8 // _ -
e
/ L = 338 AND 337
+
+
2 / _
0 ] i 1
1 2 3
MASS VELOCITY, G x107%, (b/hr.ft?
FIGURE 2-3. COMPARISON BETWEEN CHF DATA FOR WATER AND WATER-

EQUIVALENT FREON-12 DATA. STEVENS & KIRBY (1964).
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2.2.4 Staub's Modeling Correlation for Round Tubes

Staub (1969) proposed a modification to the Stevens and Kirby
graphical correlation. He replaced the tube length in the term
(GDl/a(D/L)0'59) by the equilibrium boiling length (Lp) starting at
zero equilibrium quality. Fig. 2.4 shows Freon-12 CHF data given by
Stevens et al. (1965) plotted as X. vs. epl/4(p/L)0-59. Also, Fig.

2.4 shows the same data and Freon-22 CHF data given by Staub (1969) plot-
ted as X, vs. GD1/4(D/Lb)O'59, where Ly is the boiling length.

Good agreement between the experimental Freon—~1l2 data and the modified
correlation of Staub is observed (error *47). Also, Staub demonstrated
that the scaling factor (K = 0.658) used by Stevens & Kirby to convert the
value of GD]-/["(D/L)O'59 from the water to the Freon correlation does

not appreciably vary with pressure in the range tested (water equivalent:

3.2 MPa -~ 10 MPa, (500 - 1400 psia)).

2.2.5 Coffield Subcooled DNB Investigation of Freon-113

Coffield (1969) extended the application of CHF modelling to
subcooled liquid conditions. He tried two modeling techniques. The first
one is based on dimensional analysis developed by Barnett (1964): it has

the following form

1/2 1/2 1/2
DC G Ja\s |
c _p( L, —ef Pg Y Pe in (2.4)
A 1/2 D) X 1/2 1 1/2 ’ ] k .
Ps e Y Pe Py

The results obtained from Barnett's method are shown in Figs. 2.5 for a
water pressure of 7 MPa (1000 psia). The second is the empirical tech-

nique developed by Stevens & Kirby (1964) and is summarized in Section
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CORRELATION OF STEVENS & KIBY (1964)
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a
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0 | A ' |
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GOV4O/LS x 107% (Ibs/h.ftd)  (inY%)

FIGURE 2.4  CRITICAL DATA WITH FREONS AT VARIOUS INLET SUBCOOLING
USING THE CORRELATION OF STEVENS & KIRBY (1964) AS

WELL AS THE MODIFIED OF STAUB (1964). STAUB (1969).
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FIGURE 2.5 CHF RESULTS OBTAINED FROM BARNETT'S METHOD FOR WATER
PRESSURES COF 7 MPa (1000 psia). COEFFIELD (1969).
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2.2.3. The scaling factors K (used in the Stevens & Kirby technique) were
determined empirically in Figs. 2.6 to be 0.684, 0.690 and 0.715 for
pf/pg values of 20.6, 11.8 and 7.2, respectively. The maximum

discrepancy between the actual data and the scaled data is about 15% for

both techniques.

2.2.6 Dix's Technique for Freon-Water Modeling of CHF in Round Tubes

Dix (1970) developed empirical Freon-water modeling relations
for CHF in exactly matching round tube geomtries. His study was based on
comparing Freon-114 CHF data with a water CHF correlation proposed by
Biasi (1967). Dix found that mass flux scaling factors are a function of
pressure (density ratio), length to diameter ratio, and mass velocity.
His mass flux scaling factor for Freon-1l4 has the following form

- GFreon

- - -6 - L -2 -
K = CT(l.O 0.09 Gw x 10 7)(1.04-0.05 5 * 10 7)(1.41-0.02 pf/pg)

Water

(2.5)

where Cr is the modeling constant that depends on the Freon type.

Ct = 0.74 for Freon-11l4. The resulting rms error in critical heat flux

prediction for all the Freon-114 data was found to be 4.2% (Dix (1970)).
Also, Dix found mass flux scaling factors for other Freon

types at 7 MPa. The range of the scaling factors K, the modeling constant

Ct, the number of points and the rms error are listed in table 2.2.
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Table 2.2. Freon Modeling Constants and Critical Heat Flux Prediction
Errors, Dix (1970)

Modeling
Constant
No. of rms
Freon CT K-Range Points Error
F-114 0.740 0.54 - 0.87 424 4.2%
F-12 0.800 0.51 - 0.80 973 6.3%
F-22 0.807 0.65 - 0.72 11 3.6%
F-21 0.920 0.61 - 0.90 557 8.5%

2.2.7 Ahmad Scaling Technique

Ahmad (1973) developed a technique based on dimensional analy-
sis to scale CHF between different fluids. The technique was tested for
various freons, water, potassium and carbon dioxide over a wide range of
pressure, mass flux and inlet subcooling, and in both the subcooled and
high quality regions. Ahmad showed that the effects of buoyancy, liquid
and vapor thermal conductivities, liquid and vapor Prandtl numbers and
secondary properties (such as B and y) are negligible as far as modelling
of CHF is concerned. Also, Ahmad combined the effect of Reynolds number,

Weber-Reynolds numﬁer (uz/c Dp.) and liquid-vapor viscosity ratio in one
¢ f £

term, thus creating a compensated distortion technique of the following

form:
q AH
c _ in
7 = Flogge —5 » eg/pg s L/D) (2.6)
where
2 1)
M ny
GD f
boup = (Tff') x ( )x (gl ny) (2.7)

ls] Dpf
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where n)} and n2 were determined from experimental data to be 2/3 and -1/5,

respectively.

The effect of mass flux, inlet subcooling, pressure and geome-
try are incorporated in the four dimensionless parameters dgyf,

MHin/N, pg/pg and L/D respectively. Therefore for two different

systems if:

(¢CHF)1 = (¢CHF)2
(A, /M)y = (Al /A),

(pf/pg)1 = (pf/pg)2

(L/D)y = (L/D)2

q q
(S) = (=) (2.8)
AG 1 AG 2

By rearranging the dimensionless parameters {cyr becomes:

2. 2/3 -0.133 -0.2
G°D GD GD
e = [E2) % (B) (2] (2.9)
Of uf ug
where
c%p
—— 1is the Weber number
p. o
L
GD

o and Sb are the superficial liquid and vapor Reynolds number
£ g
respectively.

Since accurate surface tension values for many fluids are not

available, Ahmad proposed an alternative mass flux scaling parameter

1/2 2/3
cD Y be u, 1/8
Yeur T [(Eé) « 5 77 <)) (2.10)
P o
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Also, Ahmad indicated that eqs. (2.9) and (2.10) are comparable over a
wide range of pressure. Ahmad recommended that for complex geometries the
cross section of the two systems should be identical, but for circular
geometries it is possible to model systems with slightly different
diameters.

According to Ahmad's model, if the non-dimensional parameters
pg/pg, AHip/N and L/D are the same in two different systems then the
relationships between q./AG and ¢cygp should be identical. This is
illustrated in Fig. 2.7 which shows a plot of CO,, Freon-12 and water CHF
data in uniformly heated tubes. Similar plots for Freon—113 and potassium

are shown in Figs. 2.8 and 2.9.

2.3 Empirical Dimensionless Correlations

2.3.1 General

The empirical dimensionless correlations rely on experimental
CHF data to optimize thelr comstants. They are usually based on assump-—
tions that oversimplify the complexity of the CHF phenomena. The correla-
tions are derived for predicting CHF in a system regérdless of the fluid

type.

2.3.2 Rutateladze's Correlation for Predicting CHF in Pool Boiling

Kutateladze (1963) described the hydrodynamics of the two-phase
boundary layer by the momentum and continuity equations for the liquid and
vapor phases. The equations were written based on the following

assumptions:
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D
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o) o, {0238 | 175
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FIGURE 2.7  COMPARISON OF WATER, CO2 AND FREON-12 DATA (IN TUBES)
AT WATER EQUIVALENT PRESSURE 1000 psia
(pglog = 20)- AHMAD (1873).
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D
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FIGURE 2.8  COMPARISON OF WATER AND POTASSIUM DATA (IN TUBES) AT

WATER EQUIVALENT PRESSURE 24 (B/inZ aBsS-
(pg/py = 380). AHMAD (1973).
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FIGURE 2.9  COMPARISON OF WATER AND FREON-113 SUBCOOLED DATA (IN
TUBES) AT WATER EQUIVALENT PRESSURE 2000 LB/1n? ABs-
(pg/pg = 2). AHMAD (1973).



51

l. For heat fluxes near the CHF, the viscosity effects in both the liquid
and vapor phases are negligible due to the highly turbulent state
caused by intensive vaporization.

2. The liquid velocity near the heated surface is considerably lower than
the average vapor velocity due to wall resistance.

3. The 1liquid and vapor phases are considered to be incompressible.

4. The buoyancy term caused by the difference in the densities of the

phases was introduced into the vapor momentum equation.

From the obtained equations, Kutateladze formed a set of dimen-
sionless parameters. Then, by neglecting the liquid velocity, pressure
drop and transient effects on the CHF in free convection, he derived the

following equation:

qCO

p 4
x‘/ 2, (1 +-8 ‘/ -
g pg( Pf) cg(pf pg)

where q.o is the CHF at zero subcooling and K} is called the stability

= K, = const. (2.11)

number. Experimental data plotted in Fig. 2.10 indicates the constant
value of K; predicted by eq. (2.11) for various fluids. Zuber presented
an analytical method for predicting K; by making some additional assump-

tions. He showed that K; lies in the range:

T T
‘/ — < <‘ﬁ——- (2.12)
e+ Vi

Fig. 2.11 shows that Zuber's result agrees well with experimental data for
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a number of fluids plotted as K] vs. Ar*. The equation of the solid

line in Fig. 2.10 is given by Borishanskly as:

K} = 0.13 + 4 ar 04, (2.13)

It shows a slight increase in the value of K] at small values of Ar.

Also, Kutateladze introduced the effect of subcooling on CHF. He assumed
that the CHF in subcooled liquid 1is composed of two portiomns. The first
portion is the one given to the saturated liquid to reach CHF given by

eq. (2.11) and the second is the one given to the subcooled liquid
replacing the detached vapor bubbles from the heated surface to reach sat-
uration. Kutateladze showed that the amount of liquid circulated in the
boundary region is a function of the liquid to vapor density and it can be

correlated in the following manner:

0.8 C_ AT
P
A

Pe
q, = q[1 + 0.065 (;-)

c (2.14)

AT g
Kutateladze suggested a similar correlation for predicting CHF in forced
convective boiling 1in round tubes. However, his correlation was not pre-

sented clearly and was not tested with any fluid.

* The symbol Ar was not defined in Kutateladze's book. However, it is
assumed to be Archimedes number, which represents the ratio of buoyancy to
g x L x p

viscous forces. (Ar = 5 (p - po)) where L 1s a characteristic

1
length and o is the fluid density.
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-KUTATELADZE, BORISHANSKIY, SCHNEIDERMANN (p = 1 - 30
ATM). ETHANOL: @ -CICHELLI AND BONILLA (p =1 - 60
ATM) ; @ -BORISHANSKIY, BOBROVICH (p = 33 - 53 aTnm);

¥ -STYRIKOVICH, POLYAKOV (p = 1 atm). BENEZENE:
©-CICHELLI AND BONILLA (p =1 - 40 ATM);
A-STYRIKOVICH, POLYAKOV. HEPTANE: @ -CICHELLI AND

BONILLA (p =1 - 16 atm); X - STYRIKOVICH, POLYAKOV

(p =1 aTM). PENTANE: @ -CICHELLI AND BONILLA
(p =2 -~ 30 atn). PROPANE: @@ -CICHELLI AND BONILLA
(p =19 - 29 atm).  (KUTATELADZE (19€3)
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FIGURE 2-11 VALUES OF THE GROUP K ACCORDING TO DATA OF VARIOUS
STUDIES. EXPERIMENTS WITH WATER: 1-KAZAKOVA;
2-KUTATELADZE; 3-BRAUNLICH; 4-McADAMS; 5-FARBER.
EXPERIMENTS WITH ORGANIC LIQUIDS OF CICHELLI AND

BoNILLA: 6-BENEZENE; 7-ETHANOL; 8-PROPANE; 9-HEPTANE
LO-PENTANE. KUTATELAULZE (1963).
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2.3.3 Zuber’'s Correlation for Predicting CHF in Pool Boiling

In pool boiling, at the CHF point, pictures showed a regular
spacing of “"bubbles” or columns of liquid rising from the liquid-vapor
interface of the vapor film (1959). Zuber (1959) assumed that at CHF, the
volume flow rate of liquid towards the heating surface equals the volume
flow rate of vapor away from the surface. Based on this assumption Zuber
suggested the following correlation for predicting CHF in pool boiling in

a saturated liquid:

q o(p.~p_lg 1/4 p. 1/2

<L - 0,13[__13;2__] x [ £ , m/s (2.15)
A +

pg Pg Pf Pg

where 0.18 is determined empirically.

2.3.4 Hauptmann's Correlation for Modeling CHF in Flow Boiling

A correlation for modeling CHF in flow boiling was developed by
Hauptmann (1983). The correlation employs only one variable fluid pro-
perty ug and other system parameters and constant fluid properties. The
correlation is based on the assumption thaE thermodynamic, hydrodynamic
and geometrical similarities are required to achileve true fluid-to-fluid
modeling. Hauptmann showed that the reduced critical heat flux qgr is a

function of the following parameters:

/2

e

*
Q. = qc/(RTcPi/M)l -a P:(GD/uf)c (LB/D)d (z,) (2.16)
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where Zc 1s the critical compressibility factor (Pcvc/RTc) and the con-
stants a, b, ¢, d and e dre to be optimized using experimental CHF data.
Hauptmann used carbon dioxide and water CHF data in round tubes to
optimize the constants. Only data with Lg /D greater than 35 and exit
quality in the range 5% - 75% were included. Hauptmann used the least

squares fit and matrix inversion techniques to compute the constants

listed in table 2.3.

Table 2.3. Hauptmann's Correlation Constants for Single Tubes

a b c d e

0.0001505 -0.6138664 0.2172085 -0.4894932 0.361891

Figs. 2.12(a) and (b) illustrate the comparison between the
reduced heat fluxes predicted by Hauptmann's correlation and the measured
ones for carbon dioxide and water data. The rms errors are 11.2% and
12.7% for carbon dioxide and water, respectively. Fig. 2.12(c) 1llus-
trates the comparison between Freon—12 reduced heat fluxes predicted by
Hauptmann's correlation (with constants determined from carbon dioxide and

water data) and the experimental ones. The rms error in prediction is

10.3%.

2.3.5 Shah's Generalized Graphical Method for Predicting CHF in Uniformly
Heated Vertical Tubes

Shah (1979) presented a general correlation for calculating CHF
in different fluids in vertical tubes during subcooled and saturated

boiling.
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Shah applied a trial-and-error method to select the following

dimensionless groups which were used in his graphical correlation

BO = X% (Boiling number)
1.8 0.6 Cp B 0.6
Y=06""D (kB ) (5) (2.17)
0.8 0.4’ ‘u
Kpe: 8 8

< g
2
Fr = g
P 8D
P = P/Pc

and Xip, Xc and L./D.

Shah's correlation is shown in Fig. 2.13 - 2.15. The correla-

tion can be used in the following manner.

1.

If Y > 10°
Fig. 2.13 provides the value of Bo,, which is the boiling number at
zero quality. If the experimental value of X, is known, the value

of Box/BOo can be obtained from Fig. 2.15 where Box is the boiling num

ber at the critical vapor quality x. Then Boy can now be calculated
If Y < 10°

Fig. 2.14 directly yields the value of Bo for the given xj, and
Le/D. In this case, the value of X, is not needed.

Shah's correlation was composed with experimental data from

more than 30 sources including 11 different fluids. The mean deviation

was found to be 157% with 90% of data within #30%. The range of selected

data was:
Reduced pressure : 0.0012 - 0.94
Mass flux . 6 - 24, 300 kg/m2es (2.18)
Critical quality : -2.6 > 0.96

Inlet quality : -3.0 » positive values
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Xep = 0 FOR Y > 10°.

SHAH (1979).
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2.3.6 Katto's Semi-Empirical Correlation

Katto (1978; 1979(a),(b); 1980(a),(b),(c); 1982; 1983) proposed
a generalized correlation for predicting CHF in various fluids in forced
convection boiling in vertical uniformly heated round tubes. Katto
applied dimensional analysis to generate dimensionless CHF correlations
based on the assumption that the effects of viscous and gravitational

forces on CHF are negligibly small in simple boiling systems. Katto's

correlations are of the form

ZX=F(B§,O¥,§) (2.19)
°e 6L

where q.o 1s the CHF at zero inlet subcooling.

Katto noticed that when AHy, changes in an experiment, keeping the
other parameters constant, the relationship between CHF and AH;, is fre-
quently linear as illustrated by type A in Fig. 2.16. Occasionally it has
a curvature such as illustrated by type B or C in Fig. 2.16. The slope of
the CHF vs. AHi, relationship depends on the conditions of CHF and geo-
metry. If the liquid at the entrance of the tube is subcooled and the

linear relationship between the CHF and AHj, holds (type A in Fig. 2.16)

the CHF is given by

q, = 9., (1 + K AHiq/A) (2.20)

where Ky 1is a non-dimensional parameter independent of AHj,/N. Ky
depends only on the regimes described below. It can be determined from

the gradient of the straight line A in Fig. 2.16. Therefore
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ﬂ

pa—— Qo
— o
~ Qo ‘]

FIGURE 2.16 RELATIONSHIP BETWEEN q. anp AH;, (TYPE A FOUND IN
L-, H-, AND HP-REGIME; TYPE B IN N-REGIME, AND TYPE C
IN V -REGIME). KATTO (1979).
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AH

in ) (2.21)

’ ’

L
D A

In order to analyze the zero subcooling data, the value of qco/Gk

was divided into five different regimes designated as H, L, VL, N and HP.

In the "H"
tively), Katto verified that
let and that the CHF in both
liquid-film flowing over the
tion rate ¢ (deposition rate

throughout the tube, and the

and "L’

" regimes (high and low wmass velocity respec-

an annular flow pattern exists at the tube out-
regimes is caused by dryout of an annular
tube wall. In the "L” regime the net deposi-

-~ entrainment rate) was found to be negligible

CHF is termed "evaporation controlled”, while

in the "H" regime, due to high mass velocity there is high entrainment near
the tube inlet then the liquid film 1s supplied by liquid from the core (net
deposition) to balance the local evaporation rate, the CHF is termed "depo-
sition controlled”.

For the "VL" regime, which has very low mass velocities (inlet
liquid velocity is less than 0.2 - 0.3 m/s), Katto suggested that there is a
possibility that CHF is in part determined by pool boiling effects. In the
"N" regime which is characterized by non-linear relationship between q.
and AHi,, Katto assumed that the CHF in the regime occurs at low exit
quality and is of the DNB type. The "HP" regime replaces the "N" regime
when the system pressure is extremely high.

Recently Katto (1983) developed an improved version of his gener-
alized correlation applicable for positive exit qualities and L/d < 600.
Also, Katto discarded the characteristic regimes mentioned above in his new
correlation.

In Katto's improved correlation, the equations of q., are

written as follows:
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opf 0.043

o = cl 5-) . (2.22)
G°L (L/D)
q p_ 0.133 op,. 1/3
G = 0-10(8) (<5 L (2.23)
£ G°L 1 + 0.0032(L/D)
q p_ 0.133 op. 0.433 0.27
2 = 0.098 (£) — (L/D) (2.24)
Pe G°L 1 +0.0031 (L/D)
q p_ 0.60 gp,. 0.173
o= 0.0 (B)  x (55 B (2.25)
£ G2L 1 + 0.280(0 pf/ch) £33 (L/D)
q p_ 0.513 op,. 0.433 0.27
=2 = 0.234 () —35 (L/D) (2.26)
Pe G°L 1 + 0.0031 L/D
where the dimensionless parameter C in eq. (2.22) is given by:
= 0.25 for L/D < 50,
= 0.25 + 0.0009 {(L/D)-50} for L/D = 50 - 150, (2.27)
and
C = 0.34 for L/D > 150 .
& 1'023 0.043 (2.28)
4C(cpf/G L)
0.0124 + D
K =% o /o013, /tch)l/a (2.29)
Pg/Pe Pe
1.52(pr/G2L)0'283 + D/L
K, = 1.12 « (2.30)
0.60 0.173
k (pg/pf) (cpf/G2L)

The prediction of CHF will be made by distinguishing two

regimes. The first 1is:
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For pg/pf < 0.15

When qco(2.22) < qco(2.23), 9 = qc0(2.22)
When qco(2.22) > qc0(2.23), then
If qco(2.23) < qco(2.24), Geg = qco(2'23)
If qco(2'23) > qco(2.24), dey = qco(2.24)
When Ki(2.28) > Ki(2.29), Kp = Kg(2.28)
When K (2.28) < Ky(2.29), K = Ke(2.29)
For pg/pf > 0.15
When qco(2.22) < qco(2.26), 9 = qco(2'26)
When qco(2.22) > qco(2.26),
If qco(2.26) > qco(2.25), deo = qco(2'26)
If qco(2.26) < qco(2.25), Ao = qco(2.25)
When Ky (2.26) > Ky(2.29), K = Ky(2.28)
When Ky (2.28) < Ke(2.29),
If Ke(2.29) > Ki(2.30), Ky = Kg(2.29)
If Ke(2.29) < Kp(2.30), Kp = K(2.30)

A computer listing of Katto's correlatio
The accuracy of Katto's corre
papers. The comparisons between the CHF

tion a:'d the experimental results are on

(q;o/G“> VS. (cpf/GzL) for different flu

on the e graphs, it appears that the ave

for a: regimes.

n is presented in Appendix D.
lation was not reported in his
predicted using Katto's correla-

ly shown graphically with

ids in different regimes. Based

rage rms error is less than 20%
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2.3.7 Ahmad's Correlation

Ahmad (1973) developed a correlation for predicting CHF in
non-aqueous fluids. His correlation’was based on the modeling technique
developed by the same author in (1973) and summarized in Sec. 2.2.7.
Ahmad incorporated the effect of complex geometries in his technique by
using the heated equivalent diameter (Dpe). The general CHF prediction

given by eq. (2.6) was rewritten in the following form:

e

c —
G_)\ = F(¢CHF) AHin/x’ Pf/Pg, L/D’ Dhe/D) (2.31)

By introducing the dimensionless power number W' defined as

4q L/GA D
A (2.32)
1+ M, /A
in

Equation (2.31) was written in the following form:

wt = F(¢ AH, /A, pf/pg, L/D, D, /D) (2.33)

CHF?

Ahmad proposed a functional form for the term Wt in the following manner:

wt =1 - exp(-y") (2.34)

where vyt = F(¢

Then he expressed y+ as a product of power functions, i.e.
ek e s M /e - DS wm? @ /m)° (2.35)
CHF in f'7g he

where K and a—e are empirical constants which can be optimized from

experim:ntal CHF data.
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By using Freon-12 CHF data in round tubes, the constants were

optimized. The resulting correlation has the following form:

wt = 1 - exp(-0.522/E)
Et = B/(1 + au/n)E/2 (2.36)
E o= 3/5

bogp/ (L/D)

The correlation function is shown as the solid line in Fig.
2.17. CHF data for water, Freon-22 and Freon-12 data are also plotted on
the same graph. It is observed that the correlation developed from

Freon-12 data is 1n good agreement with water and Freon-22 data.

2.4 Groeneveld's Standard Table for Predicting CHF for Water in Vertical
Tubes and Bundles

Groeneveld (1982) & (1986) developed an accurate and simple
technique to predict CHF in water over a wide range of conditions.
Groeneveld's table look-up technique is based on the local condition

assumption i.e.
q, = F(X, 6, P, D) (2.37)

The CHF table is presented in table 2.4 for an upward flow in
an 8X10'3m I.D. round tube. The table was created using the CHF data bank
containing more than 10 000 tube water CHF data and known parametric
trends in the regions where data are scarce or unavailable. (For details
see Groeneveld (1982)). A comparison between Biasi (1967) correlation,
Bowring (1972) correlation and the table method is illustrated in Fig.

2.18. Due to its wide data base the CHF table predicted the most accurate



WQ-

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

FIGURE 2.17 COMPARISON OF WATER, FREON-22 AND FREON-12 DATA (IN

69

G x 108
D X
SYMBOL | FLUID (in) L/0 (b/hr ETY] OH/A
0 WATER 0.400 200 TO 480 10 T0 7.0 [0.06 TG 0.8¢
A 0.393 100 TO 350 0.3 TO 2.6 [0.20 TO 0.65
a FREON 22 0.400 152 0.4 TO 1.0 {0.03 TO 0.29
A FREON 12 0.431 19 TQ 167 0.4 TO 45 [0.0 70 0.24
—_ PREDICTION FROM EQUATION (2.38)
Pe /Pg = 20
A
O
D
(@)
A
8]
B~ o
a
LR S
| | 1 1 ]
1.0 2.0 3.0 4.0 5.0 6.0
E+

TUBES) WITH PREDICTION FROM AHMAD DIMENSIONLESS CORRE-

LATION BASED ON FREON-12 DATA, AT WATER EQUIVALENT
PRESSURE 1000 LB/IN? ABS-

(og/og =

20) .

AHMAD (1973).
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T ! 1
6.76 % OF DATA ABOVE RANGE

293% OF DATA BELOW RANGE

4. ———
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results among the existing correlations over a wide range of conditions,
Groeneveld (1986). The range of the table method is:

pressure: 100 - 20 000 kPa
Mass flux: O - 7500 kg/m°/s (2.38)
Quality: =15 to 100%

The predicted CHF using the standard CHF table may require the
use of several correction factors as shown:

actual - CHFB(P,G,X) *K1°Ko (2.39)

Where CHFg(P,G,X) represents the CHF obtained by interpolating in the
table and K;-Kj are corrections factors listed in table 2.5; their deriva-
tion is discussed by Groeneveld (1982).

Groeneveld's table look-up technique is not dimensionless.
However, it will be shown in Chapter 4 that the table can be transformed
to a dimensionless form that can be used in predicting CHF in non-aqueous

fluids.

2.5 Theoretical Models

The theoretical models are usually based on a specific CHF
mechanism. They may require a few empirical constants that can be opti-
nized from experimental CHF data. The models predict the CHF in a system

within a range of conditions regardless of the fluid type.

2.5.1 Whalley's Theoretical Model For Predicting CHF in Annular Flow

Whalley et al. (1973) developed a theoretical model for predic-

ting CHF in forced convection boiling in vertical up~flow in round tubes.
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Correction Factor
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CHF Correction Factors

Equation

Comments

K}, Subchannel or Tube
Cross Section Factor

Ky, Heated Length Factor

For 0.002 < D < 0.016: K; = [

L/DZS:K2=exp[1—I?-°e2a}

0.008

D

« evaluated from homogeneous model

)

1/3

Includes the observed
diameter effect on CHF.

This effect is quality
dependent and could be
included by replacing
the exponent 1/3 by
(2-X)/4 (requires
verification)

Inclusion of « correctly
predicts the diminishing
length effect at subcooled
conditions. The length
effect is particularly
noticeable 1f L/D < 10 for
subcooled burnout and

L/D < 100 for two~phase
dryout.
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The heat flux was assumed to be uniform. The model predicts the CHF in
the annular flow regime. In this regime, CHF occurs due to a reduction of
liquid film flow on the channel wall to zero. The annular flow was arbi-
trarily assumed to start at 1% quality with 99% of the liquid entrained at
this condition. This assumption does not represent the true situation
near the start of annular flow, but Whalley found that the predicted CHF
results were relatively insensitive to the assumed inlet condition. By

writing a mass balance on the liquid film Whalley obtained

d GLF

9o
dz )

_ 4
=D (Dep Ent -~

(2.40)

where Dep and Ent are the local rate of droplet deposition and entrainment
per unit area of the tube wall, respectively, and q.o/M is the evapora-
tion rate of liquid per unit area of the tube wall. Gpp is the mass

flow of the liquid film (per unit of cross sectlion area of the channel), z
1s the distance along the channel and D is the tube diameter. By intro-
ducing the deposition mass transfer coefficient K,, Dep and Ent are
written as follows: Dep = K,;,C and Ent = K Ceq where C is the drop-

let concentration in the gas core, and Cquis the value of C for hydro-
dynamic equilibrium. "Hydrodynamic equilibrium”™ is approximated in a very
long channel with adiabatic flow where the deposition rate becomes close
to the entrainment rate. Empirical values of K; were given by Whalley

et al. for water, Freon—-12 and liquid nitrogen as a function of surface
tengion. The variation of K, with o is shown in Fig. 2.19. Based on

the assumption of a homogeneous mixed condition of the gas core, C was
given theoretically as a function of liquid and vapor densities, quality

and the ratio of the liquid film flow rate to the total flow rate. Also,
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Whalley et al. gave empirical values of Ceq as a function of T§
m/o where T{ 1s the interfacial shear stress, m the film thickness,
and ¢ the surface tension.

The parameter T{ and m can be calculated provided the
film flow rate at a particular point along the channel is known and by
using a combination of the following relationships:

(1) the "triangular relationship” given by Hewitt (1961). This
relates the liquid film flow, liquid film thickness and pressure
drop such that any of these parameters can be calculated if the
other two are known.

(2) the “"geometrical similarity” relationship which relates the
thickness of the liquid film to the effectlive roughness presen-
ted by the film interface to the gas core. The final form of
the relationship was given by Wallis (1970) who suggested that
the interfacial friction factor (defined in terms of a homogen-
eous core, could be expressed as (1 + 360 m/d) times the fric-
tion factor for the gas core flowing in the absence of the
liquid film.

Using these relationships, equation (2.40) was integrated
from the point of onset of annular flow (defined arbitrarily as
above). The integration was continued along the uniformly heated tube
until GLp became zero. This is the location where the CHF is

assumed to take place.
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If the tube length (L) calculated from the quality relation

4q
(x = —E§S-° %J at GLF = 0 agrees with the real tube length, then the value

of q.o 1s regarded as the solution. Otherwise, the calculations must be
performed iteratively until L predicted agrees with the tube length. For
details see Whalley (1973).

Encouraging agreement was obtained between the experimental
data of Becker (1965) for water at 91 bars and Behar et al. (1973) for
Freon-12 at 23.3 bars and Whalley's model. The comparisons are illustra-
ted in Figs. 2.20 and 2.21. The highest errors are found in the low qual-

ity range (5 - 20%) where the assumption of annular flow is not valid.

2.5.2 Levy's Theoretical Model for Predicting CHF in Annular Flow

Levy (November, 1980) developed a theoretical model for predie-
ting CHF in the annular flow regime. He based his model upon the Whalley
et al. (1973) model with the following exceptions:

1. Levy's model employs a semi-empirical adiabatic model for liquid
film~flow and entrainment (Levy (August, 1980)).

2. The annular flow is assumed to start at a vapor void fraction of 80%.

3. It uses an integral form of the mass balance equation in terms of

steam quality.



110 | e e e e — — ] 10%
X
1.05 -
X X
X
150 4 e
X y % ~
Ve X X X X
U= %
Efg " 0.951 *xox X i
&5
1 =S w2 L
X
%
0.851- X N
X
X
080 ~
1 | 1 L
0 20 40 60 80 100

DRYOUT QUALITY (%)

FIGURE 2,20 COMPARISON OF CALCULATED AND EXPERIMENTAL BURNOUT HEAT FLUXES

FOR STEAM-WATER FLOW AT 91 x 102 xPa, D= 9.98 x 1073 w,
K = 0.008 m/s. DATA FROM BECKER (1965), WHALLEY ET AL. (1973)

6L



I [} ! I

190 | e 0%
X
1.05 - y y -
b, ¢
1.00 X 2
X X X
) X b ¢
— X

ul = X
B g 095k Xxx X _
ole

T T T X T T T T T T T T T T T s s s e e 110%

X
X
0.851 X A
X
X
0.801 _
i | | 1
0 20 40 60 80 100

DRYOUT QUALITY (%)

FIGURE 2,21 COMPARISON OF CALCULATED AND EXPERIMENTAL BURNOUT HEAT FLUXES
FOR FREON-12 AT 23.3 x 102 kPa, D = 107°m, K = 0.0015 m/s.
DATA FROM BEHAR ET AL. (1969), WHALLEY ET AL. (1973).

08



81

The model shows two distinct regions of CHF versus steam qual-
ity at the CHF location. At low steam qualities, the CHF 1is independent
of heat flux distribution, and it is controlled by vaporization of the
liquid film. At high steam qualities, the CHF depends upon the net depo-
sition into the liquid film, and the heat flux distribution. Levy's model

was not tested with fluids other than water.

2.5.3 Weisman & Peil Theoretical Model for Predicting CHF in Flow Boiling
at Low Qualities

Weisman & Pei (1983) developed a theoretical model to predict

CHF for high velocity flow in tubes at low exit qualities. The model is

based on the following assumptions:

- The CHF in the subcooled and low quality region is caused by limited
enthalpy transport between the bubbly layer adjacent to the wall and
core.

- Under subcooled and low quality conditions, CHF is a local phenomenon.

- The CHF occurs when the volume fraction of vapor in the bubbly layer
exceeds the critical void fraction. The critical void fraction is the
void fraction obtained when an array of €llipsoidal bubbles can be
maintained without significant contact between the bubbles, and was
found to be 82%.

- The volume fraction of vapor in the bubély layer is determined by a
balance between the outward flow of vapor and the inward flow of liquid

at the bubbly-layer core interface.
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Fig. 2.22 shows the bubbly layer at the CHF location Zgyp.
The quality in the bubbly layer is assumed to be a constant at the average

value, x3. A total mass balance on the bubbly layer control volume is

written as follows:

m3 = Amp + m, (2.41)
where Aﬁz is the difference between the axial flow in and out of the

bubbly layer control volume. Also, there is a radial interchange between

the bubbly layer and the core region. 53 represents the total flow rate
from core to bubbly layer and 54 the total flow rate from bubbly layer to
core. Writing a mass balance on the liquid in the bubbly layer and

simplifying it leads to

9 (hL-hLd)

PN (hf-hLd) = Xy T X (2.42)

where

Gy = 1.113/(211' (rg-s) AL)
s = bubbly layer thickness

qc, the heat flux evaluated from eq. (2.42), becomes the CHF when X)
corresponds to the critical void fraction.

The critical void fraction was determined based on the assump-
tion that bubbles are approximately ellipsoidal with the ratio of major to
minor ellipse axes being 3:1. The maximum void fraction was obtained when

the bubbly layer was filled with such bubbles which were just touching,
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ac = 0.82. The corresponding value of xp. was computed based on the
assumption that vapor slip was negligible. This assumption holds only at
high mass velocities (for water, G > 875 Kg m”zs'l). To evaluate the mass
flow between the core and the bubbly layer, a value of the turbulent
interchange at the bubbly layer - core interface 1s required. The turbu-

lent intensity at the bubbly layer core interface was found to be:

- . o 0.6 PP
1 = 0.462 Re Ot (x)0¢ (22 f g

b )] (2.43)

The values of both a and K were determined by an empirical fit
of experimental CHF data, and Dp is the average bubble diameter. For
details see Pei (1981). The bubble diameter was evaluated using Levy's
(1966) model which balances buoyancy and drag forces agalnst surface

tension. At high velocities, buoyancy forces are negligible and

8po Dh
Dp = 0.015 ( ) (2.44)
£' G2
where f' 1s a friction factor. Finally,
hehy
£ d
= - —_ 4
q = AG(x,~X;) 1.4 (hL_hLd) (2.45)
where
1 1 V11,2 1 11 1 1
= —— -] - - — - — — f —— ——
¢ =l ool 3 G - 3 () errel o )

v': radial fluctuating velocity (m/s)
Oy': standard deviation of v'

vi1: radial velocity created by vapor generation (m/s)
The calculation procedure may be summarized as follows: A

value of q is assumed, then Levy's model is used to calculate Zd and hLd'
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An iterative method to calculate Xavg (which is calculated using Lahey's
(1977) mechanistic subcooled-quality model) and hp at Zcyp (the CHF
location) is used. The values of iy and ¢ are then calculated. Based
on az= 0.82 at Zcyr x) and p; at Zgyp are calculated. The RHS of eq.
(2.52) can now be calculated. If the assumed heat flux equals the value
predicted by the RHS within a preassigned tolerance the CHF is equal to
the RHS. Otherwise, another CHF value is assigned to the LHS of eq.
(2.52) and the process 1s repeated. The flow chart illustrating the cal-
culations scheme is shown in Fig. 2.23. A computer listing of the model
is presented in Appendix E.

Weisman and Peli proposed a range of parameters for their model.

The range of parameters for water is:

Pressure: 2 - 20.5 MPa
Mass flux: 972 - 13 600 kg m2s~!
Tube Length: 0.35 x 10'2 - 3.6 m (2.46)

Tube diameter: 0.115 x 10~2 - 3.75 x 10~2 m

acgr £ 0.6

Weisman & Pei evaluated the accuracy of their model by testing
it with the W-3 (Tong (1967)) and the CISE (Bertolleti et al. (1964))
correlations. The upper half of table 2.6 compares the three correlations
for data that belong to the W-3 correlation range. The lower half of
table 2.6 compares the correlations for more than 1500 data points
obtained with water in uniformly heated round tubes at low qualities. It
is seen that Weisman & Pei's model 1s more accurate than the CISE or the
W-3 correlations for the data based used. Fig. 2.24 shows a comparison

between CHF values predicted by Weisman & Pei's model and experimental
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FIGURE 2,23 PROGRAM FOR UNIFORM HEAT FLUX DNB PREDICTION
PET (1981)
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Table 2.6. Comparison of predictions and experimental data water in
uniformly heated round tube, Weisman & Pei (1983)

Number of * *
Prediction data poilnts w(R) o(R)
W—-3 correlation 406 0.989 0.059
(W-3 range)
CISE correlation 406 1.012 0.118
(W=3 range)
Weisman & Pei 406 0.994 0.065
(W-3 range)
W-3 correlation 1516 1.131 0.570
CISE correlation 1516 0.946 0.178
Weisman & Peil 1516 0.9995 0.099
CHF
predicted
R:
HF
measured
w(R): mean value of R

o(R): standard deviation of R
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ones in uniformly heated round tubes using water as a coolant. The test
was done with 1500 data points; however, only one point out of each ten
was randomly plotted in Fig. 2.24. Also, Weisman & Pei extended the
application of their model to fluids other than water, without any change
in the empirical constants. Fig. 2.25 illustrates the comparison of CHF

values for several fluids and table 2.7 lists the statistical comparison.

2.6 Discussion

2.6.1 Scaling Techniques

As for fluid to fluid modeling of CHF, there are two
approaches: the Stevens & Kirby (1964) empirical approach and the dimen-
sional analysis initiated by Barmett (1963). Both approaches showed only
limited success because they dealt with one fluid (Freon-12) at one pres-
sure. However, both approaches laid the ground work for more techniques
that followed.

Most of the scaling techniques mentioned earlier are simply an
extension or a modification of the above mentioned approaches. The modi-
fication to the Stevens and Kirby's approach proposed by Staub lacks in
generality since it applies only to two fluids (Freon—-12 and Freon-22)
within a narrow pressure range. The extension of Barnett's scaling law to
subcooled liquid conditions was made by Coffield. Also, Coffield found
that the scaling factor K (used in the Stevens & Kirby technique) varies
with the pressure. Coffield's extension lacks in generality since it
applies only to one fluid (Freon-113) with a limited pressure range. Dix
suggested that the mass flux scaling factor varies with mass flux, length

to diameter ratlo, pressure and Freon type. However, his suggestion has a
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Table 2.7. Comparison of uniformly heated round tube data for several
fluids with predictions of Weisman & Pei (1983)

Number of * *
Fluid data points r(R) o(R)
Freon 11 20 1.071 0.048
Freon 113 40 1.054 0.094
Liquid Ny 50 1.302 0.098
Anhydrous ammonia 7 1.168 0.285
All non-water data 117 1.169 0.159
Water 1516 0.9995 0.099
R: CHFpredicted
measured
p(R): mean value of R

o(R): standard deviation of R
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limited range of application since it applies only to a limited number of
Freon types and a narrow range of pressure.

Hauptmann's technique requires additional fluid properties such
as P., T, and M. Also, the value of the equilibrium boiling length
(L) is required to scale CHF. This presents a major disadvantage if
only the inlet conditions are known.

Ahmad's technique for modeling CHF in flow boiling was applied
for a number of fluids (Freons, water, potassium and carbon dioxide). The
technique was applied over a wide range of pressure, mass flux, and inlet
subcooling in both subcooled and high quality regions. The difference
between Ahmad's technique and Steven's and Kirby empirical approach is the
mass flux scaling parameter: Ahmad's dimensionless groups used to scale

the mass flux are independent of fluid type.

2.6.2 Empirical Correlations

Kutateladze and Zuber's correlations for predicting CHF in pool
boiling are similar. Kutateladze's correlation for predicting CHF in
forced convective bolling was not tested with any fluid. Hauptmann's cor-
relation lacks in generality, since it was applied only to three fluids
within a limited range of geometry and exit quality. Also, in some cases,
the value of the equilibrium boiling length (Lg) is required to predict
CHF. If the value of Lp is not known, the CHF can be calculated by
using an iterative procedure. Hauptmann's correlation has incorrect para-
metric trends at low flows and high pressure. As the mass flux approaches
zero, the CHF should approach its pool boiling value. Instead,

Hauptmann's correlation (eq. (2.16)) predicts a zero CHF value. Also, as
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the pressure approaches the critical pressure, the CHF value should approach
zero. Instead, the CHF predicted by eq. (2.16) is a positive constant value
at the critical pressure. Shah's correlation for predicting CHF 1is applic-
able over a wide range of conditions. However, in some cases, the value of
dryout quality x. is required to predict the CHF using Shah's correlation.
If the value of x. is not known, an iterative procedure should be used to
calculate the CHF. Katto's correlation gave adequate CHF predictions when
tested with more than 14 fluids. However, Katto's correlation is restricted
to the positive dryout quality range. Katto's correlation has the correct
parametric trends at low flows and high pressures. Eq. (1.3) indicates that
in the "low mass velocity region", qqo tends towards (GDA/4L). Katto

(1983) indicates that at low mass flux eq. (2.22) should be used. The term
g P 0.043

2L in eq. (2.22) approaches 1. The value of C is around 0.25.
Therefore ., tends towards (G°k- ng)’ which is the same value predicted
by (1.3). Also, as the pressure approaches the critical pressure, the CHF
value tends towards zero. This is obtained from eqs. (2.22), (2.25) and

(2.26). Ahmad's correlation was only tested with three fluids at one liquid

to vapor density ratio.

2.6.3 Theoretical Models

Whalley's theoretical model for predicting CHF was tested with
water and Freon—-12. The model lacks in generality since empirical values
of the deposition mass transfer K were not determined for other fluids.
Also, the model is only applicable in the annular flow regime, which
occurs at qualities above 10-15%. Weisman & Pei's model for predicting

CHF in the subcooled and low quality region is restricted to high pressure
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(above 2 MPa) and high mass flux (above 970 kg/mz/s). Also, the model is

more complex than any of the previously mentioned techniques.

2.6.4 Discussion of Dimensionless Parameters

Table 2.8 lists the dimensionless groups used by different
authors for CHF modeling. The dimensionless groups used to scale pres-
sure, geometry, inlet subcooling and CHF are similar. The main difference
between the various scaling techniques lies in the mass flux scaling para-
meter. Table 2.9 lists the mass flux scaling factors applicable to a
specific Freon type and pressure. Ahmad's mass flux scaling parameters
are applicable over a wide range of conditions and fluid types. The
dimensionless term involving the mass flux in Katto's correlation requires
two variable fluid properties; the surface tension and the liquid density.
The dimensionless parameters used in Katto's correlation may be used to
scale CHF results between various fluids.

Katto (1978) compared the mass flux scaling factors FG(GW/GF)
proposed by himself and Ahmad. The mass flux scaling factors proposed by

Katto and Ahmad are respectively

G (g p,)., 1/2
F, G—W Z'C,Q_L)w' (2.55)
F L’'F
e - i i (v/op Belp 1/3 (uf/ug)F 1/8 2.56)
G G (Y/pf Bedy (uf/ug)W

Table 2.10 lists F proposed by Katto in the case of pf/pg = 20 (except

for water-potassium where pf/pg = 590) with the empirical values of FG
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Table 2.8. Dimensionless Groups used for CHF Modelling
Author/Fluid Pressure Flow Geometry Inlet CHF
Subcooling
2/3 -0.133 -0.2 q
1 ¢D @ c
Ahmad® (1973) e/Py 6= =) x (i—ﬂ) L/D [\ <
£ f g
, © YI/ZMf 2/3 " 1/8 9.
Atmad“ (1973) pf/pg (“_f) x ("Tf ™ L/D M, /A S
Dpf g
o L2 D Cp oy 2 e
Barnett (1964) pf/pg 1/2 L/D, -—1/-2— Cﬂin/K ——W
P Y A
£ K o
0.59 q
* 1/4,D c
Stevens et al. pf/pg K*GD (f) L/D M, /A T
0.59 q
* el /4 D c
Staub (1969) pf/pg K*GD (q) L/D /N e
Dix (1970)" / \ 9
x ( ) Pe pg K*G L/D AHin/ T
Hauptmann  (1983)  P/P Gp/ L./D Y
up B
c £ B (RT PZ/M)I/Z
cc
1.8 0.6, p He 9
Shah (1979) P/PC G D (-_O-S_OI)(P.— L/D AHin/)\ _AE N Xcr
K Pf g 8~
Ratto (198 / il e
tto (1983) Pe pg Y L/D AHin/x T
PV
** Hauptmann also used Zc which 1s the critical compressibility factor ( §T c)
C

in his modeling technique.

K value depends on fluid type K = 1 for water; for other fluids K is defined in table 2.9.
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Table 2.9. The Scaling Factor K = Gpreon/Gwater-

Author K
Stevens et al. (1964) 0.658
F-12
Staub (1969) 0.658
Coffield (1969) 0.684, 0.690 and 0.715 for pf/pg = 20.6, 11.8 and
and 7.2 respectively
Dix (1970) Cp (1.0 - 0.09 G 107%y¢1.04 - 0.05 % x 1072)

(1.41 - 0.02 pf/pg)

CT depends on the freon type - see table 2.2.
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obtained by Stevens et al. (1970) for water-Freon-12, Staub (1969) for
water—freon-22 and water-potassium, Coffield (1969) for water-Freon-—-113
and Hauptmann (1983) for water—carbon dioxide. Table 2.10 also lists
Ahmad's scaling factor for all the mentioned fluids. Note that Katto's
scaling factor predicted a value lower than the empirical ome for Freonmns.
On the contrary, Ahmad's scaling factor given by eq. (2.56) predicted
values much closer to the empirical onmes for all fluids. Katto concluded
that the viscosity of the fluid has a secondary effect on the occurrence
of CHF.

Table 2.11 lists the various dimensionless correlations derived
to predict CHF. Their range of applicability and the number of fluids

tested are also presented. Their dimensionless groups were listed in

table 2.8.
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Table 2.10. Comparison of the value of Fg at density ratio

pf/pg = 20 except pf/pg = 590 for water-potassium

System W H20 H20 Ho0 H20
System F Freon-12 Freon-22 Freon-113 CO»
Katto 1.28 1.34 1.21 1.19
Empirical 1.40 1.40 1.46 1.13
Ahmad 1.38 1.38 1.34 1.2

* The value for pf/pg = 590
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Table 2.11. Dimensionless Correlations
Author Correlation Coment
9o
Kutateladze = KL = const. = Pool bolling correlation
(1963) p. & ,
£ - tested with flulds (Fig. 2.11
ngp(l+p—) 5 (Pe-p) ested with many fluids (Fig )
g g & % 8 - subcooled and saturated boiling
Kj = 0.13 + 4 Ar 0.4
q. Apsp,)g 1/4 e 1/2
Zuber (1959) = 0.].8[—%— x [ , m/s = pool boiling correlation
A
pg Pg Pf'*'Pg
q c d
Bauptmann = a Pr(@—) (—LE) ) - tested with C0;, water Freom-12
asy) &Pt he' "D7 e
cc - use only one variable fluid
property iy,
- range: LB/D>35; 5%<Xc < 75%
Shah (1979) Graphical correlation - shown Figs. 36-38
- range 0.0012 < P_ < 0.9, 6 < G < 24,300 %
m’s
- 2.6 € Xc <0.96, -3.0< Xin < positive
= tested with more than 11 different fluids
Katto (1983) Eqs. (2.24) to (2.32) ~ Range: only positive dryout quality

- tested with more than 14 different fluids
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3. Data Base

3.1 Experimental CHF Data for Fluids other than Water

The CHF data base used in this study was limited to data
obtained in uniformly heated round tubes in heat flux controlled systems.
A summary of experimental CHF data for non-aqueous fluids is listed in
table 3.1. The data are listed along with the range of all parameters
affecting the CHF. The actual experimental CHF data are presented in
Appendix A. The helium CHF data given by Katto (1983) could not be used
in this study. The physical properties* could not be found at the given
pressure which is near the critical pressure. Also, the potassium CHF
data given by Hoffmann & Krakoviak (1964) could not be used due to lack of
given information. This investigation used only the data listed in
appendix A. Additional experimental CHF data for fluids other than water
may be found in the literature. Theilr range of conditions is presented in

table 3.2.

3.2 Experimental Water CHF Data

The experimental water CHF data were randomly selected from the
AECL-CHF data bank. This data bank contains more than 10 000 CHF data
points in round tubes obtained from different sources. The selection
procedure was done in the following manner.
1. An energy balance, relating inlet subcooling and critical quality was
applied to each CHF point. The points that did not satisfy the energy

balance within two percent were rejected.

* The physical properties were obtained by using a heat transfer and fluid
flow services (HTFS) subroutine. The subroutine is available on the CRNL
computer system.



Table 3.1.

Summary of Experimental CHF

Data for non—aqueous fluids

No of Ranges
Reference Fluid Type
Data 2 Quality CHF
D{m) L(m) G(kg/m“/s) P(kPa) M in(kJ/kg) & Qi /m2)
Coffield Freon-113 40 1.02x10~2 76.2 10~2 1292-5617  910-2186  11.6-104 —542.5 136-55
(1969)
Papellov Liquid 49 1.28x10~2 30.48 10~2 1442-2532  345-1655 12.8-66.7 —40m1 221-597
(1966) Nitrogen
Leung
(1980) Freon-11 20 1.17x102 2.74 13962802 1988-2897  19.14-57.2 8-18 103-137
Groeneveld  Freon-12 268 0.78><10"§ 60.2 10-%1.83 509-3264 1062-1089  0.23-28 -6.248.0  62.8-283
(1969) 1.61x10™
Katto Liquid 138 10-3 25 10‘?l 10.47-107.6 199 3.64696.25 -1694 0.1176-2.15 .
(1983) Helium (1) 200 10™ =
Dix (1980) Freomlld 441 1072-1.41x10~2 0.635 - 1.93  449-3944  841-1434  3.63-53.5 2-75  69.-252.
Barnett &  Freom2l 504 0.67¥1072 0.53-3.3 470-2370  731-1380  5.35-70 -396 85.-473
wood (1965) 1.61x10™
Rotem &
Hauptmann (03 172 0.006 1.056 680.-5848 1923-5219  0.08-5219% 0.-74 236-573
(1970)
Hof fmann & 9
Krakoviak Potassium 41  0.83x10™ 1.12 122.4-287 - - 10-87 189490
(1964)

* subcooling ratio AH;,/A



Table 3.2.

Summary of Available Experimental CHF Data for Fluids other than Water

Ranges

No of
Reference Fluid Type
Data 2 Quality CiF
D(m) L(m) Glg/m7s)  B(kba) i, (/kg) o) a/ud)
Merilo Freon12 178  1.26x10~2 1.22-4.88 1680-5410 1050-1520  0-35% 10-80 20-220
(1976)
Pokhalov 3
(1971) Benzene 39 0.5x10" 0.08-0.16 69-10,000 1534500  0.02-1.68* 0. 350-1100
Alad'yev O.AXlO“g 19.14-57.2
(1969) Potassiun 59 0.6X10 0.12-0.60 38270 1541  0.03-0.19% 4696  270-1400
Keilin Heliurl 230 2x10~3 0.1 18-96 110-150 - 33-60 .1-10
(1974)
Katto Freon-12 - 0.01 1. 120-2100  1960-3440  0.4-40 - 20-200
(1983)
Girratuno  Hellun-l - 0.213x10"2  0.01-0.076 45630 110200 0. - 0.3 - 1.63-7.55
(1974)
Povarnin  Ethyl 163 2><1o-:"3 0.04-0.21 0.49-50t  207-6200  0-210tt - 567-21,600
(1964) alcohol 3.5x10"
Lewis Hydrogen 44  1.4x1072 0.28-0.46 0.1t %5 0-3.3+1 - 19-66
(1962)
Lewis Mtrogen 11 1.4x1072 0.46 0.027t 345 1.6tt - 50-177
(1962)
Ogata Heliurl - 0.109x10~2 0.028-0.056 - 110-200 - -20-100 0-6
(1973)
Gambill Ethyl 16 0.64x10~2 0.183 53-2.7t  138-610  86-147tt - 6500~
(1962) 19,700

* inlet subcooling ratio AHj,/A
1 velocity m/s
tt °C

¢01



Table 3.3. Summary of CHF Water Data

Ranges

No. of
Technique 2 Quality CHF

Data D(m) L(m) G(Kg/m“/s) P(KPa) A{in(KJ/Kg) y (KW/mz)
Welsman & 0.001~ 0.04- 2900~ 500-
Pei's model 68 0.0128 4.96 300.-13800 21000 0.-1000 -50.35. 9000

*
Katto's 0.001- 0.04~ 103.~- -1200.~» 379-
correlation 219 0.0924 4.966 13.-9500 18000 1600 -13.-»100 1500

*
Non—-dimensional 236 0.001- 0.04~ 57.2- 758.- -1280. > -~15.-+100 128.-
table 0.0924 4.966 14,500 17,000 2400 14500

* legative inlet

subcooling means that two phase flow exist at the tube inlet.

€01
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The ranges of quality, mass flux, and pressure and the number of
intervals within each range were provided.

The first point in the new CHF data bank was assigned to the
corresponding intervals of quality, mass flux and pressure.

To avoild selecting most of the points from one set of experimental
results, a random number of points were skipped. The random number
was equal to the integer absolute value of the quality times 100.
Ouly one point belonging to one set of intervals of quality, mass flux
and pressure was selected.

If the end of the file containing the new CHF data bank was
encountered, the file was rewound.

The listing of the computer programs used in the selection

procedure 1s presented in Appendix B. Three runs were made to select

water CHF data for Weisman & Pel's model, Katto's correlation and the

non-dimensional table. The summary of the water CHF data selected is

listed in table 3.3 and the actual experimental water CHF data is

presented in appendix C.
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4. RESULTS
4.1 General

The CHF prediction methods which appear to be the most prom-
ising for nom—-aqueous fluids, are Welsman & Pei's model and Katto's cor-
relation. A new method, which uses a scaling technique in conjunction
with a reliable method for predicting CHF in a single fluid (e.g. water)
is developed. The CHF prediction methods were tested with different
fluids such as carbon dioxide, nitrogen, freons and water. The results
were plotted versus the various parameters that were known to influence

CHF (such as dryout quality, length to diameter ratio etc.).

4.2 Weisman & Pei's model
4.2.1 General

Weisman & Pei's model was tested with nitrogen, Freon-l11,
Freon-12, Freon-113 and water. A summary of the experimental CHF data for
non—-aqueous fluids and water 1s presented in Chapter 3. The results are
presented in graphical form in Appendix G. A summary of average and rms

errors for all the fluids tested is listed in Table 4.1.

4.2.2 Parametric and Asymptotic Trends

One can observe the following parametric and asymptotic trends
from Weisman & Pei's model predictions.

- An increase in error with increasing dryout quality. This is
illustrated in Fig. 4.1 for Freon-113 and water.

- A decrease in error with increasing mass flux. This is 1llustrated in
Fig. 4.2 for water.

- A decrease in error with increasing pressure. This is illustrated in

Fig. 4.3 for Freon-113 and water.
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Table 4.1. Summary of Average and RMS Errors for Weisman & Pei's Model

No. of Average
Fluid Data Rms Error 7% Error 7%
Freon-12 20 12.26 11.11
Freon-11 20 25.28 25.90
Nitrogen 49 34.34 32.78
Freon-113 40 13.47 10.12

Water 68 16 .34 -7.09
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- A decrease in error with increasing CHF. This is illustrated in Fig.

4.4 for Freon-113, Freon-12 and water.

4.2.3 Discussion

Weisman & Pei's model is applicable in the bubbly flow regime,
which corresponds roughly to void fractions less than 607 and qualities
less than 20%. This is illustrated in Fig. 4.1 for the water case. At
higher values of dryout quality and void fraction, the annular flow regime
exists. 1In this region, the CHF 1s caused by liquid film depletion rather
than near-wall bubble crowding and vapor blanketing. The model performed
adequately at highly subcooled conditions: as low as -55% dryout quality.
This is illustrated in Fig. 4.1 for Freon-113. This suggests that the
model is also applicable to situations where CHF occurs before bubbles can
detach from the wall. Weisman & Pei's model is applicable only at high
mass fluxes; higher than 1000 kg/mzls for water. This is illustrated in
Fig. 4.2. At low mass fluxes, vapor bubbles coalesce into slugs. This
results in two effects: (i) Due to buoyancy forces, the slugs travel
upward towards the top of the tube. This causes slip between liquid and
vapor phases. The homogeneous model used to predict the vapor vold frac-
tion from quality cannot be used in this case and (ii) the presence of
slugs makes the assumption of bubbly flow near the wall invalid. Weisman
& Pei's model is applicable at high pressures only; above 2 MPa for water-
This is illustrated in Fig. 4.3. At low pressures, there is considerably
more slip between liquid and vapor phases. Therefore, the homogeneous
model used to predict vapor void fraction from quality cannot be used.
Also, for pressures lower than 2 MPa for water, the model has convergence
problems. As the pressure approaches the critical pressure, the model

gave better predictions. This is illustrated in Fig. 4.3.
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In summary, the model performed adequately in predicting CHF in
non-aqueous fluilds without changing the empirical constants. The main
limitations of the model are the ones suggested by Welsman & Pei. That
is, the model is applicable at dryout qualities less than 20%. This is
the region where CHF is caused by near-wall bubble crowding and vapor
blanketing. Also, the model is limited to high mass fluxes and pressures;
higher than 1000 kg/mZ/s and 2 MPa, respectively, for water. That is, the
model is limited to bubbly flow pattern in which negligible slip between

liquid and vapor phase exists.

4.3 Katto's Correlation
4.3.1 General

Katto's correlation was tested with Freon-114, Freon-21, Freon-
12, carbon dioxide and water. A summary of the experimental CHF data for
non-aqueous fluids and water is presented 1in tables 3.1 and 3.3. The
results are listed in appendix H. A summary of average and rms errors for

all tested fluids is presented 1n table 4.2.

4.3.2 Parametric and Assymptotic Trends

One can observe the following parametric and asymptotic trends
from Katto's correlation predictions.
~ A decrease in error with increasing dryout quality. This is shown in
Fig. 4.5 for carbon dioxide, Freon-21, Freon-114 and water.
- A decrease in error with increasing length to diameter ratio. This is
shown in Fig. 4.6 for Freon-21, Freon—-1ll4, Freon-12 and water.
- A decrease 1n error with increasing mass flux. This is shown in Fig.

4.7, for water.
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Table 4.2. Summary of Average and RMS Errors for Katto's Correlation

No. of Average
Fluid Data Rms Error 7% Error 7%
Carbon Dioxide 172 14.65 2.17
Freon-12 268 7.43 2.1
Freon-114 441 13.29 09.06
Freon-21 504 10.86 -1.1

Water 219 37.30 5.16
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=~ A decrease in error with increasing boiling number (CHF/A/G). This is
shown in Figs. 4.8. The figures are for carbon dioxide, Freon-21,
Freon-12 and water.

- A decrease in error with increasing inlet subcooling ratio. This is

illustrated in Fig. 4.9 for water-

4.3.3 Discussion

Katto's correlation is limited to the positive dryout quality
range. This is illustrated in Fig. 4.5. The correlation performed best
at dryout qualities higher than 40%. The largest errors were encountered
in the lowest quality range (0-30Z). Fig. 4.6 shows that the correlation
performed best at high length to diameter ratio (L/D > 150). It performed
relatively poorly at low length to diameter ratio (L/D < 100). Fig. 4.7
shows that the correlation performed best at high mass fluxes (G > 2000
kg/m2/s for water). Finally, the correlation performed best at large
values of inlet subcoolings (AHi,/A > 0.4 for water). The worst perfor-—
mance of the correlation was encountered with two—phase flow at the tube
inlet. This is illustrated in Fig. 4.9.

In summary, the correlation performed adequately in predicting
CHF in non-aqueous fluids. The correlation 1is recommended for use in the
high dryout quality range (above 20%), large values of length to diameter
ratio (in excess of 50). The correlation is not recommended at low mass
fluxes; lower than 2 000 kg/mz/s for water- Finally, the correlation is
definitely not recommended for situations when two-phase flow 1s encoun-

tered at the tube inlet.
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4.4 Non-Dimenional CHF Table

4.4.1 General

A summary of the dimensionless groups used for CHF modeling was
presented in table 2.8. Some of the modelling techniques require differ-
ent empirical constants for each fluid type. Others use P/P. which
requires the knowledge of an additional fluid property (P.). Barmett's
scaling method put on additional restraint on the diameter. Only Ahmad's
and Katto's modeling techniques are applicable for multiple fluids without
any restrictions. Both techniques can be used in conjunction with a reli-
able method for predicting CHF in a single fluid (e.g. water). The
resulting method can be used to predict CHF in any fluid. Groeneveld's
standard table for predicting CHF in water is considered to be the most
reliable. The dimensional table is presented in table 2.4. It covers a
wlider range than any other CHF prediction method for water. The dimen-—

sional table is converted into dimensionless form by replacing P by

0.5 *
p./p , CHF by CHF/(AG) and G by ¥, = 8D for Katto's technique, by
£'Pg> K~ 0.5 05
£
= (E_Eg x (8D x (EEJ for Ahmad's first scaling method and by
g ‘peo b m
g
co. 1/2 ue 2/3 u 178
¥ o= (=) x (=) x (—) for Ahmad's second scaling method.
Y be D pl/2 Mo

* gince identical geometries were used (identical L and D), the results
GDO.S g p

of using ‘I’K = W or
o

Pe

7 are the same.
G'L
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Since the dimensional table was presented for an inside tube diameter of
0.008 m and since the most accurate way to scale CHF was found to be for
identical geometries (L and D identical). The same D = 0.008 m was used
in calculating the dimensional mass fluxes {y, ¢y and ¢g. The non-
dimensional table is presented in table 4.3. 1Its application is described
in appendix J.

The non—-dimensional table was tested with carbon dioxide,
Freon-21, Freon-114, Freon-12, Freon-1l, nitrogen, Freon-113 and water-
Three different tests were conducted for each fluid using ¥k, Y45 and
WY. The results for ¥Yg and TY are listed in appendix F. A summary
of average and rms errors for all tested fluids is presented in tables 4.4
and 4.5 for constant exit conditions and 1nlet conditions, respectively.
Fig. 4.10 illustrates the errors based on constant exit and inlet

conditions.

4.4.2 Parametric and Asymptotic Trends

One can observe the following parametric and asymptotic trends

from the non-dimensional table using Y.

- A decrease in error with increasing dryout quality. This is illustrated
in Fig. 4.11 for carbon dioxide, Freon-21, Freon-ll4 and water.

- A decrease in error with increasing inlet subcooling ratio. This is
i1llustrated in Fig. 4.12 for carbon dioxide, Freon-21, Freon-1ll4 and
water.

- A decrease 1in error with increasing ¥.. This is illustrated in Fig.

4.13 for carbon dioxide, Freon-21, Freon-12 and water.
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Table 4.4. RMS and Average Errors in CHF Based on Constant Exit
Conditions Using Non-Dimensional Table and various

non—-dimensional mass fluxes

¢ ¢ ¢
No. of Y o K
Fluid data RMS(Z) AVG(Z) RMS(Z) AVG(%) RMS(%) AVG(Z%)
Nitrogen 26 8.1 -3.5 7.6 -0.4 9.5 2.7
Carbon Dioxide 172 39.9 35.4 31.9 23.2 34.7 26.6
Freon-21 504 34.5 12.6 30. 7. 42.5 23.3
Freon-12 268 17.76 10.8 16.5 9.2 29.6 24.4
Freon-114 441 21.1 -8.5 22. -14.5 20.3 0.3
Freon-113 19 18.8 10.3 18.4 =14.2 13.5 =2.7
Water 212 182.9 12.9 182.9 12.9 182.9 12.9
Y2 w273 1/8
GD £
¥, o= (_u—) (5 5 x (‘u—)
f f g
v - G2D)2/3 (QEJ-.133 § (92)-.2
g p.o b Hy
. 9 P¢ cp’*°
kK 2. °F 0.5 0.5
G°L pf
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Table 4.5. RMS and Average Errors in CHF Based on Constant Inlet
Conditions Using Non-Dimensional Table and various
non-dimensional mass fluxes

¢ ¢ ¢
No. of Y 9 K
Fluid Data RMS(Z%Z) AVG(%) RMS(%) AVG(Z) RMS(Z) AVG(Z)
Nitrogen 26 6.5 -2.8 6.1 -0.3 7.7 2.2
Carbon Dioxide 172 17.2 15. 13.8 9.9 15. 11.3
Freon-21 504 12.3 3.4 11.3 1.3 14.2 7.4
Freon-12 268 7.28 4.4 6.8 3.7 12.5 10.6
Freon-11 20 9.5 6.8 9.8 -9.3 5.7 -4.5
Freon-114 441 11.1 ~4.4 11.7 -7.6 10.5 0.1
Freon-113 19 10.6 6. 10.6 -8.4 7.3 -1.6
Vater 212 27.0 - .23 27.0 - .23 27.0 -.23
Yl/2 x u. 2/3 u. 1/8
v = (8B) « ( — £) x (L
Y He Pe ug
c Pfd llf ng
v = o pf . GDO.S
k G2L G0.5 0.5
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CHF

PREDICTIONS USING CHF TABLE
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1
{
!
| ~
!
!
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* Energy balance is calculated from the following equation

FIGURE 4,10 ERRORS BASED Oil CONSTANT EXIT AND INLET CONDITIONS
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- A decrease 1in error with increasing B.0. This is illustrated in Fig.
4.14 for carbon dioxide, Freon-21, Freon-12 and water.

Also, one can observe the following parametric and assymptotic
trends for the non-dimensional table using YY.

- A decrease in error with increasing dryout quality. This 1is illustrated
in Fig. 4.15 for carbon dioxide and Freon-21.

- A decrease in error with increasing inlet subcooling ratio. This is
illustrated in Fig. 4.16 for carbon dioxide, Freon-114, Freon-11 and
Freon-21.

- An increase in error with increasing YY. This is illustrated in Fig.

4.17 for carbon dioxide, Freon-l1ll, Freon-21 and Freon-12.

A decrease in error with increasing B.O. This is illustrated in Fig.

4.18 for Carbon dioxide, Freon-11, Freon-2l1 and Freon-12.

4.4.3 Discussion

Table 4.5 shows that the non-dimensional table RMS and average
errors in CHF using the three dimensionless parameters are approximately
equal. The dimensionless parameters ¥y and ¥4 are the only ones using
surface tension. Y4 was not selected due to the complexity of its
expression. The non—-dimensional table predictions using ¥, and WY
were adequate in the negative dryout quality range. This 1is illustrated
in Fig. 4.19 for nitrogen and Freon-113. The non-dimensional table
predictions using ¥, and WY are most accurate in the high dryout
quality range (20 - 100%). This is illustrated in Fig. 4.11 for ¥, and

Fig. 4.15 for WY. The non—-dimensional table predictlons using ¥, and
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YY were most accurate at large inlet subcoolings (inlet subcooling ratio

greater than 0.2). This is illustrated in Fig. 4.12 for ¥, and and Fig.
4.16 for ¥y. Also, the non-dimensional table gave adequate predictions
when two-phase flow is encountered at the tube inlet. This is illustrated
in Fig. 4.12 for water. The table is not recommended for use when the
mass flux approaches zero. In this case the boiling number tends to
infinity. Zuber's correlation is recommended in pool boiling situations.
However, for mass fluxes between zero and the ones available in the table,
interpolation between Zuber's and the non-dimensional table predictions is
advised.

In summary, the non-dimensional table predicted CHF adequately
for non-aqueous fluids as well as water. The dryout quality range is -157%
to 100%. 1In general, the parameter ¥, is recommended. However, if
values of surface tension are unknown or suspect YY is recommended. The
non-dimensional table has a wide range of conditions, but it does not

cover pool boiling conditions or dryout qualities less thamn -15%.

4.5 Dryout Quality Range Covered by all Tested CHF Prediction Methods

Figures 4.20 to 4.23 illustrate the dryout quality range
covered with each fluid for Weisman & Pei's model, Katto's correlation and
the non-dimensional CHF table using ¥ and Yy respectively. It is
observed that the water data have the largest errors. This is because the

water data covered the widest range of parameters.
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5. Conclusions

- Welsman and Pel's model predicted CHF adequately for all tested fluids.
The model is limited to high mass fluxes and pressures above 1000

kg/mz/s and 2 MPa for water, respectively. Also the model is not

applicable at dryout qualities higher than 20%.

- Katto's correlation gave good CHF predictions for all tested fluilds.
The correlation is limited to positive dryout quality range. Also, the
correlation is not recommended for short tube length; L/D less than 50
or for mass fluxes lower than 2 000 Kg/mz/s for water. Finally, the
correlation 1s definitely not recommended for situations where two-phase
flow is encountered at the tube inlet.

- A non—-dimensional table used for predicting convective boiling CHF for
all fluids was created. The table was created by non—-dimensionalizing
Groeneveld's standard table for predicting CHF in water using modelling

techniques such as Ahmad's and Katto's. The table covers a wide range
of conditions: dryout quality (-15% - 100%), atmospheric to water
equivalent critical pressure, single and two-phase inlet flows and water
equivalent mass flux of 50 - 7500 kg/m®/s. The table is limited to flow
boiling situations and 1t is not applicable when dryout quality is less

than -15%.

- Finally, the non-dimensional table gave accurate CHF predictions for
fluids other than water. The table covers the widest range of parame-

ters among existing CHF prediction techniques.
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Recommendations

Future work should be concentrated on expanding the non-dimensional
CHF table to dryout qualities lower than -157%. Experimental CHF data
in various fluids having dryout qualities less than -15% can be used
for this purpose. These data can be non-dimensionalized into Ahmad's
and Katto's dimensionless parameters. The obtained data can be added
to the present non-dimensional table by statistically averaging the
boiling number within each pf/pg, ¥ and x intervals. A similar
approach was followed in creating the dimensional CHF table

(Groeneveld (1986)).

The effect of diameter on CHF should be studied in detail.

A correction factor for diameters smaller than 0.002 m should be

provided.
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7. Summary of Thesis Work

An introduction to the CHF in temperature and heat-flux-controlled
systems is presented. The mechanisms with the greatest promise for explain-
ing CHF are described. The factors affecting the CHF such as flow parame-
ters, geometry and miscellaneous effects are described 1n detail.

A detailed literature survey of CHF predicting methods applicable
to non—aqueous fluids was made. A summary of the various empirical and
theoretically-based methods is presented. Also, a summary of the various
CHF scaling techniques between different fluids 1s made. The two methods
which appeared to be the most promising for predicting CHF in non-~aqueous
fluids were selected for further study: (i) Welsman & Pei's theoretically
based model for predicting CHF at low qualities, and (11) Katto's latest
empirical correlation for predicting CHF in various fluids at positive
dryout qualities.

A detalled literature survey of experimental CHF data for fluids
other than water was made. A summary of the available and selected data are
presented. The experimental water CHF data were selected from the AECL-CHF
data bank.

A new method for predicting CHF in non-aqueous fluids 1s created
by non-dimensionalizing Groeneveld's standard CHF table using Ahmad's &
Katto's CHF scaling techniques.

A comparison of predicted CHF values with experimental CHF values
for water, carbon dioxide, nitrogen and different Freon types 1is made. It
has been found that the non-dimensional CHF table predicting method is the

most accurate over a wide range of pressures, gqualities and mass flows.
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APPENDIX A

Non-Aqueous Fluids Experimental CHF Data

Freon-113 - Coffield (1969); Liquid Nitrogen - Pappell (1966);
Freon-11 - Leung (1980); Freon-12 - Groeneveld (1969);
Helium - Katto (1983); Freon—-114 - Dix (1970);
Freon—-21 - Barnett & Wood (1965);

Carbon Dioxide - Rotem & Hauptmann (1970); and

Potassium -~ Hoffmann & Krakoviak (1964)
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FREON-113 CHF DATA, COFFIELD (1969)



TALLE

IV-a.

SUBCOULID AL LoV QUALITY FREON-113 DATA

Y
19
11
12
|
14
15
1»

Critical Heat

L Fl%xlU—S Absolute Mass Flow Rate Inlet Exit Inlet
JDNB 7 2 Prescurte 6o 10'62 Subcooling Quality Termpecrature

nacc Btu/he-tt P, 1b/iu. lb/hr-tt al‘i. Btu/ldb - Tys F

57:2% L.116 137 1.976 2.02 -0.07750 221.70

_/23 1.747% 137 40130 23.68 -0.23500 174.70

9/28 1.440 137 2,60C 19.47 -0.27600 151.09

9/ 50 1.210 137 2.0C0 19.35 -0.24950 148,70

2/30 0.87:2 136 1.C4 306.87 -0.12150 144.70

/306 C.668 135 0.980 20.25 +06.00317 189.17

16/1 1.650 137 1.700 A0.11 -0.196C0 104.10
/1 1.125 13/ 2.580 22.00 -0.18150C 181.70
10/1 1.545 137 4,000 21.00 -0.20000 185,70
10/1 0.849 137 2.420 12.54 -0.06620 215.90
10/2 1.085 13/ 1.000 44,40 -0.25200 84.70
16/2 0.626 137 2.420 7.00 +0.01230 249.70
10/2 0.6%8 122 3.900 5.25 -0.00522 247.10
10/7 1.765 145 4.002 24.80 -0.26700 196,70
10/8 1.535 188 4,000 20.50 -0.20900 255.00
10/8 1.145 183 4,060 13.00 -0.102080C 225.30
10/8 0.658 196 3.900 5.00 +0.00690 284,30
10/8 1.450 193 2.510 32.50 -0.35400 188.00
10/8 1.260 193 2.500 24,20 -0.22900 269,30
10/8 0.200 199 2.509 5.00 -0.,09650 244,70

—— ———

Lo

€SIt



TAELE IV-b.

SUBCOOLED AND LOW QUALITY FREON-113 DATA

Critical Heat

¥

Flux -5 Lbsolute tHass Flow Rate Inlet Exit Inlet

Run png * LOq Fresoure, G x lO“bﬁ Subcceling Quality Temperature
No Date Leu, hr-ft° I, 1b/in.” 1b/hr-ft* [y, Buu/lb Ko T,, F
21 LGy 0.49] 100 2.5C0 5.00 +0.02010 276.70
22 12/8 1.7:¢C 300 4,000 30.50 -0.52350 242,10
23 10/8 1,330 300 4,005 21.50 -0.33200 272.00
24 10/9 0.92; 302 4.000 12.50 ~0.19700 312.30
25 10/6 0.650 3065 4.000 6.00 -0.02420 337.40
26 10/ 1.325 315 2.450 33.70 -0.54400 237.00
27 10/9 1.035 313 2.509 24,51 ~0.37500 271.30
1o 10/9 0.L07 315 2.500 13.72 -0.15200 2083.00
29 13/9 0.571% 317 2.4%0 9.04Q -0.06C30 332.70
30 10/9 1.055 195 1.004 41.45 -0.24100 140.30
1 10/6 0.835 195 1.600 31.80 -0.16109 181.00
32 10/4 0.555 193 1.0900 23.04 -0.08100 214.00
33 10/9 D.516 193 1.0C0 15.00 ~0.01385 250.00
34 16/10 0.740 305 1.000 37.29 -0.46700 215.00
35 10/10 (.655 305 4.9350 31.01 -0.32200 244,00
36 10/10 0.548 312 3.000 20.50 -0.13000 278.30
oy 10/10 0.432 3c0 1.600 12.00 40.02540 309.30
38 10/10 1.079 315 2.500 24.50 -0.36700 272.00
33 10/10 1.215 193 2.500 24,30 -0.22700 208.30
) 10/190 1.13¢ 124 4,000 15.00 -0.10400 256.30

ST
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LIQUID NITROGEN CHF DATA, PAPPELL (1966)

(psi)

(in)

(in)

(10° x 1b/hr/ft?)
(Btu/1b)

(Btu/hr/ftz)
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Units
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FREON-11 CHF DATA, LEUNG (1980)

(psi)

(in)

(in)

(10° x 1b/hr/£t?)
(Btu/1b)

(Btu/hr/f£t?)
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C.15
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FREON-12 CHF DATA, GROENEVELD (1969)



RUN

DN WY -

Q.
10
11
12
13,
16
16
16
17
1R,
19
20
21
2P0
23
;3-1
Zas
A
7he
2he
PTe
?Ro
7%
ine
7).
12
11

PN}

ia,

19,
37,
iR
39,

4n

41,
47,
43,
“4,
45,

L

INCHE >

431
L 431
.43

L9431

.431
LR
. 431
43
431
063]
0431
431
063)
«63]
¢4
+ 431
CIOJ)_
0‘31
431
0“31
631
431
1631
«431
u“]]
c63]
631
«63)
0‘631
«43)
«43)
e 43
l“31
a4
.61
-431
L4331
.43]
431
431
<431
431
431
<431
.431
<431

161

TABLE I - FREON-12 NDRYOUT DATA

L

INCHES

77.00
712,00
12,00
12,00
72,00
12,00
72,00
72.00
1200
T2+0n0
1200
72.00
72400
7200
7200
7200
72+00
7200
7200
7200
7200
7200
72+00
72+00
72.00
7200
720()0
72+00
72460
T2«0n
7200
65001
6501
’5"‘).!”
£5,0)
A5, 01
65,01
65,01
65,01
hS,0)
5,01
5,01
~S,01
65,01
65,01
65,01

G E-6
2
LR/HR FT

383
-3R5
L 387
. 399
_uQn
490
A
432
«508
« 768
'76:
. 742
.-{Aq
o 177
e 942
«Yle
«977
« 877
l993
1+512
14506
10516
1-5“1
1538
1556
1940
192¢
1943
1901
1952
10(184
« 49K
AR
479
.%9/
.200
997
987
J9Y6
,9Be
1,006
1,987
1,987
1,981
1.9R1
1,781

X

o732
L730
718
679
TS
L6938
646
h02
' Shb
¢ 4859
450
YY)
426
:3R6
.39)
- JR6
e 340
2 33A
1 2RO
« 270
246
.?08
227R
=191
elabH
2?1
3219

« 19

«16h7
e 1 P6h
«077
e h P2
Xalalo!
«590
573
.Han
“361
T3e7
. 3725
. 300
219
207
117
127
J100
L07K

CHF

’
BTU/HR FY

23360
242490
25290
27130
25703
26900
2R4 17
30384
32177
29694
315886
34759
35947
38735
30990
32397
355131
38245
4n0R38
3399
36693
39413
«o267
42740
45479
363R2
3667H
40177
41479
43707
47697
2R6E56
29476
3n%nh7
32347
348846
34280
36492
JRART
41334
439132
3R436
4NREZ
430976
46991
51019

[NLET SURC
BTu/LA

1131
2,719
5,08
A_9R
.10
2,18
s.20n
R,B4
1204
1407
333
6,89
9.23
1230
91
2.88
6+03
T.87
12+084
XY
Je01
belb
S5e15
R.32
11.71
«64
1«18
3e46
Sel
RelS
11.93
1-39
3.11
S.56
R,49
12.61
1,29
3,56
5,91
9,17
11,38
¥4

2 R8s
6,58
R, 9]

11,35



RUMN

X%
07,
«f
a9,
o,
)
€2.
593,
5.
Se.
7.
SR
59
Ene
53.
Cue
=S
thoe
€7,
£R.
CQ-

The
71.
]?o
T2,
?Qc
5.
T8
17-
Tre
7;.
kros
i-l.
2
e

D

INCHEg

«431

ol
w
—

431

431
43)
207
n7

s s & + o » e o o
&
W
—

L

INCHES

66.61
66,61
66,61
66,61
h6,61
£6,61
n6,.61
66,61
66,61
h6,61
bhebl
66+¢6]
56+6)
fheb]
6661
3337
3337
3337
3337
33.37
3337
33437
13737
3337
3337
1337
1347
1337
13437
33437
51-18
~ie1H
-i-18
“1e)H
51-1R°
S1.18
51418
$L.1°A
21,18
51.18
51,18
51,18
1,18
91,18
~t,18
.j.ny
63'n9

162

TABLE I (Cont'd.)

G t-6
LB/HR Fr

I“17
.18
,4no
Lele
Leld
B4
T8e2
849
849
_849
1.657
1.057
1.657
lobsq
1.627
«420
e 15
16
e ld
bl
0846
o H4q
8133
0847
0643
lthﬁU
1669
]obhr:‘
lobﬁ%
1 eh56
496
0‘097
s 497
489
4Bl
993
.4995
.955
L9973

2

X

o711
.695
L1706
L 6A2
. 059
.QIQ
‘395
L3Rl
360
L340
« 246
[Yds
0196
v 154
123
+550
«54)
¢534
+503
.“66
«290
274
0249
02]5
=182
-lab
-107
«071
« 0955
«(1H
«SAG
LY
a9 3A
e534
<507
:37]
e A
275
2SH
226
pa
BED)
T0ge
,0fA
04l
he3
.HR“

CHF

2
BTu/HR Fy

26280
26935
28570
Jn380
31462
32165
34263
3RTIS
3R99}
41635
37206
39412
42198
447R9
4RoT2
419h6
44088
45106
47485
49661
45953
4R7A0
52%R6
S5A2
59745
46R42
50400
5A530
60270
’noto
33467
14R22
1687
38018
39851
39184
41242
“3756
46881}
50351
41094
43461
4R153
S2Rrp2
52R30
}3782
35188

INLET SURC

BrysLB

63
2,61
5,99
8,63

11,71
1,31
3,93
6.2[
9.00

11.97

63
256
Se20
B8+38

1167
138
.72
487
8.64

1227
124
3.23
bels
B.88

12+10

87
3458
6+76
8,25

12414

.81
3.03
633
Q413

11+4R
148
3.64
6,16
8.51

11,97

‘66
3.39
6.55
9.07

11,41
1.20
3075

P
Psla

155,2
156 8
154°5
155,2
154.8
156 7
156,7
1568
155.2
154.8
155.2
15545
1550
1555
15649
1567
15545
15545
15600
156.0
15647
15642
19648
1562
154 .8
1562
156.5
1565
155.5
15440
156.7
1557
1557
15%«5
)5500
15545
156.,0
159 . 0
155,0
1532
155°5
155.0
155.5
155,.7
193.5
154.5
194.8
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TABLE [ (Cont'd.)

RUN 0 L G E-6 X CHF INLET susC P
TNCHES INCHES LB/HR FTZ BTU/HR FTZ BTU/LB PSIA
95. «307 43,09 +555 «971 36801 6,46 155,0
96, 307 43,09 574 ,528 39186 3,88 155,%
SA, ,307 43,18 1,183 ,335 39747 .81 13,0
39, ,307 43,18 1,196 J32¢ 41555 2,04 1542
100, 307 43,18 1,194 ,297 45078 5,20 154 0
101, .307 43,18 1,194 274 45860 5,84 154 8
102, 307 43,18 1.19% .230 52801 12,51 157.90
103, 307 43,18 2,359 L1179 43480 .76 157,2
10s, ,307 43,18 2,356 J140 46081 3,46 157,90
105, ,307 43,18 2,356 J120 4A333 5,08 156,7
106, ,307 43,18 2,369 ,083 54644 8,48 154,2
107, ,307 43,18 2,356 L 054 60396 11,49 154,8
108, ,307 36,44 ,552 ,571 38032 1,91 155,2
1179, 307 36,64 ,548 564 3g708 3. 14 155,2
110, 307 36,44 . 552 541 40474 5,65 154,8
111, 307 36,44 597 . 496 43881 10,66 154 .8
113, ,307 36 44 1,097 ,323 41964 JI7 156,0
1le, ,307 36,44 1,091 ,310 45109 2,96 156,7
115, ,307 36,44 1,099 ,288 47730 S,1e 156 ,0
116, 307 36,44 1,091 ,257 51344 8,47 153,0
117, .307 36,44 1,092 , 234 54062 10,90 155,0
11A, ,307 36,44 2,176 . 165 45536 1,04 1585,7
116, 307 36 44 2,179 Jla0 47744 2,89 155,7
120, 307 36,44 2,182 ,098 54020 6,49 15,2
121, 307 316,44 2,208 ,065 61028 9,61 157,0
122, 307 36.44 2.208 0486 66790 11.89 156.2
124 ¢ «307 2370 -393 615 46115 3.17 15545
125 307 23.70 408 o577 45084 603 15445
1260 <307 2370 <399 «548 50979 1000 15542
128, 307 23470 815 326 9863 1437 155.5
129, -307 2370 «790 <324 51926 286 155.5
130' <307 23«70 . 198 284 56769 6.64 15502
131 307 2370 «802 0250 60770 9.89 154 ¢0
133+ -307 2367 1575 +1RQ 51759 XYY 155.0
134 «307 23+67 1575 o152 S4120 2eb?2 15542
135 <307 2367 1575 el07 99876 S.98 1557
136 .307 2367 14575 «0RS 65147 8.2) 1557
137¢] <307 2367 24205 «000 89120 12+48 15440
137.2 307 23467 1,577 040 76910 12.86 155,7
139, .307 47,34 ,39¢ 732 27630 3,75 154,8
140, ,307 47,34 ,403 L7348 30040 6,36 153,0
181, 307 47,36 .408 721 313A0 8,47 153,0
143, | 2307 47,34 JA77 L4673 34085 1,48 13,0
144, .307 47,34 L7190 L461 35300 2,68 154,0
165, <307 47,34 L1792 437 37334 5.50 154 ,8
146, 307 47,34 . 799 .400 40413 s, T 17,0

148, .307 47,34 1,573 27 39991 .78 155,2



RUN

149,
1S0.
191
152
193
194
153,
156
1SR
149,
160.
1€1
162.
]630
1L
185,
146,
167
168,
1665,
170
171,
173
17e,
175,
176,
177,
178/,
179.
170
]E]o
1‘520
153
l".lQ-
lpqo
16
1 2R
189,
190-
19].
lqac
‘Q3O
IQQQ
]QSO
]960
197
201

)

INCHES

307
«307
-307
«307
«307
-307
0307
<307
«307
«307
«307
<307
«307
«307
+307
307
.307
«307
.307
307
307
.307
,307
.307
.307
,307
. 307
«3C7
«307
-3p7
.307
-307
<307
<307
-307
-307
-307
-307
t307
<307
«307
<307
<307
307
«3207
«307
«307

L
{NCHES

47.34
474,34
4734
4736
L6306
46034
6634
46436
46¢3)
6631
4643)
4643}
46.3)
46031
46431
46,31
46,31
46031
5S¢ ,68
54,98
54.98
54,98
54 _90
54,90
54,90
54.90
54.90
54490
5490
S4490
54490
5‘0-90
SB‘H‘O
S3.84
53«R4
S3«Ry
53.8]1
$3.8)
53.8)
53eR1
53091
9381
S3+R}
538}
5348]
53R
71-34
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TABLE I (Cont'd.)

G £-6

2
LB/HR FT

1,573
16578
10573
1588

+ 529

536

«554%
«eH64
1+089
1.089
1.083
10089
1.076
2176
2.176
2,176
2,18q
2.176

. 959

.542

-1-11

.597
1,18%
1, 1Re
1,181
1,171
1,171
2369
2.362
2+346
24359
2382

«547

0534

555

0551
1.089
10089
1092
1.091
loobt)
2+170
2+170
2170
2«170
2.187%

‘“10

X

263
229
«203
«145
0631
«615
«5R2
551
«379
-354
«340
:306
«291
206
« 169
Ry
093
«076
642
640
604
594
378
13r0
. 344
324
.2R6
214
«189
«1h}
-11¢0
«Q80
«638
«h45
o()o“
«5N9
»398
«JA8
LT
<346
L3226
273
204
) AH
131
096
« 775

“CHF

?
BTU/HR FT

42032

45600
47879
S2832
31212
32344
34456
36935
37709
39974
42804
46407
4R3¢92
42456
45243
47616
S2787
57642
27911
2R666
30310
31863
34208
36038
399R4
42578
46712
¢N693
42790
45329
50296
56421
27973
28742
31002
372615
34097
34923
366R7
41378
44915
ha7?
42720
45197
4R509
52619
1991390

INLET SURC

8Tu/LB

2.3
S.52
T7.84a
1271
164
3428
6.20
9,89
e45
3.10
549
925
114}
67
3,47
5,59
9.59
11,86
1,46
3.34
6_238
9,03
.32
1,86
5,62
8,55
12,80
.84
2.82
S5¢11
S.3%
12+60
1.67
2.88
6.61
9.7%
55
1-55
4,39
7.98
1196
112
2+19
S¢54
Reb5
1175
3.55

P

PSIA

154,8

154.5
154.5
15645
154,.8
1542
155.0
156¢0
15442
155.7
154.2
15642
15445
15645
156,2
1542
158°5
193.2
154,5
154 .8
1568
155.7
155.7
155.2
153.3
155.2
155°2
157.5
157.2
1525
1535
153.7
153.7
153.5
15540
1545
155.5
154.8
154.5
155.2
152.0
15742
1545
19442
15600
157.%
195+



HUN

202.

203,
205,
206
207
20R.
210
211
212
213
214
215+
216«
217-
218
220+
221
222,
2e3,
224,
225,
226,
227,
22R,
229,
730,
23ln
232.
233,
23,
235,
236,
2147,
238,
239,
240,
241,
242,
243,
245,
246,
247,
24R.
?4Q-
250
251
252

D

INCHES

307

307
,307
.307
<307
'307
«307
«307
«307
¢307
.307
<307
<307
«307
u307
0307
<307
.307
.307
,307
307
.307
.307
.07
.307
.633
.633

L
INCHES

71.31

71,31
71,31
7T1.31
T1:31
71-131
70456
70056
71056
7056
7056
hQe75
60075
60.75
6075
6081}
608
60,81
60,81
60,81
60,81
60,81
60.81
60,81
60,81
72,00
72,00
72,00
12.00
72.00
72,00
72.00
72,00
72,00
72,00
12,00
72,00
72,00
72,00
61,99
61,99
61,99
61.99
61-99
6199
61+99
61099

165

TABLE I (Cont'd.)

G E=6

2
LB/HR FT

390
407
79
LY
o176
o770
1-586
10586
1+586
1586
1573
«564
=133
«566
«HbH4
‘919‘0
1.181
1.181
1,181
1,168
?.366
2.359
2,356
2,369
2,359
.453
-k
,492
L450
<453
.909
901
,909
L90/
,903
1.824
1.809
1.82n
1,808
L4132
W47
alo
w405
o416
«A25
+829
<83

X

« 7190

752
.530
534
502
473
-330
-314
294
277
239
e645
648
«b15
605
.382
:374
« 3959
. 339
o311
1237
Clb
J173
132

CHF

2
BTU/HR FT

20360

22020
24710
25310
26R90
29520
32083
33998
37182
39197
43421
25AS7
26590
2R278
29718
32116
33686
35798
39214
42704
SRT9A
40901
44408
46611
S1A39
31341
327265
33734
35224
3RR27
36689
3R827
41554
44322
47199
39120
40910
45586
49885
33%14
34752
36425
37880
40945
38137
41479
44390

INLET sSuBC
BTU/LB

S5.96
9,70

.83
3,02
Sela
9.73

87
279
5.7¢
7.80
12446
1062
3.75
6,44
9.17

P 'S
2445
4 .68
R,01
12,24

.33
2,07
5,6n
8,458
12,5a
1,748
3,47
5,84
8,05
12,02
1,54
3,55
6,58
9 46
11,67
1,43
3,09
6,59
8,95

.93
3.3
S.76
B.13
12+72

«95
3.55
6.90

p
PSlaA

154,.8

153.8
153.5
156840
154.8
1548
156490
1557
154,8
15602
15642
1962
1548
155.2
155.2
156.2
155.5
156,0
14,2
1557
1545
14,5
153,5
153,2
154,95
155,¢
155.3
154 _7
153.7
153.0
155.5
154.,.7
154,46
155,7
1557
158,1
154,7
156,5
155,4
153,0
157.3
155.5
154,7
15645
155%.8
15340
15700
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TABLE I (Cont'd.)

RUN D L G E=6 X CHF  INLET SURC P
2 2

INCHES INCHES LB/HR FT BTU/HR FT 8TuU/LB PS1a
253, 633 61.99 830 235 47020 9,61 158,9
2%, . 633 61,99 .832 .207 50650 12,72 155.7

255, .633 61,99 1,663 L1463 41400 2.07 57,
25%, .633 61,99 1,484 138 43804 6.14 l5 '
257, 633 61,99 1,656 100 46620 5 62 lsg's
258 . “633 61.99  1.65a 1062 52636 9.10 156" 2
259, .633 61,99 1,651 040 S6R44 11,34 154.8
260, S633 51.00 318 566 37580 1,56 1948
261, 2633 51,00 137195 563 38456 2:71 154 6
262, .633 51,00 374 543 40200 5.35 1564 1
263, .633 51,00 1376 523 42772 8.36 1528
264, .633 51,00 T374 Y 44509 1215 157.0
265, .533 51,00 S756 302 41673 1.54 1572
266, .633 51,00 [75¢ .285 44106 349 155 4"

267, 1633 51.00 1756 260 47250 6.2 56 @
248" 1633 S1.00 1755 232 50959 324 %“5'2
2:39, L633 51,00 751 ,210 53714 11.76 155+ 6

370, ,633 51,00  1.511 Jdes 42835 1,34 157,
271, 633 51400 1.505 121 45474 3.23 156'5

572, .633 51,00 1,509 .0R1 51170 6.56 57.
273, 1633 51,00 1,508 056 56415 9. 04 134°3
274, .633 51,00 1,501 027 61349 11,74 155.8
>1s, .633 25.50 T377 Tan7 53410 94 1545
376, 1 .633 25.50 Tite 396 54910 223 153.6
26,2 633 25.50 1374 403 55510 213 1536
277! 633 25.50 1374 370 58310 5 00 153.8
218, 533 25.50 1376 343 63110 R.57 1544
579, 33 25.50 J374 T317 66610 11.58 153.8
>80, 533 25,50 ‘754 197 54A%50 1,12 15€. 8
pe, T£33 25.50 1753 ‘178 59480 315 1547
?n7. 633 25.50 1753 118 £5060 5.95 155.6
243, .633 25.50 2753 L1117 11470 8.9 156,5
2Ras « 633 2550 «753 092 78190 1175 1‘60?

279 +233 2550 1+50R « 090 54940 103 1;6.
Pk «633 25+%0 1+012 anGb 5993p 3.33 Sbog
2AH «633 2550 1e504 .01 T3RAY 8499 %57:1
>97. »633 2550 1+503 <023 64240 564 155-6
:;2: -233 2550 14503 ~.056 84410 1197 155:6
1 +633 2545y 14503 ~e056 85080 12¢11 157+

PRQ. 2 633 25.50 14503 ~e0b?2 84430 12439 158.5
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HELIUM CHF DATA, KATTO (1983)



subconnng A /Z;é?

ExeT =} d t/d 5 aMy Q. Y eu Qco <
")

MPa am xg/mis  FJ/kg W/ s hW/m?2
P0.199 1.0 2% 10,47 S.3740  1.161  0.X0S70 0 0.7748  1.078)
2 0.199 1.Q 23 10.47 3.32e0 1. 02X D.3535240
I 90.199 1.0 29 18,47 1.77/0 Q.,927% 0. 62720
4 0.199 .G 22 10.47 -0.0e83 0,79892 N.&6Q7¢
I 70159 L0 25 1.7 —1.8920 09,6082 0. 67980
& 2,199 1.0 5 17.46 T.3740  1.2600 V. 16700 0.8418 .,.NQ4"
00199 (.o A 17.44 J.S40Q  1.1670 N, 270190
8 C.199 1.¢Q 29 17.46 1.7170  0.9608 Q. ITIN0
g C¢.195 1.¢ P 17.46 =~0,1061 0.489399 Q. 4300

12 9,199 .. TS 17,46 -1.9190 0,478 D.TL370

11 2.199 1.Q 28 24.40 5.9360 V.4750 0.0252 Q.9817  J,594°
12 C.199 l.u 2% 24,48 2.9220 1.21sQ e 18020

12 0,199 1.0 IS 24,48 0, IX17 1.0160 Q0. 33790

A 0,199 1.9 25 24.48 -2.27450 Q.79 8 UL 47250

19 199 t.w 25 35.Q02 F.3350 1.6A20 -0.06592 1.0910  1.0970
1e 0Q0.199 :.¢ o 35.02 J.7170 1,420 V. 03556

17 0.199 1.9 295 35.02 1.8880  1.318) 0. 146390

g 0.199 1. 25 I5.02 0.0780 1.1170 0.274%0

19 2,199 | o 35.02 -1.7370 O.80T7L 2L3ITT710

20 5,192 1.0 .n £2.97 5.%70Q0 2.7 330 -0,.1548B0 1.2780 1,275
1 [P S A S 2L 52.97 A4.3030 1.902 0 -0, 07078

27 0.1%99 Lo by 82,97 FI520 0 1.7140 0,00742

2T T.159 0 L. <9 52.97 1.9600 1.5270 0., 08349

PN A 29 02,97 Q.7238 1,7490 0.16450

$2T 0199 1. ¢ o< 32.97 =0.47681 1.2170 0.23490

e 0.1F9 1.0 25 $2.97 ~1.9040 1.uesdN 031080

7 1,197 1.0 25 70.84 F.9760 2. /7.0 <0, 156858 0 Y =L To B A
-3 195 1.0 =< 70.848 4.5720  2.448u -, 10Q79¢

2700199 1.0 25 70.84 7.3740 2.7 b -0.02821

ROUER VIS ) 2R ~E 70.84 2.097 02,0980 N, 78BS

1 92,19% 1.0 S 70.384 1.1890 1,Q~ UL 12880

IT 0016y 1w - 70.84 G, 3076 1.717w 0. 13670

73 L1 1.0 3 70.84 0 -0L8051 1,394 0. 22280

T~ 7S it Zs 70 €4 -1.35270 1,4°0:% 0.21490

b [0 AT RN SN 2T 82.01 L, 0060 T.is0T -0, 17CE! 2.1710 577
s M AC S S ) g0l 4,340 2,9 -0,07836

PAMEER AT S Ay P 2< 12.01 2,877C0 Z.&770 Q,034258

po [ S NS 2L a2.01 L.2360 2,37 . ¢. 12840

T3 e .o 2= 82.01 SUL2109 0 2.C0970 C.24499)

< 0,159 1.u 2 8%.51 5.7740  J, 210 ~0,14720 e i

S L1990 10D Zs B89.51 4,L4500  3.24TH -0.09176

3 . 199 1. 25 89.51 X.94%90 33,1270 =0.02097

55 L1999 t.a 25 £9.51 3.2440 T.4980 0.0287sS

LT 1. 2 39.351 1.,1120 Z,370n 0,2308

L 1Y 25 89.51 -N.I04%9 3,070 . 24830

26 0,199 1.0 20 10.%2 2.3900 0.4&54% 0.88940 0.39348 1.104C
47 C,199 1.0 e 10.%2 -0.6538 0.3133% 0.92230

48 0.9 1.¢ 50 10.%22 -2.6390 0.384¢8 0.88760

49 5.199 1.0 Y 17.28 3.0300 G.9419 0.30310 0.6860 1.03.0
I C.199 1.0 20 17.358 1.3800 0.7307 0.461350
%1 0,199 1.0 SO 17.29 -0.4120 0,.46192 0. 65580
b 0.199 1.9 30 17.38 -2.2370 0.5128 0.714%0
22 0.19%9 1.0 %0 24.47 3.49480 1.1310 0.29980 0.7310 1.0%10
I3 0.199 1.0 30 24.49 3.1960 0.9436 0.397910
< C.199 1.0 30 24. 49 0.3800 0.7718 0.350640
e w.139 1.9 <0 24,49 =-1.6900 0.461487 0.393%20

LT C.199 1.0 7 15,23 5.8480 1.2320 0.10100 Q.7838 1.05%0
22 0,199 L.u 39 33.23 4,0220 1.C800 0. 164630


http://-0.0e.83

(b7

ZFT a d t/d G aH K
N H Qc X o Qeo
MF s nm xg/m<s  wkJ/kg KW/ m< kW/me
. V] 1.0 S0 35.2.95 2.2180 Q.9a32% A
. 0.1 L.C < R 0.3901 0©.9120 CoI700
! t .59 1.9 < 35.25 ~1.3670 0, &91% 0.4(819
s. 2,169 .G < 38.235 -3.11380 0.%74s2 {.2%24580
a2 A A 1.0 S0 3.1l 3.4280 1.678" 0.07984 1.0410 1.30460
c Z..99 LW O o £3.01 4,2050 L9810 C.183500
e T..99 1.9 ple S3.11 3.01620 1.3910 J. 19660
s 199 1.0 S9 S3.11 1.5080 {.2870 N.26720
e . W59 1.0 50 S53.11 0.358%5 1.1310 v, 32200

t& L.~ 1.0 50 B3.11  ~-0.5499 0.9478 Q. 36430

s” TLUFF O LL0 b 71.10 3.4260 2.74°0 2,102 1.3990 1.4300
T L.l 1.0 S0 71.160 3.6090 2.¢%90 n.19710
DTG -1 N WS 30 71.10 1.8170 1.,.7350 0.27170
L 3 1% 1.0 50 71.16 0.94223  1.5620 0. T480
7z 133 1.9 20 71.10 0.0228 1.7B90 D, 34370
~1 A S ¢ C 83.70 4.5600 2.6270 "o11710 1.4920 1.8280
A 5% 1.0 &0 59.30 J. 10860 Z.1970 [ Ar 4]
PO L W 30 389.30 1.6750  1.9270 COS3T60
N s 1.< S 107,60 £.8480 T.%220 L5181 mmm—ee —————
~E .37 1.0 ¢ 107.60 T.247Q0  X.4390 €.10170
= A 1. PN 107,60 4,4060 X, . TITOO G, 12880
= T.1%% 1.0 SO 107,80 8.0620 T.24830 . 317800
-. 35 1. Se tuTUsD T.4690  T,161N0 O, 218620
e LS9 Ll €3 10T.80 2,387 X.1010 G. 25630
e LGS Jo) €0 107 .en 2.2760 T.107T0 v TQR72Q
s e es 1.0 100 10,56 <. 8200 L2100 & 139400 0,763 1.1110
e? A 1.0 1.0 1U. 58 2.4270 .7 2%n L U7760
-z P S .0 jEalv} 10.%8 -0.&8445 0O,T7E26 [IRV2a hir e}
AL A S S 10,56 =3.z4T0¢ L 1T 1, L. 80
EE TN L1 17 o4 6.5500 0.5 %47 u A¥T90 .Y 7> 1.18%0
—~ LS 1.0 o 17,54 T7.294Q 0,8¢94% RIS IRINIS]
.37 K Q0 17.64 -Q. T00. O Tou? L h2970
- . R D] L OC is.7% &, T35 Q6709 G, 8210 B, I s 1.1Z90
-2 R T Su 24,78 .eA1Y 0, 5TgY .447TAN
v .S M i) .75 TLOETU N, 479y N, 57390
- R .. C PN Z4a.75 1,504 v, J2k3 e 10
< e 2SR S %, 4da g.548Y 0.G270 U, 4780 0.4978  1.4820
- - . jgiv 75,44 4,0300 0 o, o U, 8790
- PO I TS, 48 Z..7%1¢C ety 1 A75%0
9 1.0 and TTL583 N, 41995 0,577 49320
- M -~ P e 35, 4. -1, ¢ oIyl t TUS20
= 1.0 Tu” £T.74 g.8480 1 159¢ 0, 24580 0.6727 1.2020
L T T Y Py . <1 4,540 1.0190 {2295V
z R Co 5.5 2.4%58°  0.5216 + T340
M REE T e €3.9. 2.23%0 LRTAT RS AVR4e
- r L [ 53 % 1.0410 .79 G, U780
* S S RS R €1N €7.%1 -J0.,1lpS% 0.L786 UL 45970
- [ -] HN 71.21 4,760 1.4490 G, 32060 0.8477F 1.77°00
h -3 1 O 1w 1.2 3,585 1..Q70 0, 2620
= LFF .U L T1. N 2.7600 1.2080 v, X5620
L.ivF 1.0 1 71,21 1.8600 L1080 C.38n10
S olse 1.0 100 T1.21 0.9437 C.56462 0. 7630
: T..97 1.0 100 87.238 €.8480 2.0770 O CCQU  mmemme emmmmem
L2 iv9 1.0 1°Q g9.38  %.1290 2.0170 ' .}A4%0
LD4.19% 1.0 10)  B9.¥8  4,0760 2.)110 0.4I570
- L.199 1.0 o d9.38 I, 7030 1.73%0 O 44280
-G B T e 2+.78 2.9770 ..G7450 . 2T9%0
- 2159 1.0 t0ov 8%. 38 2.2%960 lJ.o120 AR YY)
MR 2 B Rl C B89. 23 LS00 2. atan 085690



170

FREON-114 CHF DATA, DIX (1970)



/

NEDO-13

//

091

APPENDIX A

FREON-114 CRITICAL HEAT FLUX DATA FOR A ROUND TUBE

RUN 1DENT

101868001
151968002
101568003
101558004
101868V05
101558v06
101568907
101568038
101568009
13:56891°
12156811
i-1868212
191€68C12
1C1268C14
1J156821%
1015883516
10156801~
191968018
101568C19
121568020
101568521
131568022
1015468322
101568024
121568228
121568026
1cis68327
1c1s68i28
10.%26E229
151%68233°
141768001
101748.C2
101768303
151768004
1017%8%0¢
1017680Cs
121768337
1717685082
121768959
15,7681 0
11748011
1C1768212
ic1748013
1217458014
.«2148279
2158192
“216Bv 11
T2166v.¢2
t21s8v12
t2166014a
°21683515
V1968301
t1B68LI2
siesgull
~1868v-a
Lll8s800E
l1848l6
21848CC7

—_ e e e e e e e e

DIAMETER
CINY

00,3930
043930
043930
S.3930
0,.,3930
043930
03930
343930
Q,3930
Ce39230
Ce3930
Q43930
Ce3939
243930
Q,3932
0e3930
043930
0,3930
043930
Ce3930
¢,3930
243930
03,3930
3439230
Se3930
243930
243930
043930
043930
043930
J343930
20,3920
C.3930
243930
0,3930
043930
243930
243930
0,3930
943930
04,3930
2.3930
)439230
2.3%3)
Te3937
0,39230
Le39232
2e3932
2¢3930
0,3930
0,3630
Ne3930
43932
243930
De3932
2,393
043932
0s39230

LENGTH
CIND

39,7500
39,7500
A9, 7500
39,7500
39,7500
39+ 7500
39,7500
39,7500
39. 7500
397500
3947500
3947500
39.7500
39,7500
39,7500
39,7500
3947500
3P 7500
39, 7500
39.7500
39,7500
39.7500
39,7500
39,7500
3947500
39,7500
39,7500
39,7500
397500
39.7%00
39,7500
39,7500
39.7500
39,7500
39,7500
29,7500
39,7500
39,7500
39,7500
1947500
39,7SC0O
39.7%00
19,7500
39,7500
39,7500
39,7500
39,7220
39,7500
29,7500
39,7590
39,7500
S$940600
59,0600
5940600
59,0600
5940600
S99, U6 20
S9,0600

PRESSURE

(PSTA) (LLB/HR-FT2y

122.0000
122,0000
122,0000
124,0000
127.0000
120,0000
126,0000
123.0000
121,0000
120,0000
124,0000
127,0000
123,0000
12140000
122.,0000
122,0000
124,0000
124,0000
124,0000
124,0000
122,0000
122,0000
123.0000
127,0000
127,0000
128.0000
128,0000
12840000
127.0000
127.,0000
12240000
122,0000
124,0000
122,0000
123,0000
124,0000
123.,0000
124,0000
123,0000
124,0000
123,0000
1210000
124,0000
125.0000
122,0000
125.0000
12%,0000
124,00900
122,0000
125,%5000
12%,0000
122.0Q00
122.0000
124,0000
12440000
125,0000
12%.,0000
12%,0000

FLOWOE -4

0.6537
00,6145
00,5342
0.80664
1.0532
162270
13904
Q+35%0
145319
143410
l.1487
00,9489
0.7332
0.5775
0,380a
t,40140
13959
1.2208
1 s Otaa
00,8761
0.69%6
045232
0.324}
1,3%83
1.2188
1.0402
Q0.8700
0.8969
0.,4882
O0e34a7a
1 4096
1,2380
10601
00,8844
0,7048
Oesl98
00,3467
1s4158
12263
1,060
0,8803
Q0.6962
045222
043495
le0673
1310%
141219
Q,9297
0,7532
05534
0.3694
143787
1e217a
1.0416
0.8727
V,7004a
00,5232
0,34868

SuBcCeeL
(8Tur/LB)

75880
T.4130
73470
6620640
548220
S5.4020
542650
8.1630
17,4870
172000
1841660
199220
1943540
20.5080
20,5900
201590
2¢0470
2400640
2.2510
2.4280
2.4860
3.3240
44,1020
145180
16340
1.5630
241230
203190
247170
36020
303660
3.4540
36050
3.6470
4,0290
44,0810
S.1280
3.6780
36090
3.8770
3.7220
3.8970
4,35%0
540930
14,5280
14,7840
19,6890
15435800
18,7150
1543220
15,9210
244580
26210
246970
248130
3.2120
347000
44,4330

CHF 8E~-a
(BTU/sHR=-FT2)

043849
003683
043481
O0,.,4016
0.3904
0+3948
0.40238
Q.e3002
0+56911
O.6a28
046180
05794
045378
Oea7T6
O+3964
0.,3564
Ce352%
G o 3489
0,3509
O+.3481
003279
0.3038
0.2693
03497
0¢ 3485
0,3493
Oes3a38
0e3287
Ce2931
042701
0¢3743
C.37TN
043695
043679
0,3568
043208
0,26899
0.3782
Ge3770
042719
043687
Oe3a77
O0+4J145
02836
0.5889
05636
043323
O.S512%
0,4704
Oeai9a
043837
03051
Oe3068
042977
Ce.2768
042591
042322
Oe2106

EXIT
QuatL

0+3364
0+3696
0sa178
Qe26353
Qe2098
Q¢ 1660
Oe 1428
0eB740
Q.0129
QeCal9
00736
061018
0420589
Qe2801)
Oea708
Ce 1789
0. 1603
062099
Ce23507-
0e3017
03654
Oesaa4al
Ce6517
001978
0s2210
Qel68}
043091
Ge3728
0.,4801
O«6158
Qe 1619
01920
0423106
042900
063630
Qeas27
0e¢6333
Q.1370
Qe 1943
0e2276
0e2918
Qe3382
Oedal2
[ PY- 3R Y1
Q0341
0:0544
0.0738
O+ 1302
Os2178
043370
OeS113
Qe2388
Qe27%6
043202
0. 362%
Coe2106
0e5092
Q7082



RUN I1DENT

101868008
101868009
101868010
101868011

101868012

1018680123
101868014

1019868015
101868016
101868017
101868018
131868019
101868020
101868021

10216800}

102168002
102168103
102168004
102168008
12168006
152168007
102168008
102168916
102168017
162168018
102158219
1021683520
1€2168021

1o2168222
102366343
102368044
122268048
192268746
102368047
1C2368C48
132368949

12208252
100 366 =3
122268 <6
10238E8uss
1323680s6
122868001
122a58002
102468033
1C2468v0a
102468025
-24£ECCH
112468307
L.2468208
1v2368209
1724662,0
102468711
142468212
1v2458013
L2a68u14
124683215
102468215
102468017
102468018
102468019
22468020
102468021
122468022
102468323
102468024
13246802%
1v2468026
1.2468227
192468C28
152268022
122263923
1L226872a
102265325
122268236
12.268C37
13226802382

2

DIAMETER
CIN)

0.3930
043930
Q,3930
0.2930
0.3930
043930
00,3930
043930
04,3930
0,3930
043930
0,393
00,3930
0,3930
043930
243930
0,3930
0,39230
0,3930
0,3930
043920
00,3930
0,3930
0,39230
0.3930
09,3920
043930
00,3930
043930
04,5099
0.5090
0.5090C
0,5090
0,500
045090
0,5090

045090
04,5090
0,5090
00,5090
04,5090
00,5090
0,5090
Q45090
045090
0,5090
045090
00,5090
D,5090
045090
0,5090
Q,5090
C.5090
D,4,5090
J45050
00,5090
00,5090
00,5090
00,5090
N+5090
045090
00,5090
00,5090
00,5090
00,5090
00,5090
045090
00,5090
045090
0,5090
00,2090
0,509
0,5090
045090
00,5090
04,5090
00,5090
0,290

LENGTH
CINY

5940600
59,0600
$9.0600
59,0600
S59.0600
5940600
59.0600
5940600
$59.+0600
590600
5940600
59.0600
59.0600
59,0600
59,0600
590600
5940600
59,0600
$9.0600
59,0600
59,0600
590600
59,5000
595000
59,5000
5945000
5945000
5945000
$9,5000
36,0000
36,0000
36.0000
36.0000
36,0000
36,0000
36,0000

36,0000
36,0000
36,0000
3640000
3640000
36,0000
36.0000
36,0000
360000
3640000
3640000
36,0000
36.0000
3640000
36,0000
36,0000
36,0000
3640000
3640000
3640000
36,0000
36,0000
36,0000
36.0000
360000
36,0000
3640000
36,0000
36,0000
26,0000
36,0000
360000
3640000
3640200
36.0000
5048800
50,8800
£0,8800
S0.8800
S0.8800
S0,48800
S50.8800

/72

NEDO-13091
PRESSURE FLOWS®E=S
(PS1A) (LB/HR=FT2)
125.,0000 123918
124,0000 1.2174
124,0000 1 40840
124,0000 C.8686
124,0000 0.7004
123,0000 O0.5184
123,0000 04,3296
124,0000 1.4188
122,0000 142291
12%.0000 1.0670
12%,0000 00,8706
125.,0000 0.6935
123,0000 O0.5184
124,0000 03454
123.,0000 2.8825
123,0000 18271
124,0000 1¢3437
123,0000 1614732
126,0000 0.,9599
124,0000 0.7718
123,0000 Q.5417
124,0000 04,3811
124,5000 14979
12640000 143004
125,0000 11329
125,0000 00,9366
129.5000 Q0s7450
127.0000 0.5623
124,5000 04,3749
122,5000 043529
125,0000 00,5266
123.5000 00,7010
124,5000 1,0540
124,0000 0,8803
126,+5000 1 .2229
125.0000 13959
124,0000 13993
124,5000 1,2318
123,0000 10505
12%,0000 0.7024
12%.0000 00,7052
124 ,0000 00,8246
123.5000 0,3%02
123.,0000 le4275
124,0000 1 2497
12540000 100691
1250000 00,8933
126 ,0000 Q47127
123,0000 00,5362
123,0000 00,3598
124,0000 0.3591
125,0000 0,.,5335
123,0000 00,7395
124 ,0000 QeB932
1240000 ] eG718
12%,0000 12476
124 ,0000 1.4282
124,0000 1l e4452
12%.,0000 12703
124,0000 1.093¢
12%5,0000 0,9098
124,0000 0.7251
124,0000 0.5431%
124,0000 0,3653
124,0000 Q63625
125%,0000 Oe5431
124 ,0000 Je7319
129,0000 V49153
126,0000 1 e0910
125,0000 12682
124,0000 1s4474
125, 0000 144646
125,0000 1.2867
125,0000 10993
12%,0000 Q.9201
125,0000 047333
12%,0000 00,5507
124,0000 043660

suaceeL
(8TU/LB)

2.2360
2.4130
243460
25890
J.6330
Jell60
4,3370
33980
447330
541810
%0460
5.4020
5 ¢S940
641450
809520
1943580
19+4600
197290
2040670
1949260
20,4040
20,5240
157340
15,8350
15.8240
1548040
15,6950
15.8240
15,8040
$43050
545390
544390
S e 3060
9¢3940
S.9330
S¢3570

5.4230
S+ 4940
5.3310
S5.6190
56190
5¢3590
S e2880
844550
8.6420
844710
88300
841860
B ¢ A4550
8.8210
8.7370
843290
B8:4610
844500
8¢ 5660
B+54%50
846720
10,9450
112360
116400
11.6400
11423220
11,4200
10,8780
113750
1141580
1146360
11.8200
113710
11,2180
109900
1343060
1343440
134340
1343060
1343060
13,1260
1249470

CHF&E~4

EXIT

(BTU/FHR=-FT2) GUAL

04,3084
02999
02940
0.,2745
042332
00,2290
00,2090
043297
043260
00,3214
0.,258%
O0.2748
0424158
02196
0.5176
03376
0445084
0e4673
044403
00,4027
043468
042937
0.4654
Oe.4403
O.4217
Ge.3961

043651

0.3218
0.2667
063552
0,3886
04043
O.a4248
Qe4123
04289
O0,4303

0.4303
00,4221
0.4207
00,4057
Qe0065
043866
03579
0s5136
Qsa916
04,0822
Qesa726
0e4a26
08194,
043828
043811
Q0194
O+.049s
Os0699
0.4822
0,454
0.5122
Q.587a
0 +5628
0,5%423
045286
0,40877
O ea349
00,4002
00,4030
Osa467
Q.4918
0,52%9
00,3396
045960
0,587e
0.35191
Q,4978
Qs8740
Qs0a8s
Oed1938
Oe.3818
0e3308

Qe2817
0es2740
0e3179
0e2629
003997
05173
0¢T45S
O+ 18806
Ce2462
Q+2056
0e3442
044078
QCea9a1]
047092
00383
Q0.0350Q
Qe 0879
Ce 1023
Oe.1612
Qe¢2484
Qe 3946
Qe 5666
Qe 00645
041038
[¢PRE L}
042137
0e3068
Oea1S2
Ge5010
05177
Q03420
Qe2435
Oe¢)268
Qe 1762
0.08%8
040710

040724
00942
Ce 1382
042407
Qe2400
Q3472
05290
040386
Qe 0357
0e 0963
Q.1378
Q0s2103
0.2058
Q.8777
C.4770
Qe3126
Qe 1953
Celan]
040933
0¢0599
Qs0320
Q«0124
0+0292
0.0337
Ce 1077
Qel1727
Qe2793)
Q+4508
0e4499
0.2719
0. 1652
00996
0.0390
002066
Qs0110
Q.0194
Qe0a77
C.0860
0+ 1389
Oes2148
0.3278
Oe8193



RUN [DENT

102268029
102268030
102268031
102368001
102368002
1022368504
10236800S
102368006
102368007
102368008
102368009
102368C1C
102368011
1C22368%12
1€2368C12
1022368014
102368015
102368016
1022368017
1%2368C18
132368019
1.2368320
10235802
162368022
102368023
1:2368C2a
1023683025
102268026
102388027
102268728
102368529
12236802
1C223¢8032
102268023
102368034
10228ET33
102368036
1022368037
102368038
1022368039
102268C4G
102368051
102358042
10255824
102568203
102566206
12568207
1G2=68208
1C2x600C9
1C285483510
112568011
102866072
102808072
132565C7a
102=+3C7s
vEzeatTe
1u2%68.77
. 52548178
182268579
1G25€82¢60
tCessent
-1C2=¢8%82
102868083
102868201
162868002
122868002
182868004
1028620Cs
182868908
162868CC"
102268209
12848009
102868211
132868012
102868C13
102858014
102568017
132248018

OlamegTeR
CINY

00,5090
05090
043090
0.5090
043090
00,3090
0.5090
0.5090
00,5090
0.5090
Q45090
00,5090
04,5090
Q5090
0,5090
00,5090
00,5090
0,5090
0,5090
245050
045099
04,5090
Q045090
00,5090
Q045090
045090
00,5090
Qa5290
0,5C90
00,5090
045090
045090
Ce5090
CaS5090
0.5090
045090
0,5090
045090
0,5090
C %5090
C.5090
0.5090
T45090
T45550
2.5850
J.5%59
0,550
C45550
C 45530
<5850
0,55%0C
043550
CeSES%0
00,5553
045550
Co.525C
Q45E5C
C45250
0,5550
245580
Q455850
05250
C,5530
0.35%0
0.5%%50
045550
00,5530
0.5%30
C,5550
2.5550
2,530
0,52%0
0,%5250
0,5350
045550
045550
0o 5550
0,%550

LENGTH
CIN)

76,0000
7640000
760000
7640000
76.0000
76403000
7640000
760000
7%+ 0000
76,0000
7640200
76,0000
76.0000
74+0000
7440000
7640000
76,0000
7660000
7640000
76,0000
7¢ 40000
760000
760000
7640000
7660000
76,0000
76.0000
760000
7640000
7640000
76. 0000
76,0000
76.0000
7640000
7640000
763200
76,0000
764 0000
76.0000
7&,000Q
76,0000
7640000
76,0000
25,0000
2% 40000
2% 40000
25,0000
2%,0000
25,0000
25,3000
25,0000
25.C000
25,0200
25,0000
2%.0000
2%40000
25,0000
25,0000
2540000
2%,0000
2540000
2340000
25,0000
2%+ 0000
2%.0000
2%5.0000
2%.0000
2240000
22,0000
2%,0000
2%.,0000
25.0000
25,0000
2%.0000
2%,0000
2540000
39,0000
39,0000

NEDO-13091
PRESSURE FLOWRE =5
(PSIA) (LB/HR~FT2)
123,5000 1,4870
124,0000 1.2682
124,0000 10842
123,0000 1.4502
125,0000 1 2696
125,0000 0.9132
124,0000 Q7251
124,0000 00,5404
124,0000 0.3639
124,0000 043632
124,0000 0.5431
124,0000 047244
123,0000 Q,9062
123,0000 t.0876
123,0000 1.2682
123,0000 1.4522
12%,0000 1.,427%
124,0000 1 e2469
124,0000 10739
12540000 0.8926
124,0000 O0.7168
124,5000 0.5349
12545000 0.3564
12645000 00,3564
12645000 045369
12%5,0000 00,7203
124,0000 00,8908
12640000 1.0746
12640000 12531
123.0000 1ea4268
123,0000 14007
124,5000 1.0478
1240000 0.8775
124.5000 00,7004
12540000 00,5294
125,0000 CeIa67
127,%000 1.4096
123,0000 12256
124,0000 1.050%
124,0000 O.n782
12%,0000 04700a
124.0000 00,5248
12245000 043467
158,0000 0.8542
158,0000 00,6804
158,0000 0.,509%
157,0000 00,3248
158,0000 0,337
15840000 Qe5129
158.0000 0.,6832
158,0000 O0.8548
155.0000 11934
128,0000 140354
157,0000 0.8658
154,5%5000 00,6839
127.0000 048136
155,5000 0,3378
156,0000 0.3440
15645000 0,509%
156,0000 0.682%
18,0000 0.8542
156,5000 1038}
158,0000 141968
1%59,0000 1.3678
159,0000 1.2002
158,0000 140402
160,0000 00,8576
129,2000 Q0.,6839
159,0000 0,5136
159,0000 00,3426
1%8,0000 Q,3428
139,0000 00,5157
159,0000 0,.,86238
159,0000 1.,033a
158.0000 142002
159,0000 1.3678
158, 0000 1.0279
159,0000 00,8603

/73

-14.

SuBCeeL
(aTusLs)

10,9120
1142450
110620
1145100
113700
1163700
10,8000
11.0100
110100
109700
10,8700
10,8700
10,9400
10,9100
1048300
11,0700
84,4630
842150
843980
844320
848110
8.6770
90650
B8 .6480
8.4530
844560
8.2580
844210
842600
7.8560
$.1380
542690
S¢8530
S e 6840
S 29990
S.3510

6.3180
SeTSA0
%5270
S e8I70
S ¢ 6000
Sea210
S¢3020
11,1100
11,1860
16,7150
947990
8,9000
12,4100
12,2200
12.2610
T+9010
8+4090
843400
T.7180
749500
75530
79310
88,0870
8.2260
82970
747800
8+.0710
4.4810
4,3010
445000
4,5870
a,4090
4,1380
4,4970
4,2000
4,5100
445900
4,4530
441620
4.,5770
125730
1246040

CHF %E=4 EXIT
(BTU/HR=-FT2) QUAL

043789 0e1007
Q¢ 3669 041352
0023307 0¢1820
0.3798 0e 0928
O 3649 0,1257
Q43332 0e2340
Q43048 0423206
0.2698 D.82153
Ce2368 Ce 6242
02262 0+6245
0.,2724 0ed277
043048 0e¢3190
043319 0e2440
043429 O0e17T1
0435859 Ge1327
Q0.3714 009490
043391 0, 1283
Q0,3248 041645
0.3209 O.2118
063108 02773
02899 0e3438
0.2543 0eaa2)
0.226% 046495
00,2252 046553
Q2536 [Py = 2 1]
00,2879 Qe las2
043067 0.2739
043196 0.2102
0+ 3287 Qs 1606
0e3313 Os13as
0e308) 0e1770
043022 Ol.2682
0.2879 Oelia7
0+2646 03787
Qs2426 Qe 799
042213 0e¢73%8
0.,3106 O 1544
063080 042070
0.3028 Ce2619
042963 Oe¢3278
0.2639 0¢3834
Q042388 0.4878
00,2252 O« 7282
046061 Q¢0401}
Q046079 Qel1l176
0,570 042262
045250 Oea8%9
0.5322 Qea679
0.6152 042203
0.6332 0+1073
0+63%30 Qe02069
045466 040080
0.5434 00272
045320 0.0782
05466 Qe } 5D
0e95502 0.2713
OCe51a1 Qo704
Q.5322 Q.4T787
O+5430 0.2654
048574 Qs 1548
Q5558 0.0820
05520 OeDa%as
0,553 00,0070
044630 040390
Osa504 Co0612
O.a618 0.0838
040626 041239
O+9636 0+1873
O.a882 002864
00,4438 0.4520
044492 004631
Cea6236 G.2802
O+0618 Oe1210
04564 Qe0B4al
0,4548 0.0638
0.4600 003588
0.4915% Q+0208
004964 Q0.0883



RUN IDENT

12868019
102268020
102568021
102%68022
102%68023
102%68C24
102%6802%
102263026
102%680%7
102%680%58
102568059
102568060
102268061
1029680682
102%568C63
102568064
1028680645
102%68366
102268087
102968068
102%68Ce9
102968070
102868015
102868016
102368017
102868018
102868C19
102868020
102888021
102848022
102848C23
102868024
10286802%
102868026
102848027
102868028
102958030
102968C21)
102968022
102546033
102%680364
10236802
1023682238
1029680237
102248028
122568029
102%68040
102568041
102548043
10255830449
102568048
1025680486
102568047
1028658040
102868049
102=2680%0
122268051
102968052
192%680%3
1U2%£80%a
102%6805%
102368058
102868029
102868030
102868021
102868032
102868023
1320668024
12286802
102862038
102868027
1J2868028
102868237
1328682540
1°28682a1
102868082
11768018
121768016

OlAMETER
(1N

0,.,5%40
045850
045550
0+%5%550
0.5350
Ce8350
0,5%%0
0.5%30
J.5585%0
0,520
0,59%0
= 7%-1.1 1]
[2P1-1.1-]
C.55%0
0.58=0
045550
0.3580
0455%0
0..5530
Ce85%0
C,.2530
0,55%0
O0,5%5%0
0.58%0
O,%8%C
0,55%0
045550
Ce55%0
0+3520
042530
00,5530
0,5%%0
C,3350
00,5350
0,53%50
0.5550
0.83%50
0,5350
045550
0+3550
00,5580
0,850
042550
00,5520
00,5550
CeS850
Oe¢=8%0
0,555
048%%0
CeESS0
0,4%350
0,855
045550
Ceo5%0

LENGTM
CINny

39,0000
39,0000
39.00C0
39,0000
39,0000
39,0000
39,0000
37,0000
39,0000
39,0C00
39.0000
39,0000
39,0000
39,0000
39,0000
39.0Q00
39,0000
39.0000
39,0000
39,0000
39,0000
39,0000
39,0000
39,0000
39,0000
39,0000
39,0000
390000
39,0000
39,0000
39,0000
39,0000
39,0000
29,0000
39,0000
39,0000
%04 Q000
50,0000
50,0000
$0,0000Q
50,0000
=0, 0000
50,0000
%50, 0000
50,0000
50,0000
50,0000
50,0000
S0, 0000
5040000
50,0000
50,0000
%0, 0000
50,0000
50,0000
50,0000
50,0000
50,0000
=0,0000
=0,0000
50,0000
5040000
50,0000
50,0000
5040000
50,0000
50,0000
50,0000
SQ,. 0000
%0, 0000
50,0000
5040000
€0,0200
50,0000
=03,0000
50,0000
39. 7500
3947500

/7Y

NEDO-13091
PRESSURE FLOWSE -4
tPS1a) {(LB/"R—FT2)
159,0000 0+.6839
189,0000 O.5163
160,0000 [a "% ¥-Y
160,0000 Oe343)
158,0000 0.51580
156,0000 0.,682%
126,0000 0,8%82
158,0000 140450
137.C000 13547
158,0000 1.,2009
139,0000 1.0272
187,0000 0.8%3%
159,0000 00,8873
158,0000 C.51 77
160,0000 Oe300s
1560000 Ouda7a
1%56,0000 OeS163
157,0000 0.,5823
158,5000 0.,8569
157,0000 1.039¢
154,0000 1,1892
195,0000 130678
158,0000 143726
138,0000 1.,202)
158,0000 1.0368
138,0000 00,8610
138,0000 0.568860
158,0000 [:T3-FE R}
1%8,0000 04,3426
158,0000 00,3428
157,0000 00,3136
137,0000 00,6853
138,0000 0.,8617
1%59,0000 1.0299
158, 0000 1.2030
128,00Q0 13671
15840000 142009
157,0000 1,0293
157,0000 Q,8581
158,0000 0,.68%9
156,5000 00,5129
15643000 00,3378
157.,0000 0.3378
1%57.0000 0.5184
158,0000 0.6839
157.5C000 0.8%62
158.%5000 1.0341
159,0000 14213
161,0000 1e3712
160,0000 1.2108%
158.0000 10313
159,0000 0.,8%48
155,0000 a,6818
15%,5000 Ce516)
157,5000 0,3440
159,0000 Oe34067
158,8000 05157
157.0000 0,680a
156,8000 0.,8748
157.5000 1.0279
158.%5000 l1.1988
157.,0000 1.3573
158,0000 13703
158,0000 1.2016
158,0000 1.,033e
159,0000 00,8576
158,0000 0,683
1%8,0000 0.5129
161,0000 Je3447
160,0000 0.3447
1%9,0000Q O0.5143
1%7,0000 O.6887
159,0000 0.8362
159,0000 1.C2a7
139,0000 12032
189,C000 143071
16%,0000 13712
165,0000 12002

15.

suaceeL CrFeg-a
(BTWHR-FT2) QUAL

(taTuw/LB)

12435230
12+5%60C
1204290
1241060
12,2200
12,3400
1240100
11.8420
840340
801920
845020
841390
8.6740
T7+5860
745860
8.0170
B¢ }390
8435660
845280
802970
8,0360
B¢ 1400
445900
4,4220
404500
44,4780
4+.46330
42620
4,6350
4,4930
4,2990
44,1760
4 ,2440
3. 7230
4,2710
J. 9520
1242940
12.9210
1244260
12.2870
11,9030
11,6630
1148070
11,7410
122090
1243540
12,2570
12.3330
8.4720
843000
T.8550
8,23820
746400
Te TS0
T.8370
8.1980
842690
Be 3260
7« 9600
7.9390
80760
Te9410
445900
4,1810
4,0860
4,4360
44,2440
& ,4990
4.,8470
4 .7980
4.2900
4.5190
445940
4,2090
4,6320
a4, 4990
540810
540970

044880
Q40649
OCeal1ad
Ced18)
Q8628
0+48%7
Q4880
Oe49a8
Qe433)
Q.4237
04290
044290
Q+4302
0.4038
O.381¢
Oe3888
Qenttes
004337
Q.447S
Osa348
0,435
Oe.4408
Ce3781
0.3723
De372e
0es3747
043738
03850
0.3388
043308
043350
043689
Qe372a
[ k]
043712
043724
O.a221
Qea321
0,422
O.a113
0.3833
04s3de8
0.3401
0+ 2969
OC.al07
0,432
O+62330
Ceal360
043861
0.3818
0.3743
O.3a818
0.3718
C o048
00,3094
O.31 7
ol 27 )
Q.372s
O ¢ JB59
043770
0s37TTO
03700
043346
043292
Q43268
00,3328
043268
0,.3112
0.2886
0.,2050
Oe3112
Os 3208
0,.,3328
042292
043337
0,337
03731
0.3727

EXIT

0s1807
0e3088
CeSi76
043283
0.3120
os.1828
0.09a7
Ce« 0281
0+0249
Qe 0409
Q¢07TTY
Oe1at9
Ce.2140
Qe 3430
Qe S747
Qe.2987
Qe 3089
0.2221
Cela?s
Q.0827
OrO538
O.02108
Q0788
Qe1032
Cs 1382
041037
Qe2340
0+ 030
Ce 8343
O304
02617
G.2516
O4 1392
Qe 1092
O¢103a
00,0887
C«0137
Qo067
0. 1 204
o.zm
Qe 3388
CeS7TX
Q¢ 5890
Q.3708
Qe2324
Qe 1384
Qe 00679
Ce0l1a8
00403
Qe07IS
0.12%]
Ge 1029
0.2087
043072
C.s076
Oe 5949
QedP0T7
0.272%
Ce 1993
Qe 383
0.0727
0+03803
Oe 10008
Qe 138
Qe1728
Ce2291
0.3098
Qeea138
0+ 6099
0¢6009
0.4202
Qe 3003
Q.22=28
Qe)Ta
Oe1278
Q41021
Qe 1008
Qa1 T



N IDENT

11768017

IRZY-DRY-]

11768019
11768v20

11768021

11768022
51768022

11768024

y1768C2%
J1768028
1176827
)1768C28
12168920
22168021

22168022
12168033
t216803a
9216803%
0216802¢
021680237
$2168328
t2168029
02146540
C216&Cay
t2168022
L2168C2e
c21e8C2s
22168352&
0216822"
t2168242
2168743
021680aq
t21680ax
C21680a¢
02168Ca7
J2168268

02468729
02468030
C2468231
22468032
02468032
C2a69C24
-246802%
2668036
tzagaC2?

24637238
|-24633539
122468240
' 26€B%Ay
lzagsta2
1l24e8342
V248 -3a
1-23623-a¢
W In6B0as
w2368 aT
lecapniag
1.24€234ag
122668250
"24€8351
122468782
122468752
~28€687Sa
~24€H25%
1l24c825¢
122448087
122468088
12268070
22966771
172868-72

2868C°70
-2EL3 7a
17l8¢sCr8
122868-93
'"28eg.8)
122268.22

2858 .82
286308
~.368.8%

DlAMETER
{IN)

Q43930
063920
043930
00,3930
043930C
343930
2439230
0,393
0.3920
043920
0439232
043920
0e39230
04,3930
2430022
Q43930
2,43923C
2,393"
24393
0,3530
20,3922
043920
2s2592C
2e3920
243920
743920
0,43923C
243920
2439232
239230
24393
743930
Ge2920
00,3920
3439233
53,3933

C,5090
Qe2C9D
Q,5022
Je2IGD
0,57%0
De¢52-~3
OeE090
Q45290

.
n
(9]
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LENGTH
CIN)

3947500
3947500
39.7500
39,7500
39,7300
39,7500
19.7%00
3947500
39.7%00
39.,78C0
39.7%00
39, 7500
39,7500
39,7€00
39.7%00
35,7800
29,7500
29,7500
29.7200
3947500
39,7500
39,7500
39,7500
39.7500
S9.2000
59.2000
$7.5000
59.5000
%9.5000
59,5200
€£9.%200
595000
595020
29,5000
£9.503%0
59,5030

36,0000
3640000
34,00C0
3640000
36,0000
3& 62000
18 . 0000
34,0000
346 ,060CO
35,2000
36,0000
3£,.0C0
36 .5000
3&,0%207°
3%, .200
J6.2G600
3449000
264 2000
3642000
36, P00
-%4,2200
24,2000
36,0500
36,2000
35,0000
36,0000
36,0000
36,3000
36,0000
36,0000
2%,0000
2%.0000
2%4 3000
254L000
25490000
25,2000
25.92000
2% 42000
2%.0000
S 40000
2%40000
=,L0C"

NEDO-13091
PRESSURE FLOWEE -6
(PSIA) LB/HR~FT2)
165,0000 1.,0203
166,0000 Q.8521
163,0000 0,878
165,0000 J.5081
163,0000 0,3426
163,0000 1.348%
163,0000 11789
163,0000 1.0066
184,0000 O.84066
16,0000 0.67%0
165,0000 0.5081
163,0000 043392
166,0000 lell6S
16%,0000 0,92352
166,0000 0,7477
16%,0000 0.5651
164,0000 0.,3728
167,%000 144309
165,0000 1.2972
166,0000 1.0698
162,%000 0.87%4
16%,0000 O0e717%
16%,0000 0.5258
166.0000 0,21%5%98
168,0000 0.9318
166,0000 0,7491
166,0000 0.%644
16%,0000 0,3564
166,0000 le1178
16640000 D.3570
16%5,0000 O.%4a11
16%,0000 0.7222
166,%5000 0.8960
16%,%000 1.0718
165,0000 1.2586
169,0000 1,4261
193,0000 1.4364
194,C000 1.0780
19240000 0.,9022
194,0000 00,7196
193.0000 D.%a17
193, 0000 O0.%017
193,0000 0.7161
193,0000 0.899%
193,0009 1.0821
195,0000 1.4364
19%5,0000 13822
195,0000 1.,0396
194,0000 0.85672
196,0000 0,6%962
193,U000 0,5208
193,0000 0.520%
191,0000 De6914
192.,0000 0.86%8
191,0000 1.0361
19%,0000 1.3822
19%5,0000 1,331
193,0600 1.C004
193,0000 0.8377
192,0000 0,6701
192,0000 0.%047
19%,0000 0.%5040
190,0000 0,64588
193,0000 J0.8336
196,0000 0.9964
19%,0000 1.32%9
207,000 0.8240
206.%5000 N.6%78
20%,%5000 244930
208,0000 D.,4944a
20a,0000 0.6633
208,%000 0.8267
208 ,0000 1e2119
2-9,0000 1.0361
2u%,0000 0.864%
299,0000 G.6921
2v7.0000 0.%51%0
2 18,0000 SeSl IS

-16

/75

suBeCoaL
(8Tu/LB)

S¢%5070
%+8060
S 46380
643340
7.5420
344220
3+3300
3.8320
3.9220
349620
447640
S+3170
2149070
21.8000
22,0760
2241370
2140610
14,6180
14,4280
1447420
14,0100
14,6900
14,4890
14,6550
21 56480
22.0%40
2147400
2149820
20.7680
143940
14.51%0
14,1700
1443910
14,0100
14,3410
1443410

15,0120
14 ¢ 7580
18.8840
19¢7%20
2041600
20.1880
1947070
1941380
167990
155270
115890
12,9970
130640
135430
13.2180
127330
1244530
1203420
12.C990
11,0920
7.2710
7¢3900
8,0630
7+ 6680
8.1910
T+ 8890
79630
7¢ 1940
T+ 6840
T.63540
117400
1147200
119300
12,2700
111800
1l1.4100
T.1940
Te7110
T8940
745560
73260
7 «5%60

CHF ¢E-a

EXIT

(BTU/HR=-FT2) QUAL

0,23376
043651
O4J049
04,3117
00,2729
0,3%0%
043483
0,348}
0+¢3430
043236
0.2950
0.2558
O. 6247
0.5663
0,5406
Q.,4708
043893
04,5758
O0e5311
00,4978
Q40069
O+ 8459
0+4020
0+32%0
Q,4399
O e+4004
0,+3490
0,2647
0.,4042
042226
0.,2876
03307
Os3616
063776
0,3998
0,.,4260

00,8032
046666
0.6420
0.%928
0.5218
045248
0.5778
Qe.6311
Q.6680
00,8032
045556
00,5191
Q.49)8
Qea740
00,4289
0.427¢
0,4644
O,8L49
0,%027
0.5737
00,4358
Q,4002
Qealil2
043948
Q43729
Q.3729
00,3948
0.4030
Q.4084
Os4429
0.+366%
0.5665
05610
035665
00,5628
Oe337a
Q,4979
0 ,4997
00,4942
Q4997
Q.4852
Cea94)

062060
0e27%6
063349
Qss413
0.5879
Qe 1686
0.2027
Qe206%
0. 2978
Qe 36064
0.4480
046007
Ce0115
Q40388
Qe 16064
02333
08018
Q60361
000599
0.0941
Qe 3769
Q.2522
03770
0¢3493
Qs 1604
0¢2419
O0e¢3716
Qe 34489
Q.0698
0495569
Qe.4201
Qe3218
0e2378
001721
063139
00860

0.0207
0.0189
0.0219
Q«0911
O.1816
Oe 184S
CeCT9O9
Q.0182
00170
00073
Q.01558
040291
0.076%
Os 1474
Q.2%87
0.2642
0s.1671
0.08%9¢
O«04i8
040167
0.0512
0.0958
Qe1492
0e2201
0023291
0423360
0e2226
Ce 16061
041002
0+0468
040171
Q+0999
0.22%2
0.2211¢
0«1076
00,0193
040038
0.0259
0.0738
Oe 1442
Qe2%43
02591



IDENT

68086
£8087
68088
6808°
wadle
8312
©«8J32C
8821
$es22
68022
63c20
68C02%
£82¢
£8227
at2e
¢pt2o
£8C30
&gise
68287
68.358
6835°
6835C
6882
68C62
68264
68091
6e302
68392
68L9e
68096
$8297
68098
168030
se122
38101
8102
[7Y:[*1°1-]
6801 C
%831}
68G12
%812
wel1a
168C 1 &
6es L7
ba8lae
16854¢
6eca6
168047
BACAR
589s7
AL
(3:
168752
168122
161048
16210¢
1631Ce
e e
16813¢
68110
#3111
68112
69113
60114
168091
168302
$3002
%£G0a
geise
%3006
58008

DlaMeTEQ
LIND

C.%59%0
045550
249550
0,5550
Q.5550C
D4E552
0,55%50
J.555¢
VeZS552
00,5550
Te55582
N.£55C
0,5%%0
0,45580
0,58550
045550
05530
J.%552
Te585C
J,888°2
2,85¢E¢
Q4552
J,E88¢
0.%5550
245550
0,55%0
00,5550
0.55%0
0,552
0,5559
RS-

C,.855

JeE5

VL OOV
« v e e
aumumw
i
(O IN] Y B R C RNV IS B
O

Q
. o
[} 3
(L T ]
€ D) OO0

h
W

o 0o
- .
LR
n
L]
2

DecEsT

00O

N Afth R

o

[TV G
[ BN

.
0o«

LENGTH
CIND

2%,0000
2%.0000
25,0000
2540000
2%,0000
2%.0000
25,0000
2%40000
2S4C000
2540000
25,0000
2%,0000
25,0000
2%+ 0000
2% .C000C
2%, 0000
250000
35,0000
39,.,L00C
39,0000
29,0020
29,0000
39,0000
26,0000
39,0000
39,0000
39,0000
39,0000
29,0000
29,2000
29,00CC
39.0000
29,0020
29,0000
39,000
39, J00C
39,2000
39,0000
36,0000
29,3000
29,0000
39,0020
39,2000
39,000

NUNUER
[S NG )
-
«
(o]
(o]
o]

+ 0000

NEDO-1

PRESSURE

(PStAa) (LB/HR-FT2)

208,0000
208,0000
207,0000
206.,%000
208,000¢C
208,0000
207,0000
207,0000
209,0000
207,0000
208,0000
207,0000
206,0000
208,0000
209,0000
207,0000
207.0000
205,0000
20745000
2U6 45000
207,5000
207,0000
207,0000
2Us,0000
299.5000
206,0000
209,5000
208,0000
2V07.%000
207,%5000
208 ,%000
207,%5000
208,0000
208,0000
2U7.0000
209,3000C
208,0000
208,0080
208,0000
208,0000
2398,0000
299,0200
208,0000
209,000¢0C
208,0000
209,0000
209,0000
210,0000
209,0000
208,0000
20845000
208,5000
209,0000
208,000
207,5000
209,0000
207.%5000
208,0000
2C7.0000
2U9,0000
209,0000
208,0000
2v8,0000
209,0000
2u9,0090
206,0000
217,0000
20%9,0000
208,0000
27840000
208,0000C

17-

76

3091

FLOWSE -6

O.6894
Q.8638
1.0361
1,201
143787
1.209)
1.030¢
00,8610
0.s887
0.5184
O.3426
1.3787
1,369}
1.214Q
1.0327
0.,8562
046605
Q.a951
0,989a
0.8267
0,6598
0.4930
0.86a7
Q0.8281
Oe991%
1.,3818
142022
1.0327
V.8624
O.5198
0.8211
0,693%
0.80645
10347
142071
1.3877
13753
1.,2023
10368
1,0347
C.a8624
0.689a
Q,520%
143760
11439
00,9887
Q.82286
0.6626
00,4903
1e1528
3,98%a
00,8240
0.6508
1.3808
1.2078e
1.036]
0,8597
Q5157
0.5170
0.,6880
0.8562
160361
11,2004
1.,3787
13794
12050
1.0347
Q.8706
0.6894
O0e5184a
163767

susceeL
(8TU/LS)

T +4570
T+«4130
T+ 4650
73190
441760
4,1300
3.8180
3.8440
441060
349990
4.0810
3.8180
1 + 7690
241680
240750
2.0760
240080
1145700
11.6500
1146300
1148300
1148200
117200
11.0700
1149600
T.2440
745390
76200
72070
7.2070
7.7180
743020
T¢86070
743760
73150
77970
J.8480
4,1130
442510
q4,1480
2.0100
443390
3,140
J.9880
11.4700
119200
1145500
120400
11,0700
1147000
116100
119500
1242400
7.715%0
7+6030
748130
75010
7 ¢23490
742580
T 7660
76340
T e 3460
7408210
746470
4.24)0
349360
%2190
4,4990
4.,1710
«.2210
3.8440

CHF ¢E-4

EXIT

(BTU/HR=-FT2) QUAL

0.4889
Qsa961

00,4997
Q.498)
Q.a167
0.,4077
00,4089
0,812
Cedlag
00,4167
0.4077
0,404
0.3680
04,3716
Ce3716
043724
023862
063683
044371
Qs4400
044464
0.,4188
Q,4a78
O0.4383
Qea4829
0.,3920
Q0.3874
0423886
0,38%)

043733
Q.3747
0430897
0,.,2a28
0,38%1

043920
0.3978
0e2377
003365
063365
00,3330
043365
Q63377
00,3261

0.3330
0.3824
0.3869
Ce3843
0.3779
Os349}

C.3879
043879
0,.3861

Cs3843
043401

043401

0e3392
0.3382
0.3238
0e¢32%8
0.3364a
Qe3840
043364
043419
Q,3428
0.3010
0.29%0
0.2968
0.2968
0.29a)

Q.2823
0.2977

Qe 1408
Q.0773
0¢0323
040023
Q40338
0.C512
040864
0¢1265
Q.178S
0.2762
O.,4%582
00,0383
0.0803
Q08084
Oel1606
001523
0.2102
Qe2011
00202
Q00882
0+ 1889
042279
o.18%8
00999
0e0264
040192
040402
0.0781
0e 1409
Qe3428
Q+3300
O.2186
0.¢1277
O.081 s
Os.0478
0.0089
0.0806
000991
Os 1286
Oe 1293
018386
Qe24694
043555
040744
0.0152
Q0377
Oe 1398
0e22%36
Q43859
0.0112
0.0685
Os1304a
0e.2308
00307
Q.0671
010354
Qe 1760
0.4033
QeaQ66
0426006
Oe1728
01155
00737
0e03a?7
0+ 09%8
Ce1284
Os1621
062059
Q.2957
0ea065
Qe 1042
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APPENDIX 2, { CONTINUED ) (14)

AURNQUT DATA FOR FREON 21 I[N UNIFORMLY HEATED ROUNO TUBES

RUN,  INLEY INTERNAL HEATED nASS INLET BURNCUT £x1e
NUPAER PRESSURE DOIAMETER LENGTH  VELOCITY SUACOOLING HEAT FLUX  QUALTTY
2 2
PeS.leAs  INCHES INCHMES LR/MR.FY. ATU/LA, ATU/HR.ET
40,001 200 0.424 128.7 1740000 25.50 58070 0.20
40.002 200 0.424 128,17 1740000 25.%0 53070 0.20
40.003 200 0.424 128,17 1740000 18.80 53130 0.24
40.004 200 0,624 120.7 1740000 18.00 53130 0.24
40,008 200 0.424 128.7 1740000 11.50 «7100 0.28
40.008 200 0,424 128.1 1740000 11,30 «7100 0.28
40.007 200 0.424 128.7 1740000 4.00 39890 0.31
«0.008 200 0,424 128.1 1740000 4.00 39890 0.31
40.009 200 0.424 120, 870000 2%.00 40417 0.41
40.010 200 0,624 128.1 870000 25.00 40797 0.42
40.011 200 0.42¢ 1268.7 870000 25.00 40730 0.42
40.012 200 0,426 128.1 870000 20.00 38250 0.44
40.013 200 O.02e 128,17 870000 20.00 38250 004
40.014 200 0.424 128,71 670000 10.%0 32320 0,48
40.01S 200 0,424 128,17 870000 10. %0 32320 0.46
40,016 200 0.424 120.7 870000 3.%0 28850 0.48
40.017 200 0,426 12847 870000 3.50 28550 0.48
40.018 200 0.624 128,71 1803000 25,40 52970 0.27
40.019 200 0.424 128,17 1603000 2%.50 51130 0.27
40.020 200 0,624 128.7 1403000 19,40 48530 0.30
£0.021 200 0.624 128.7 1403000 19.40 «8830 0.30
40,022 200 0.424 1208.7 1403000 12.%0 42630 0.32
40.023 200 0.624 128.7 1403000 12.50 42630 0.32
«0.024 200 0.424 128.7 1403000 4430 16070 0.3%
40.02%5 200 0.824 128,17 1403000 4.30 36070 0.33
40.026 200 0.424 128.7 101000 26.90 39100 0.%4
40.027 200 0,624 128,17 101000 26.90 38920 0.3
+3.028 200 0.424 128.7 101000 10.%50 30460 0.56
40.029 200 0.624 128.7 701000 10.50 30230 0.5%
40.030 200 0.42¢ 1208.7 701000 5.00 21560 0.56
40.031 200 0.424 120,17 701000 5.00 21510 0.56
40.032 200 0,424 128,17 701000 16,90 33680 0.54
49.033 200 0.424 128.7 701000 16.90 33660 0.%4
+0.034 200 0.6424 128.7 435000 29.40 30030 0.72
40,038 200 0.424 128.7 435000 29,40 100130 0.72
40.038 200 0.424 128.7 435000 20,80 271190 0.73
40.037 200 0,624 120,17 433000 20,80 21790 0.7%
«0.038 200 0.424 128,17 435000 12.10 25110 0.76
40.039 200 0,624 12847 435000 12,30 25110 0.76
%0.740 200 0.424 12041 435000 4.70 21300 0.79
40.041 200 2,424 128.7 433000 4,70 23300 0.79
40.062 200 0.424 128,17 351000 27.00 25970 0.83
40.043 200 0.424 128.7 351000 27.00 25970 0.83
«0.744 200 0,424 128417 351000 18,50 24050 0.8%
40.045 200 0.424 128.7 3%1000 18.50 24050 0.85
40.046 200 0.424 12847 351000 9.70 219830 0.87
40,947 200 0.424 12847 351000 9.70 210830 0.87
40.068 200 0.424 12841 351000 4.30 20620 0.87
«0.049 200 0.424 128.17 351000 4,30 20420 0.87
41,001 200 0.424 643 1740000 26.00 87810 0.06
41.002 200 04424 64,3 1740000 26,00 81810 0.06
41.023 200 0.424 84,3 1740000 19.40 18230 0.10
41.004 200 0.424 64,2 1740000 19.40 18230 0.10
41.00% 200 0.424 84,1 1740000 ti.60 60380 0.16
41,006 200 0.424 84,3 1740000 11.60 87330 0.16
41.007 200 0.424 64,3 1740000 11.60 67740 0.15
41.008 200 D.424 84,2 1740000 5.00 59690 0.21
41.009 200 0.626 64.3 1740000 5.00 59620 0.21
«1.010 200 0,426 84,2 1403000 24,30 79550 0.13
e1.0t1 200 0.426 64,3 1403000 24.10 179550 0.13
«1.012 200 0.62¢ 64,2 1403000 19.30 130820 0.17
41,013 200 0.424 84.2 1403000 19,30 13820 0.17
s1.0016 200 0.424 64,2 1403000 1t.40 64250 0.22
4L.01S 200 0eb24 64,3 1403000 11.40 65350 0.22
41,016 200 0.424 64, 1403000 4.00 55920 0.27
sl0l7 200 0.426 64, 1403000 4.00 55920 0.27

.28 206 b o3 BERRLL 25.%0 69010 0.30



RUN THLETY
NUVRER PRESSURE
PeSeloAs

41,019 200
41.020 200
41.021 200
41,022 200
41.023 200
41,024 200
41.029% 200
41.028 200
41,027 200
41.028 200
41.029 200
41.030 200
41.03) 200
41,032 200
41.033 200
41.034 200
41,035 200
41.038 200
41.037 200
41,033 200
41.039 200
41.040 200
41,041 200
4l.062 200
1.043 200
41,064 200
&1,045 200
41.060 200
Ll.0a7 200
4L.0¢8 2nn
41.049 200
42.001 20¢C
42.002 200
42.003 200
42.004 200
#2.005 200
42.006 290
42,007 200
£2.008 290
£2.009 200
«2.010 200
42,011 200
42.012 200
42.013 200
42,014 209
42.015 200
42.016 200
42,017 200
«2.018 200
42.019 200
42.020 200
£2.021 200
42.022 200
42.023 200
42,024 200
42.02% 200
42,028 290
$2.027 200
42,028 200
42,029 200
42.030 200
«2.031 200
42.032 200
42.03)3 200
82.534 200
42,035 270
42,038 200
A2.037 2na
22,032 O
“w2412%9 700
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APPENDIX 2.

{ CONTINUED )}

BURNOUT DATA FOR FREON 21 IN UNIFORFLY HEATED ROUND TURES

INTERNAL
DIAMETER

INCHES

0.%24
0.42¢
[ L}
0,424
0.424
Qeb24
Q0.%24

0.424
0.42¢
0.426
0024
Qeb24
0424
Qo424
0.424

0.426
0.424
O.424
Oah24
Q0.426
Qeb2h
Q424
Q.424

0.424
0.624
0.424
Os426
044246
0.424
0,426
Gea2%

0.624
D.424
0.624
0s624
Q.424
0.62%
0424
N.el6
Dbl

Ueb24
Oek24
Qo424
Dubl2é
Qo224
C.424
De426
Qee26

O.b24
0.4624
0,624
0.424
0.424
0.424
0.426
0.624

Q.e264
0,424
0,424
0.624
0,024
0,424
0.424
0,424

Ceh24
Qb b
0,324
0. 674
U.aly
~ouvg

HEATED

MASS

LENGTH  VELOCITY SUDCOOLING HEAT FLUX

2
INCHES LB/HR,FT,

64,2
64,2
64,2
64,2
64,2
66,2
“.3

64,2
6hed
b4,
LT
64,2
64,2
8442
44,1

84,3
643
0h, 2
6h, 2
b4,
642
64,2
6443

bh, 1
bh,
b4l
bhed
64,7
&4, 2
4.2
64,2

2.1
32,1
32.1)
32.1
32.1
32,1
3241
2.1
2.1

32.1
312.1
32.1
2.1
32.1
32.1
32.1
32.1

32.1
32.1
32.1
32.1
32.1
32.1
J2.1
32.1

32.1
2.1
32.1
32,1
32.1
32.1
32.1
32.1

32.1
32.1
32.1
32.1

R

870000
870000
670000
870000
870000
870000
810000

701000
T01000
101000
701000
101000
701000
101000
701000

435000
435000
435000
435000
4135000
435000
435000
435000

351000
351000
351000
351000
351000
331000
351000
351000

1740000
1740000
1740000
1740000
1740000
1740000
1740000
1740000
1740000

1403000
1403000
1603000
1403000
1403000
1403000
1403000
1403000

870000
870000
870000
870000
A70000
870000
870000
870000

701000
701000
701000
701000
701000
701000
701000
701000

435000
4315000
4315000
415000
CRELT]
“J)9LJ0

INLET » AURNCUT
2
BTU/LB. ATU/HALFRT

2%5.50 69200
19.80 63710
19.80 63590
11.00 $6200
iil.00 6200
3.90 494670
3,90 49510
26.90 66190
26,990 66120
20.00 60730
20.00 60730
12,00 54390
12.00 54390
4,40 4A8150
4440 43180
25.80 52810
25,80 52810
17.60 4R360
17.60 4A560
2.30 45350
12.30 45350
4490 414690
4.90 41690
9.R0 «Naz7o0
9.80 40670
16.70 43590
16.70 43590
24.60 47070
24.60 4701N
T.10 4N000
7.10 986130
25.10 130160
26.10 13n160
1B.60 111330
18.60 111230
12.30 9318130
12.30 93330
5.50 171890
%.50 77890
11.50 91640
24490 115500
24,90 116500
18.A0 104500
1R. 80 104500
10,40 6290
10.49 86290
4.00 15640
4,00 75640
27.00 106100
27.00 106100
19.70 94720
19.70 9%720
11.90 83720
11.90 83720
¢.30 15950
6.30 75950
%.20 73610
5.20 73610
11.10 80340
11.10 an3s0
18.60 81810
18.80 89810
24,90 91670
24,90 97870
26.10 840130
26,10 84030
18.50 78370
18.50 78390
12.10 13860
to,10 138¢0

(141)

[ 318
QuUALTTY

0.30
0.32
« 0432
0.37
0.37
Q.40
0.40

0.40
0.40
0.43
0.43
0.46
0.46
0.49
0.49

0.6)
0.63
0.68
0.66
0.67
0.87
0.70
0.70

0.80
0.80
0.77
0.77
0.7%
0.7%
0.082
0.81

-0.03
-0.03
0.01
0.01
0.05
0.05
0.11
O.11
0.06

0.00
0.00
0.05
0.05%
0,11
0.1
0.16
C.l6

0.13
0.13
Q.17
o.17
0.23
0.23
0.26
0.26

0.35
0.35
0.31
0.31
0.27
g.27
0.23
0.23

0.43
0.43
0.47
Q.47
0.52
Q.32

10



/81

APPENOIX 2. ( CONTINVED ) (1v)

BUANQUT DATA FOR FREON 21 IN UNTFORMLY HEATED ROUND TUBES

AUN INLEY INTERNAL HEATED MASS INLET BURNCUT exir
KUNBER PRESSURE DIAMETER LENGTH VELOCITY SUBCOOLING HEAT FLUX  QUALITY
2 2
PeSelohe. {NCKES INCHES LB/MRLFY, BTU/LB. BTU/HA.FT
42,040 200 0.424 32.1 435000 3,90 60030 0.57
42.081 200 0.424 32.1 435000 3.90 68030 0.57
42,082 200 0.424 32.1 3%1000 6,00 63780 0.67
42.04) 200 0.424 32.1 381000 5,00 63780 0.67
42.044 200 0.42¢ 32.1 351000 2%5.40 78930 0.56
42,045 200 0.424 32.1 391000 25,80 70930 0.56
42,048 200 0.426 32.1 331000 18.40 14400 0.60
42,0417 200 0.424 32.1 351000 18,40 74400 0.60
43,001 106 0.42¢ 32.¢ 1720000 22,20 134980 0.02
43,002 106 0.424 32,6 1720000 22.20 134980 0.02
43,003 106 0.424 32.¢ 1720000 17.% 123220 0.03
43.004 106 0.424 32.¢ 1720000 17.30 124200 0,06
43,008 104 Q.42¢ 32.¢ 1720000 10,40 103900 0.09
43.008 108 0.42¢ 32.¢ 1720000 10.40 103340 0.09
43,007 106 0.424 32,6 1720000 4.00 91580 0.14
43,008 106 0.424 2.6 1720000 4,00 91580 0.14
43.009 106 0.426 32.¢ 1380600 21.90 126320 0.07
43,010 106 0,626 32.¢ 1380000 21.90 125690 0.07
«3.011 108 0.424 32.6 1380000 16,20 113200 0.10
«3.012 106 Oet2é 32. 6 1380000 16,30 113200 g.10
43.013 106 0.620 32. 4 1380000 9.50 99470 0.18
43,014 106 0.62¢ 32.6 1380000 9.50 99470 0.15
53,015 106 0,626 32.4 1380000 1.170 91490 0.19
“3,318 106 Q.426 32.¢ 1380000 3. 70 92530 0.20
43.617 106 0.624 32.¢ 13680000 12.80 106890 Q.13
43,018 106 Deb24 32. 6 1380000 12.80 106890 0.13
43,019 106 Q.62 32.¢ 1380000 4.30 90880 0.18
»2.020 106 De424 32.¢ 1380000 4.30 50880 O.18
43.021 106 De426 32.8 690000 22.90 1048640 0.27
43,022 106 0.426 32.4 690000 22.90 105020 0,28
43,023 106 0.424 32. 4 690000 17.10 98210 0.31
43,024 106 Q024 32.¢ 690000 17.10 78210 Q.31
43.025 106 Q.62¢6 32.¢ 690000 9.30 899130 0.38
&3.026 108 Qab2s 3. ¢ 690000 2.3 89840 0.36
43,027 106 Q.26 32.¢ 690000 3.70 R4 640 0.39
43,028 106 0.426 32. ¢ 690000 3.70 84640 0.39
43,029 106 Deb26 32.8 859000 22,80 111170 0.20
43.030 108 0.424 32.¢ 859000 22.80 111770 0.20
43.03) 106 D424 32.¢ 859000 16,60 102700 Q.23
©3.032 {08 0.624 32.¢ 859000 16,60 102500 0.23
43,033 106 Q%24 32.¢4 859000 8,20 9N880 Q.28
43,034 106 D.b26 32. ¢ 899000 8.20 90880 0.268
43,035 108 D.a24 32.¢ 859000 4,10 8%1750 0.31
3,036 108 0.428 32.¢ 859000 4,10 85750 0.3}
63,037  10s 0,424 32.¢ 430000 21.90 93440 0.56
43,038 106 0.4264 32.¢ 430000 21.90 93480 0.56
©3.039 106 Q.624 32.¢ 430000 14,40 80660 0.57
43,040 106 0.426 32.¢ 430000 14.40 89140 0.57
«3.0680 106 0,626 32.6 430000 3.60 80640 0.63
43.042 106 0.424 32.¢ 430000 3.40 80640 0.43
43,043 106 0.424 32.¢ 345000 3.70 74840 0.73
A3, 264 106 Oeelb 32,8 345000 3.70 74840 0.73
«3.048 108 D.424 2.6 345000 13.20 81720 0.69
43,068 106 0.424 32.¢ 345000 13.20 81720 0.69
43,067 108 0.426 32.¢ 345000 22.10 A7590 0.65%
43,0468 106 Oeb24¢ 32.¢ 345000 22.10 471590 0.69
46,001 106 0.424 65,1 1720000 21.90 94560 0.14
A4,002 106 0.024 63.1 1720000 21.90 94050 0.14
46,003 106 D.424 63,1 1720000 17.30 87750 0.4
54,004 106 D.a26 65.1 1120000 17.30 87750 0.18
44,009 106 0.624 63%.1 1720000 10.10 77950 0.21
4,008 106 0.424 65.1 1720000 10,10 17950 0.21
AN, 007 1vo Oub2¢ 3.1 1720000 %430 71740 0.23
Sh.sae 106 LY ' 1720009 $.30 71740 0.2)
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APPENDIN 2. | CONTINUED ) (v)

BUANOUT OATA FOR FREON 21 IN UNIFORMLY HEATED ROUND TUBES

YN INLEY INTERNAL HEATED  MASS INLET ¢ BuRNQUT EXIT
NUNBER PRESSURE OIAMETER LENGIN VELOCITY SUBCOGLING MEAT FLUX  QUALETY
2 2
P.S.1.Ae  INCHES INCHES LB/MR.ET. BTU/LB. BTU/MRLFT
44.009 108 0,424 63.1 1380000 4,40 66410 0.29
44,010 108 0.424 65,1 1380000 4,40 65410 0.29
44,011 106 0.428 63,1 1380000 9.80 72310 ~0.26
aa,012 108 0.424 8%.1 1380000 9.80 72400 0.26
44,013 108 0,624 63,1 1380000 15,60 18810 0.23
48,008 106 0.424 85,1 1380000 15.60 186810 0.23
44,015 106 0,424 88.1 1380000  21.60 83340 0.19
44,0186 108 0.424 63.1 1360000  21.640 85340 0.19
44,017 106 0.424 8.1 859000  21.80 74050 0.36
44,018 106 0.424 65.1 859000  21.480 74030 0.6
44,019 108 0.424 5.1 899000 16. 90 10090 0.38
44,020 108 0.424 6%.1 459000 16,90 10090 0.3a3
44,021 106 0.424 63.1 899000 .40 82480 0,42
64,022 106 0,624 65.1 839000 8.40 62480 0.42
44,023 106 0,424 65,1 859000 3.80 57920 0.43
«s.026 106 0.424 65.1 659000 3.80 57920 0.43
44,025 106 0,424 6.1 690000 4,20 35410 0.52
«4.026 108 0.424 65.1 890000 4.20 55410 0.52
46,027 108 D.424 68.1 490000 10.00 $9490 0.50
44,020 106 0.424 65.1 690000 10.00 59690 0.%0
44,029 106 0,424 es.1 490000 16.00 64700 0.48
44.030 106 0.424 65.1 890000 16.00 64700 0.48
44,031 106 0,424 65, 1 690000  23.20 10430 0,46
44,032 106 0.424 65,1 690000  23.20 70910 0.46
44,033 196 0.42¢ 65.1 430000 22440 $%730 0.66
44,034 106 0.624 5.1 430000  22.40 55730 0.86
44,033 106 0424 851 430000 14480 51660 0.69
44,038 106 04624 4%.1 430000 14.80 516880 0.49
46,037 108 0426 5.1 430000 10.80 49990 0.70
44,038 108 0. 426 85,1 430000 10.80 49990 0.70
44,039 108 0,026 85.1 430000 4.30 46160 0.7
“4.060 106 0.426 65,1 430000 4.30 46160 0.11
48,961 106 0.424 63.1 345000 410 41460 0.81
as.042 1086 0.424 65.1 345000 4.10 41460 c.81
48,063 106 0,426 65,1 345000 9.60 43270 0.78
45,084 106 0.424 85.1 345000 9.60 43270 0.78
44,065 108 0,424 65.1 345000 15.10 46220 0.78
ta.G6s 106 0,424 65,1 345000 15.10 46220 0.78
44,047 108 0,424 5.1 345000  22.60 49390 0.T8
44,048 108 0.424 65,1 345000 22.40 49390 0.76
45,001 106 0.424 130.2 1720000 22.40 61750 0.23
45,022 106 0.424 130.2 1720000  22.40 61750 0.2%
45.003 196 0,424 130.3 1720000 17.70 58740 0.26
45.n04 106 0.624 130.3 1720000 17.70 58740 0e26
45.905 106 0.424 130.2 17206000 9.80 47310 0.20
45.006 106 0.424 130.2 1720000 9.80 47830 0.28
43,007 106 0.424 130.3 1720000 4. 30 41560 0.29
48,008 106 0,426 130.3 1720000 4.30 41560 0.29
45,009 106 0,426 130,21 1380000 4,70 39090 0.35
43,010 106 0.424 120.2 1380000 4.70 39090 0.3%
45.011 106 0,426 130. 1380000 a.90 43650 0.34
45.012 1086 0,424 130.7 1380000 9.90 43650 0.34
45,013 106 0.424 130.3 1380000 15.60 49600 0.32
45,014 106 0,424 130.3 1380000 15. 60 49600 0.32
45,015 106 0,624 130.2 1380000 21.40 S33R0 0.30
45.016 106 0.424 130.2 1380000 21.40 53380 0.30
45,017 108 0,424 130.2 852000 23.10 44000 0.86
45,018 106 0.424 130.2? 859000  23.10 44000 0.46
45,019 128 O824 130.2 859009 16.170 408130 0.48
45.020 106 0,424 130.3 859000 16.10 40370 0.48
45,021 108 0,424 136,13 859000 10.10 36930 0.49
45,022 106 0.424 130, 859000 10.10 36930 0.49
45,023 108 0.426 130.2 859000 3.80 33160 0.50
4,024 106 0.424 130.12 859000 3.80 31160 0.50
45,023 106 0,474 130.3 690000 “.50 3160 0.59
45,020 1 0s 224 130,23 590000 4.50 31160 0.359
2% 027 1oy v 524 130, 690000 10.30 13980 0.58
©%.028 106 v.s26 130.0 10300 10.30 13980 0.38



/183

APPENDIX 2. 1 CONTINUED ) (1)

BURNOUT DATA FOR FREQN 21 IN UNTFORMLY HEATED ROUND TURES

aun INLET INTERNAL NEATED  MaASS I Y,
LEY BURNOUT 33X
NUPBER PRESSURE DIAMETER LENGTH VELOCITYZSUHCOOllNG HEAT FLUX  QUALITY
b
P.Seloh, INCHES INCHES  LB/HR.FT, BTU/LB. BTU/IRLFT
43,029 106 0,626 130.1 690000
45,030 10¢ 0.624 130.3 690000 ::::g ;::;g g.;:
43,031 108 0,624 130.13 690000 21.90 38990 0.5
43,032 106 0,424 10,2 690000 21.80 38990 0.%3
43,033} 108 0.424 13042 430000 22.30 3034
. ) .74
45,034 108 0.424 120.3 430000 22.30 30340 g.7~
43.03% 106 0.424 130.3 430000 14,80 28380 0.77
45.038 104 0.424 130,13 430000 14,80 28360 0,77
45,037 106 D.424 130, 2 430000 8.40 26470 0.78
43,038 106 0.02¢ 130.3 430000 8.40 26670 0.78
45.039 106 0.424 130.3 430000 4.20 2%190 0.78
45,040 106 0.424 130.2 430000 4,20 25190 0.78
AS.081 108 0,824  130.2 343000 23.30 26430 0.82
45,082 106 0.424 130.2 345000 23.30 26430 0.82
45.083 108 0.424 130.3 345000 16.80 2%100 0,86
45.064 106 0.424 130.2 345000 16.80 2%100 0.84
4%5.04% 106 0.424 130, 2 345000 11.50 21340 0.84
45,006 108 0.424 130.3 345000 11.%0 23540 0.84
45.0647  10& 0,424 130.3 345000 3,30 21850 0.86
45,08 )08 D.424 130.3 343000 3.30 218%0 0.86
44,001 200 0.264 83,8 1740000 26.10 61430 0,24
+6.002 200 0.264 83.* 1740000 26,190 61430 0.24
48,003 200 0.264 €3.¢ 1740000 15.60 52370 0.30
45,004 200 0.264 #3.% 1740000 15.60 52310 0.30
45,008 200 0.266 83.3 1740000 «.30 40360 0.33
46,006  2C0 0.244 83,9 1740000 4e30 40300 0.3)
46,987 200 0.264 83.5 1403000 2%.60 55310 0.32
“6.008 200 0.264 83, 1403000 25,60 55310 0.32
46,009 200 0.26% 83.* 1403000 14,00 4%200 0.3°
46,010 200 0.26% 83.% 1403000 14,00 45200 0.3%
46,011 200 0.2564 83.* 1403000 4.40 34740 0.38
48,012 200 0.264 83.¢ 1403000 Y 14740 0.38
48,013 200 0.264 83.9 870000 26,10 +3900 0.47
“6.01a 200 0.264 83.° 870000 28.10 «3900 0.47
46.015 200 0.264 83.% 870000 13.20 15240 0,50
46.016 200 0.264 83.5 870000 13.20 35280 0.350
46,017 200 0.264 8. ¢ 870000 4430 29350 0.91
46,018 200 0.264 83.¢ 870000 4.30 29350 0.51
45,019 200 0.264 83.¢ 701000 26,10 38230 0.96
46.0i0 200 0,26~ 83, 701000 26,10 38230 0.56
«6.021 200 0,264 83.5 701000 12.70 12050 0.59 |
65,022 200 0.264 83, ¢ 701000 12.70 320%0 0.59
46.02) 200 0.264 83.9% 701000 6.20 129180 0.41
t6,%24 200 0,284 33,4 701000 6.20 71189 0.61
46.02% 200 0.264 3.2 435000 7.90 35360 o.87
46.026 290 0.264 83.% 435000 7.90 25360 0.87
46.927 200 0,284 a3.* 435000 27.10 3380 0.83
46,028 200 0.26% PR 435000 21.10 30880 0.83
46.029 200 0.264 83,9 435000 17.00 28340 0.86
46.030 200 0.26 83.¢ 433000 17,00 20340 0.86
«6.031  2c0 0.264 83. 5 433000 17.00 28340 0.88
“6.032 200 0.208 83.¢ 435000  d7.00 8340 0.2
2 0.96
46.03) 200 0.264 83, 351000 19.10 25320
46,034 200 0.26% 83, ¢ 351000 19.10 36760 0.92
“6.01% 230 0.266 23,8 3%1000 28,20 24880 0.99
48,036 200 0.266 23.¢ 351000 28.20 15880 0.90
“6.237 200 0,266 83.¢ 351000 1%.09 23390 0.91
45,018 200 0.264 ey, 3%1000 1%.00 23390 Q.91
0.30
41,001 106 9.206 9.1 1720000 2t.70 ~4220
«7,002 108 3. 204 B4, ) 1720000 21.10 66220 0.30
AY.053 1088 D64 ae.l 1722000 15.130 54520 0.32
+7.084  l0e o.. sa. 1720000  1%.30 78570 0.32
€700 [y 3., G, } i 4,70 42343 Tt



RUN
NUMBER

47,007
A7.008
47.009
4T.010
47.011
47.012

47,013
47.01e
47,018
47.016
47.017
47,018

47,019
47.020
47.021
47,022
47,023
47.024

47,028
47.026
47,027
47.028
47,029
«7.030
47.031

«7,032
47,033
47.034

£7.0%%
«7.038
47,037

43,001
48.002
«8.003
48.004
48,.920%
«8.306
48.007
48,208
48.009
48,010
48.011
48,012
48,013
§8.016
48.715
48.018
48,017
48.018

«8.019
48,020
48.221
48,022
48.02)
48,024
48,025
46.026
«8.027
«8.028
~8.029
43.030
48,031
48,032
48,0133
48,038

«8,0135
«8.018
on ot

APPENDIX 2.
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{ CONTINUED )

SURNQUT DATA FOR FREON 21 IN UNIFORMLY HWEATED ROUND TUBES

INLEY
PRESSURE

PeSelehs

106
106
106
106
108
106

108
108
108
10s
108
106

106
108
108
10¢
108
106

106
106
106
108
196
166
108

106
106
106

108
106
106

108
16
106
106
106
106
126
1086
106
106
136
106
106
106
106
176
106
10s

106
1Ce
136
tos
10¢
10e
los
1Cs
106
106
10¢
106
106
108
106
106

[
roe

ius

INTERNAL
ODIAMETER

INCHES

0.264
0.264
0.284
0.264
0.2064
O.2064

0.264
0,254
04264
0.264
0.20e
0.2064

0.264
0.264
0.264
0.264
Oe2064
0.264

0.284
0.264
0.264
0,264
0.264
0.264
0.2564

0.264
0.264
0.264

Q.264
Q.264
0.264

0.266
0e.26%
0.204
0.264
Q.2864
Oe264
0.264
0.264
0.264
Q.264
0.264
0.2¢4
0.264
O.20%
0.264
0.2¢4
0,2¢t4
0.254

0.254
0.264
C.2he
0.266
0.264
V.2064
0.244
0.264
0.264
Uelhé
0.2¢4
0.264
0.264
N.2b64
0.264
0,264

0.204
[PPLA]
Dl

HEATED

MASS

LENGTIH VELOCITY SUBCCOLING HEAT FLUX
2

INCHES  LB/HR.FT,

84,1
84,1
,‘.l
844}
84,1
84,1

64,1
84,1
84,1
84,1
84,1
84.1

84,1
84,1
84,1
04,1
84,1
84,1

84,1
84,1
84,1
84,1
84,1
84,1
84,1

84.1
84,1
84,1

84,1
84,1
84.1

42.C
42.C
42.C
42.C
42.¢C
42.C
42.¢C
42.C
42.C
42.C
42.¢C
42.C
22.¢C
42.0
42.¢C
“2.C
42.C
42.¢C

42.C
42.C
42.C
42.¢C
«2.0
42.C
62, ¢
42.C
42.0
42,0
42.C
42.C
42.¢C
42.C
«2.¢C
“2':

42.0
42,C
v e

1300000
1360000
1380000
1380000
1380000
1380000

839000
839000
859000
8%9000
859000
859000

690000
690000
690000
690000
690000
690000

430000
430000
430000
430000
430000
430000
430000

345000
345000
345000

345000
345000
345000

1720000
1720000
1720000
1720000
1720000
1720000
1720000
1720000
1720000
1720000
1720000
1720000
1720000
1720000
1720000
1720000
1720000
1720000

1380000
1380000
1380000
1380000
1380000
1380000
1380000
1380000
1380000
1380000
1380000
1380000
13800C0
1380000
1320000
1380000

859000
859000
AS3000

INLET BURNCUT
BTU/LB. BYU/HR,FT
23.40 %9830
23.40 359630
15.70 52970
1%.70 $2970
T.60 45810
T.80 43810
T.10 38840
7.10 38860
13.40 42290
13.40 42290
20.70Q 46920
20.70 «6920
22.60 42860
22.60 ©2060
15.00 39120
15.00 39120
7.00 359%0
T.00 35950
22.60 320840
22.60 32620
23,40 32940
16.20 3tz70
16,20 314¢0
8.70 20010
8.70 28810
22.50 27390
22.50 21390
16.30 25590
16.30 258590
9.30 26150
.30 24150
23.10 107240
23.10 107240
15.00 96150
15.00 94150
7.30 84770
7.30 84770
14.60 94210
14,60 94210
22.60 104830
22460 104830
18.90 1009G0
18.99 100900
17.20 27220
17.20 971220
13.59 93450
13.50° 91450
T.40 B4TT0
Te60 84770
23.20 99350
23,20 99350
16.40 90820
16.40 90820
6.50 79500
6.50 79500
22.40 SA TS0
22.40 9e1%0
10,90 91740
18.90 91740
13.70 856G0
13.70 86600
8.10 82290
8.10 82290
8.10 81840
8.10 81880
21.90 21660
21.90 a16¢0
14.59 13640

2

(v11)

Exty
QUALITY

0.37
~0.37
0.38
0.38
0.40
0.40

0058
0.98
0.357
0.57
0.57
0.57

0.53
0.6%
0.66
0.66
0.69
0.09

0.86
0.86
0.86
0.88
0.89
0.89
0.89

0.91
0.91
0.90

0.90
0.92
0.92

0.19
0.19
0.24°
0.24
0.28
0.28
0.23
0.23
0.19
0.19
0.21
0.31
0.22
0.22
0.24
0.24
0.29
0.28

0.28
0.26
0.29
0.29
0.3s
0.35
0.26
0.28
0.27
0.27
0.30
0.30
0.35%
0.33%
0.3¢
0.34

0.65
0.9
0.48



APPENDIX 2.

195

{ CONTINUED )

SBURNOUT DATA FOR FRECN 21 IN UNIFORMLY HEATED ROUND TUBES

RUN INLETY INTERNAL
NUNBER PRESSURE OIAMETER
PeSelaA, INCHES
48,038 108 0.204
43,039 108 0.264
48.040 108 0,264
48,001 106 0.264
48.042 106 0,264
48.04)3 108 0,204
48,044 106 0.284
48,043 108 0.264
48,044 106 0.264
48.047 108 0.2064
48,048 106 0.204
42,009 108 0,264
48,050 108 04264
43.051 108 0.264
48.09%2 108 0,204
48.053 106 0,264
48,054 106 0,264
48,055 106 0.264
408.0%8 108 0.264
48,087 100 0.2064
48,058 108 0.264
48,0%9 106 0.264
48,060 106 0.204
48,081 106 D.204
48,062 108 0.264
48,063 108 D.264
48,0064 108 0,264
«8.069% 108 Q.2064
48,068 108 0.204
48,087 108 C.284
48,068 108 0,264
48,069 108 0.264
48.070 106 0.2064
48,071 106 0,264
48,072 106 0.264
48.073 108 0.284
43,074 106 0.264
471,078 106 0.204
43,078 166 0.264
48,077 106 D.264
48,078 106 0.264
48,079 108 0.264
43.080 106 0.264
49,001 200 0.264
49.002 200 0.264
45.003 200 04264
49,004 200 0.264
49.008 200 0.264
49.008 200 0.264
49,007 200 0,254
«9,008 200 0.254
49,009 200 0,264
©9.010 200 0.264
49.011 200 0.254
49.012 200 0,264
49,013 200 D.264
649.01s 2900 0.264
49.015 200 C.2064
49.016 200 0.264
49,017 200 042064
49,018 200 0.264
49.019 200 Q.264
495,020 200 0,264
49,021 200 G.264
49,022 200 04264
€9,02) 200 0.2064
039,026 290 0.26%
49.02% 200 0.264
29,026 200 n.246°
49,0027 200 L

HEATED

MASS

LENGTH VELOCITY SUBCOOLING HEAN FLUX

2
INCHES (OB/HR.FT,

42.0
42.0
42,0
42.0
42.4
42.C
42.0
42.¢
*z.c
42,0
42,0
42.8
.z.o
42.0

42,0
42.¢
42.0
42.0
42.0
42.C
42,0
42.0
42.0
42.8
42.¢
42.¢C
42.0
42,0
42.0

a2.¢
42.C
42.0
42,0
42.¢

42.¢

42.0
42.¢
42,0
42,0
42.C
42.¢
42.0
42.0

41,17
41.17
41.7
41,7
41.7
41417

41.7
41.7
41.7
41.7
Al
41.7
41.7
41.7
41.7
4.7

s1.17
41.7
‘101
41.7
Al.?
41.7

41.7
1.7
41,7
41.7
a1.7

839000
839000
839000
859000
059000
859000
699000
859000
859000
8394000
839000
839000
859000
8359000

690000
690000
690000
690000
690000
690000
490000
690000
690000
430000
690000
690000
690000
690000
690000

430000
430000
430000
430000
430000

430000

345000
345000
345000
345000
345600
345000
345000
345000

351000
351000
351000
351000
351008
351000

435000
435000
435000
435000
433000
433000
435000
435000
435000
433000

701000
701000
T0100Q
701000
701000
701000

870000
8700C0
87000Q
870000
8710200

INLEY BURNQUT
. 2
BTU/LB. BTIU/HRLFTY
14,30 13040
Te40 63940
T.40 63940
22,70 84100
22.70 84100
18.70 80930
18.70 80930
14,60 784460
14.60 78460
T.20 70850
T.20 7085%0
T7.10 71290
7T.10 71290
6.90 70530
21.%0 73290
21.50 74400
16,20 67490
16,20 67490
9,20 59910
9.20 %9910
24,10 79790
24.10 19790
20,30 1%920
20.30 15920
15.30 12590
15,30 72210
9,00 676870
9.00 67370
8.70 67390
23.70 59410
23.70 59410
16,50 56680
16.5%0 56600
8.30 54140
8.30 54140
23.90 51320
23.80 51320
14.5%0 50150
14,50 501%0
14.00 50150
T.40 47550
7«60 47350
7.30 41350
28,90 $1700
28.90 51700
20.60 48220
20.60 48220
15.70 4“6120
15.70 48120
29440 60990
29.40 60990
18,00 59190
18,00 55190
11.00 48980
11.00 48980
21.80 545390
21.80 54390
27.30 SA490
27.30 58490
27.70 71420
27.70 71710
20.00 64090
20.00 66090
11.20 59120
11.00 58910
27.230 75480
27.30 75480
19.10 69390
19.10 69390
8.90 41310

(viss)

ExiT
QUALLTY

0.46
0.46
Q.48
0.48
Q.48
0.40
0.48
0.50
0,30
0.52
0.52
0.3%3
0.3%3
0.52

0.33
0.54
0.53
0.533
0.33
0.3%)
0.57
0.57
0.37
0.57
Q.60
0.59
0,62
Q.62
0.62

Q.74
Q.76
0.78
0.78
0.83

0.83

0.82
0.82
0.90
0.90
0.91
0.93
0.9
0.93

0.84
0.84
0.87

0.87 |

0.89
0.89

0.78
0.78
0.82
0.82
0.79
0.79
0.74
Q.76
0.76
0.76

0.48
0.49
0.92
0.92
0.9
0.’5

0.3
0.38
Q.41
0.41
0.47



APPENDIX

186

2. 1 CONTINUED )

BURNOUT DATA FOR FREON 21 IN UNIFORMLY HEATED ROUND TUBES

RUN INLEY INTERNAL
NUPBER PRESSURE DIAMETER
PeSelehe INCHES
49,028 200 0.264
49,029 200 0.264
49,030 200 0,264
49,031 200 0.264
49,032 200 0,264
49,033 200 0.284
49,034 200 0.264
49,038 200 0,264
49,038 200 0,204
49,037 2Q0 Q.264
49,038 200 0.264
49,039 200 0.264
49,040 200 Qe264
49,041 200 0.264
49,0642 200 0.264
49,043 200 T, 264
49,044 200 0,264
50,001 200 Q. 264
50.002 200 0,266
$0,003 200 0.264
50.004 200 0.264
50.00% 200 0.264
$0.008 200 0.204
$0.007 200 0.264
$50.008 200 0.2066
5$0.009 200 0.26¢
$0.010 200 0.264
$0.011 200 0.264
$0.012 200 0.264
50,013 200 0.264
50.014 200 0.264
$0.015% 200 0.264
50.016 200 0.264
50.C17 200 0.264
50,018 200 0,264
$0.019 200 0.264
0,020 200 0,264
50,021 200 0.264
504922 200 0,266
50,023 200 0.26%
50,024 200 0.264
50,025 200 0,264
50.026 pdab] 0.264
50,027 200 0,264
s0.028 2no D.204
0,029 200 0.264
50.030 200 0.264
$0.031 200 0,264
$0.032 200 0.264
0,033 200 0.264
50,034 200 0.264
50,038 200 0.264
50.036 200 204
50.037 200 0.264
50.038 200 0.264
50.039 200 0.264
50,040 200 0.264
50,041 200 0.264
50.042 200 0.26%
$0.043 200 0.264
50,064 200 0.264
80,045 200 0,264
50,048 200 0.264
30,069 200 0.264
50,050 200 0.264
$0,051 200 0.264
50,02 L00
Zaae253  2ud 2e2b4

2
INCHES LO/HR.FT,

41.7

41.7
4l.7
4at.?
al.7
41,7
41.17
41.7
41.17
41.7

41,7
41,7
41,7
41,7
41,7
A1,
“l.7

0.8
20,8
20.8
20.9
20,80
20.8
20.¢
20.¢
20.8
20,9
20.¢
20.8
20.¢

20. 8

20.¢
20, A
20.8
20.8
20.8
20.8
20. 8¢
20.8
20.8
20. 8
20.¢
20.8
20. 8
20. ¢

20. 8
20.¢8
20.98
20.¢8
20. 8
20. 8
20. @
20.¢

20,82
20,8
20. 8
20. ¢
20. 8
20,8
20. 8
20,8

20. ¢
20. 8
20.8
20. 8
20.8

20.8
20. 8

HEATED MASS
LENGTH VELOCITY SUBCOOLING HEAT FLUX

870000

1403000
1403000
1403000
1403000
1403000
1403000
1403000
1403000
1403000

1740000
1740000
1740000
1740000
1740000
1740¢00
1740000

1740000
1740000
1740000
1740000
1740000
1740000
1740000
1740000
1740000
1740000
1740000
1740000
1740000

1740000

1603000
1403000
1403000
1403000
1403000
1603000
14903000
1403000
1403000
1403000
1493000
1403000
1403000
1403000

870000
870000
870000
870000
810000
870000
870000
810000

701000
791000
701000
701000
701000
701000
701000
701000

«3%5000
435000
435000
435000
435000

3s1000
19600

INLES AURNOUT
2
BTU/LB. BTU/HALFT

8.90 60800
27.20 89490
25,50 87560
29.%0 87560
17.70 79820
17.10 79820
17.20 80110
17.20 80110
6.90 67240
4.90 87240
29.30 98970
30.00 101180
30.00 101140
21.70 24060
21,70 88060
9,00 12460
9.080 72460
25.10 143380
25.70 143380
25.70 134530
25,70 1143130
22.30 133900
22.30 1339¢0
19.00 125090
19.00 126070
15.60 115890
15.60 115890
10.60 102390
10.40 102390
9,50 99830

9, %0 99630
28.20 137260
28.20 137260
25.10 131110
25.80 131110
22.00 126360
22,00 124360
18.50 116430
18,50 115430
14,10 112090
14.10 112990
10.89 101950
10.50 101950

A 10 37160

A, 10 97160
28.20 120240
20.20 120240
22.40 112790
22.40 112000
14.50 101120
14.50 100460
e.40 92120

e.40 92120
29.00 113230
29.00 113230
21.10 103750
21.10 103750
1%5.99 98020
15.90 98400

7.00 AA140
7.00 88160
27.40 97410
19.20 90820
14.10 87210
1.90 81640
1.90 81440
25.130 887C0
25.10 88700

(1x)

eExyy
QUALITY

0.68

0.17
o.t8
0.19
0.24
0.24
0.23
0.25
0.31
0.31

0.09
0.09
0.09
O0.14
0.14
0,22
0.22

0.00
0.00
-0.02
-0.02
0.03
0.03
0.03
0.05
0.07
Q,07
0.10
0.10
0.1t

0.03
0.03
0.05%
0.0%
0.08
0.03
0.10
0.10
0.15
0.15
Q.16
0.18
0.18
0.18

0.20
0.20
0.24
0.24
0.29
6.29
0.33
0.33

0.29
0.29
0.34
0.34
0.37
0.37
0.43
Q.43

0.57
0.61
0e65
Q.67
0.67

f



APPENOIX 2,

Y,

{ CONTINUED |}

QURNOUT DATA FOR FREON 21 IN UNTFORKLY HEATED ROUND TUDES

RUN INLEY INTERNAL
NUPFBER PRESSURE OIAMETER
PoSelehe INCHES
50.054 200 0.204
$0.053 200 0.264
50.056 200 0.204
$0.057 200 0.204
30.,0%8 200 0.264
50.0%9 200 0,264
50.060 200 Q.264
51.001 108 0.264
51.002 106 0.284
51.00) 106 0.264
51,008 106 0.264
$1.00% 106 Q.264
$1.0086 106 0.264
51.007 106 0.2064
51.008 108 0.264
$1.009 108 0.284
$1.010 106 Q.264
51.011 106 0,264
51.012 106 Q.206
514013 106 0.264
51.014 106 0.264
51.015% 10¢ 0264
51.016 10¢ 0.204
$1.017 106 0.264
s1.018 106 0.204
51.019 106 0.264
51.020 106 0,286
51.021 106 0,254
$1.022 106 0.264
51,023 106 C.264
51.024 106 0.264
51.025 106 0.2064
Sl.026 106 0.264
52.201 200 0.633
$2.002 200 G.6323
52.003 200 0.633
52.006 200 0.633
52.008 200 0.633
€2.00¢ 200 0.632
£2.207 200 0.633
£¢.008 200 0.633
$2.009 200 0.633
52.010 200 0.63)
52.C11 200 0.633
52.012 200 0.613)
52,013 200 0.633
62.016 200 0.633
52.015 200 0.633
52.018 200 0.632
52.017 200 0.63)
52.018 200 0.61)
52.019 200 0.633
52.020 200 0.632
52.021 200 0.633
£2.022 200 0.623
52.023 200 0.63)
$2.024 200 0.633
52.02% 200 0.632
52.026 200 7.463)
S2.027 200 0.03)
£2.028 200 0.633
52.029 200 0.633
524030 200 0.033
£2.031 2¢0 0.633
$2.032 200 0.633
32,033 200 0.633
52,034 200 0.63?

HEATED

NAaSS

LENGTH VELOCITY SURCOOLING HEAT FLux
2

INCHES LB/HR.FT,

20. 8
20.¢
20.8
20. 8
20,82
20.¢
20.8

21.4
21.¢
21.C
21.0
21.¢
21.¢C
2l.C
21.¢0

21.0
21.C
21.¢C
21.¢C
21.C
21.C
2l.0
21.C
21.¢
21.C
21.¢C
21.C

21.¢
21.C
21.¢C

21.¢C
21.¢C
21.0

97.8
S7.8
97.8
97.8
T9T.8
97.8
97. ¢
97.8
97.82

ST. 8
87.¢
97. 8
97.8
97. 8
97. 8
97.8
97. 8
97. ¢

37.¢2
97.8
97.8
97.8
97. 8
97.8
37. ¢
S7.80

97.8
97.8
97.0
97.8
97. 8
97. 8
97.8
97.8

331000
351000
351000
331000
3s1000
351000
351000

1720000
1720000
1720000
1720000
1720000
1720000
1720000
1720000

1380000
1380000
1380000
1380000
1380000
1380000
1380000
1380000
1380000
1380000
1380000
1380000

859000
859C00
859000

839000
8459000
859000

870000
870000
870000
870000
870000
870000
870000
870000
870000

701000
101000
701000
701000
701000
701000
701000
T01000
701000

435000
©35000
435000
435000
4335000
435000
435000
435000

351000
351000
351000
3351000
351000
331000
351000
351000

INLET BURNCUT
BTU/LB. BTU/HRLFT
21.20 86510
21.20 88570
14.30 79460
14.30 79660
14,30 80010
11.00 76810
11.00 16810
23.50 1408860
23,.%0 149430
19.20 136910
19.20 136910
13.70 1271720
13.70 1271720
T.40 114250
T.80 114940
23.10 140330
23.10 140330
19,40 132540
19.60 132540
14.20 121280
14.20 121280
5,50 108480
5.50 108480
5.50 107910
5.50 107910
7.90 112190
7.90 112190
22.80 129300
22.80 129300
19.00 1271720
19.00 1283460
14.10 123830
14,10 123000
26,50 61720
26.40 61440
26.40 81440
19.00 56140
19.00 56010
12.10 51350
12.10 51350
7.30 47840
7.30 47580
26.20 <7350
26,20 51789
19.70 $2780
19.70 530986
19.70 53098
11.90 4R440
11.90 4AA40
6.5%0 44540
6.,%0 44540
25.80 AT740
2%.80 47960
21.00 45740
21,00 45870
19.30 42620
15.30 42730
5.80 37790
5.80 31790
26.20 43580
26420 43560
20.%0 40880
20.50 40990
11.90 37180
11.%0 369640
5.20 3110
5.20 34000

(x)

exit
QUALLTY

0.74
OeT4
0.79
0.79%
0.7
0.76
0.76

0.03%
0.05
0.07
0.07
0.11
0.11
0.16
0.16

0.11
0.11
0.13
0.13
0.16
0.16
0.23
0.23
0.22
0.22
0.21
0.21

0.29
0.29
0.33

0.32
0.37
0.36

0.23
0,23
0.23
0.27
0.27
0.32
0.32
0.33
0.3%

0.33
0.3)
0.335
0.36
0.3e
0.41
0.41
0.43
0.4)

0.55%
0.5
0.%59
0.58
0.80
0.60
0.463
0.63

0.66
0.8
Q.68
0.63
0.70
0.70
0.72
0',2

0



1$3

APPENDIX 2., t CONTINUEOD ) (x4)

BUANOUT OATA FCR FREON 21 N UNIFORMLY HEATED ROUND TUBES
’

RUN INLEY INTERNAL HEATED MASS INLET,  BURNOUT ExtY
NUMBEA PRESSURE OIAMETER LENGTH VELOCITY SUBCOOLING MEAT FLUXN  QUALITY
2 2
PeSel A, {NCHES INCHES LA/HR.FT, BIU/LB, BTU/HRLFT
52.03% 200 0.433 97.8 859000 23,60 69340 0.3%
$2.036 200 0.43) 97.¢ 859000 23.60 69340 . 0.3%
$2.037 200 0.63) 97.98 8%9000 19.10 63760 0.37
52,038 200 0.63)3 97. 8 859000 19.10 65780 0.37
$2.039 200 0633 97.8 859000 12.70 60780 0.41
52,040 200 0.63) 97.8 859000 12.70 t0780 041
2,081 200 0.633 97.8 859000 6,80 £56%0 0,44
82,042 200 0.63) 97.8 859000 8,60 §5980 0.44
52,043 200 0.633 97.9 690000 23.10 66985 P
52.044 200 0.633 97.8 690000 23.10 64836 0.46
52.04% 200 0,433 97.2 490000 18.10 $13C0 Q.48
52,046 200 0.633 97,8 690000 18.10 81300 0.48
52,047 200 0.633 97.8 690000 12.90 57240 0.50
$2.048 200 0.633 97.8 690000 12,90 57240 0.50
£2.049 200 0.633 97. 2 £90000 5.10 1427 0.54
52,050 200 0,633 7.0 690000 $.10 51576 0.54
52.051 200 0.633 97.8 430000 23.90 54258 0.72
$2.0%52 200 0.633 97,8 430000 23,50 54258 0.72
$2.0%3 200 0.633 97.8 430000 16.90 50780 0.74
52,056 200 0.633 97,8 430000 16.90 50780 0.74
$2,0%% 200 0,633 97,8 430000 12,40 47645 0.74
$2.056 200 0,633 971.8 430000 12.40 40159 0.75
52,057 200 0.633 97. 8 430000 7.30 46219 0.74
$2.0%8 200 0.633 9T.0 430000 7.30 44339 0.74
$2,0%9 200 0.633 97,8 345000 17,80 45390 0,84
52,060 209 0,633 97.8 345000 17.80 48390 0.84
52.061 200 0,633 97.8 345000 21.60 47530 0.84
52.062 200 0.633 9.0 345000 21.60 7530 0.84
$2.083 200 0.633 97.8 345000 1.00 40040 0.85
52,066 200 0.633 97,8 345000 7.00 40627 0.87
$2.065 200 0,633 97.p 345000 7.09 40390 0.86
$2.066 200 0.63) 97.8 1720000 22.00 9A397 0.18
52,087 200 0.633 97.8 1720000 22.00 98397 0.18
$2.088 200 G.633 97,8 1720000 17.50 92250 0.21
$2.069 200 0.433 97. 8 1720000 17.50 91390 0.20
$2.070 200 0.633 97.8 1720000 11.70 82410 0.24
£2.071 200 0.633 97,0 1720000 11.70 82550 0.24
$2.072 239 0.633 97.¢ 1720000 6.60 76110 0.27
52.073 200 n.633 97,8 1720000 6.60 16020 0.2?
52.074 200 0.633 97,8 13R0000 6.90 71930 0.33
$2.075 200 0.633 97.¢ 1380000 6.90 71710 0433
$2.076 20D 0.633 97.8 1380000 10.70 75097 0430
52,677 200 0.632 97. ¢ 1380000 10.70 15097 0.30
$2.078 200 0.833 97,8 1310000 14.50 19410 0.28
52,078 200 0.633 97,8 1340000 14.50 79410 0.28
52.080 200 0.63) s7.8 1380000 22.50 90920 0.2%
s2.081 200 0,833 97,8 1380000 22.%0 90920 0.24
s2.082 200 0,633 97.8 1300000 18.60 84450 0.26
$2.083 200 0.633 91,8 1380C¢00 18.40 86130 0.28
52.084 200 0.633 97,8 1740000 25.60 88320 0.08
52.085 200 0.633 9.8 1740000 2%5.60 886130 0.08
52.086 20 0.633 97.8 1740000 2%.%0 89320 0.08
$2.087 200 0.63) 97.8 1740000 25,500 88440 0.08
$2.088 200 0.633 97.8 1740000 19,40 T66R0 0.10
52.089 200 0.633 97.8 175Q000 19.40 16020 0.10
$2.090 200 0.63) 97.¢ 1740000 13.80 65520 0.12
52.091 200 7.633 97.8 1740000 13.00 65010 0.13
£2.092 200 0.633 97.8 1740000 9,20 39280 0.16
$2.593 200 0.83) 97.8 1740000 9,20 59280 0.16
$2.094 200 3.63) 97.8 1740000 8.60 5830 0.16
52,095 200 0.633 97.8 1740000 a.60 58490 0.1s
$2.096 200 0.633 97.80 1603000 2%.130 79780 0413
52.097 200 0.633 97.8 1401000 2%.30 80070 0.1
$2.098 200 0.63) 97.8 1403000 20.5%0 12340 0.1%
52.099 200 0,633 97.¢8 1403000 20.40 12340 0.1%
$2.100 200 0.633 91.8 1403000 14.80 64790 0.10
s2.101 200 0.633 97.8 1403000 14.80 54790 0.18
$2.102 200 0.633 97. ¢ 1403000 14,80 64920 0.18
52,49 200 0613 97,8 1403000 8,90 58490 0.22

. 108 200 0.633 97.¢ 1503000 8.90 58490 0.22
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AUN

33.070
33.071
$3.072
33.073
53.074
$3,075
53,078
93.077

$3.078
$3.079
$3.080
53.001
$3.082
53.083
$3.084
53,085
53,086
53.087

53.088
53,089
53.0°0
53,091
53,092
$3.093
5$3.094
53.09%

33.098
$3.097
3,098
53.099
53.100
5$3.101

$3.102
$3.103
$3.106
$3.i08

$3.106
53.107
$3.108
53.1979
$3.:10
S3.111
53.112
$3.113
53.114
$3.115%
S3.1lle

54,00}
84,002
54.003
54,004
54,008
54,006
54.007
54.008

54.009
54.010
564,011
54,012
54,013
54,014
54,015
54,018
54.C17
54,018

54,019
54,020

54.021
§40022

BURNOUT DATA FDR FREON 21 IN UNIFORMLY HEATED ROUND TUBES

/40

APPENDIX 2,

INLETY INTERNAL
NUMBER PRESSURE DIAMETER
PeSeloh, INCHES
106 0.633
106 0.63)
106 0.633
106 0.633
108 0,633
108 0.63)
108 0.633
106 0.633
106 0.63)
106 0.833
108 0.8633
104 0.5633
108 0.633
108 0.6133
108 0.633
106 0.633
106 0.633
10¢ 0.63)
108 0.53)
106 0.633
106 0.63)
106 0.633
106 0.633
108 0.633
108 0.633
106 0.633
106 0.63)
106 0.633
106 0.633
106 0.633
106 0.63)
106 0.633
106 0.63)3
106 0.633
106 0.633
106 0.633
106 0.633
108 0.633
106 0.633
106 0.4633
108 0.633
106 0.613)
106 0.633
106 0.633
1Ge 0.433
106 0.633
106 0.4633
200 0.63)
200 0.463)
200 0.633
200 0.633
200 0.633
200 0.633
200 C.063)
200 0.633
200 0.633
200 0.63)
200 0.633
200 0.833
200 0.633
200 0.633
200 0.633
200 0.632
200 0.6133
200 0.43)
200 0.633
210 nN,63)
200 hh}
200
L2060

Y4, 23

HEATED

LENGTH VELOCITY SUHCUOLIyG HEAY FLUX
2

INCHES LB/MR.FT.

123.¢C
12%.¢
125.0
125.0
123.¢C
125.C
123.¢C
12%.¢

125.¢
12%.¢
12%.¢C
125.¢C
125.¢
12%.¢C
12%.¢C
125.¢C
12%.¢C
12%.¢

125.¢
12%.¢
125.¢
125.¢€
125.¢
125.¢
125.C
125.¢C

125.¢C
125.¢
125.¢C
125.¢C
125.¢C
125.C

12%.¢C
125.C
125.¢C
125.¢C

125.¢C
125.¢C
125.¢C
125.C
125.C
125.C
125.C
125.¢
125.C
125.C
125.¢

48.6
48.5
48,5
48.9
48,9
43.6
48.9
48.6

48.9
48.9
48.9
“8.6
«8.%
48.5
«8.9%
“«8.9
48.5
48.9

48, %
48.6
48.¢
48,5
“8.9

t CONTINUED )

MASS

351000
3s1000
351000
331000
351000
331000
331000
351000

1720000
1720000
1720000
1720000
1720000
1720000
1720000
1720000
1720000
1720000

1380000
1330000
1380000
13R0000
1380000
1380000
1380000
1380000

1740000
1740000
17640000
1740000
1740000
1740000

1740000
1740000
1740000
1740000

16403000
1403C00
1403000
1403000
1403000
103000
1403000
1403000
1603000
1403000
1403000

A70000
870000
870300
870000
870000
A70000
870000
870000

701000
701000
701000
701000
701000
701000
701000
701000
701000
701000

435000
435000
435000
435000
4315000

INLEY BURNOUT
BTU/LB. BTU/HRLFT
18.50 32110
18.30 32110
11.60 29360
11.60 29280
13.10 30030
13.10 30030
6440 21510
8,40 271510
22.00 87130
22.00 86538
22.00 85518
18.00 81040
18.00 81399
12,10 15053
12.10 14520
12,10 74520
6,50 61930
8,50 66080
22.30 81950
22.20 80886
17.60 76140
17.60 15658
12.10 70170
12.10 10170
6.60 64380
6.50 64450
27.80 70200
27.80 76200
27.80 78140
19.60 65700
19.60 65700
14,40 $2200
14.40 59219
7.90 54930
1.90 55345
1.90 55345
24,00 61226
24,00 87226
19.20 62195
19.20 62195
13.20 51847
13.20 51460
13.20 57460
7.30 52736
T.30 52736
v.00 <3785
7.00 53785
26,20 96700
l6..0 97310
19.40 87430
19.40 R7430
13.40 19030
13,40 79030
.40 10786
7.40 T0706
25.70 90090
25.79 90090
19,40 82860
19.40 82390
13.10 73290
13.10 75540
6.00 66470
.00 56470
6.90 68090
6.90 485170
25.90 77400
25,90 17250
20.%0 72560
20,50 12940
15.00 675660

(x114)

Exyy

QUALSTY

0.62
0.62
0.63
0.83
0.62
0.63
.64
0.64

0.21
0.21
0.21
0.22
Q.22
0,26
0.26
0.26
0.29
0029

0.28
0.20
0.30
0.30
0.32
0.32
0.3%
0.3%

0.09
0.09
0.09
0.12
2.12
0.11

O.14
0.20
0.20
0.20

0.16
0.16
0.18
.18
0.22
0.22
0.22
g.26
0.26
0.2%
0.2%

0.11
0.11
0.13
0.15
0.19
0.19
0.2}
0.23

0.18
D.18
0.22
0,22
0.26
0.27
0.31
0,31
0.30
0.31

0.38
0.38
0.41
Q.41
Q.44

4



RUN INLETY
NUPRER PRESSURE
PeSelah,

$4.02¢ 200
%54,029% 200
354,026 200
Se.027 200
54.0298 200
$4,029 200
54.030 200
4.0 200
$4.032 200
54,033 200
S4.036 200
$4,038 200
24.036 200
$4.037 200
S4.038 200
54.039 200
54,040 200
54.041 200
Se.062 200
56.043 200
54,044 200
54,068 200
54,048 200
S4.047 200
54,048 200
54,049 200
54,050 200
56.051 290
56,052 200
$54.053 200
54,054 200
5.055%5 220
54,056 200
54,057 200
54.058 200
54.0%9 200
€4.000 200
54,0818 200
56,002 200
$4.006) 200
54,064 200
“4,068% 200
S6,0L8 200
Se,.. 7 200
54.3¢8 200
54,069 200
$4,0170 200
54,371 200
54,0172 200
54,073 200
S6.074 200
56,075 200
54.076 200
54,077 200
$4,078 270
54,079 200
$4.080 200
54,081 200
6.082 290
54,303 2¢0
S4.08e 200
54,08% 200
S4.088 200
£4.087 200
54,088 200
$4.089 270
54,090 200
S4.091 200
44,092 200
34,093 200
$4,09¢ 272
SN, 2y 200

APPENDIX 2.

19/

({ CONTINUED

BURNOUT OATA FOR FREON 21 IN UNIFORMLY HEATED ROUND TUBES

INTERNAL
DIAMETER

INCHES

04633
0.483)
0.863)3

0.863)
0.833
04,833
0.433
0.63)
0.833
0.43)
0.833
0.4233
0.633

0.833
0.633
0.43)
0.863)
0.633
0.63)
0.633
0.63)
0.632
0.833
0.633
0.63)
0.633
0.633
0.632
0.633

0.633
0.633
0.0633

J.633
0.633
0.633
0.0633
0.632
0.633
0.633
0.633

0.633
0.5633
0.63)
0.63)
0.633
0.633
0.633
0.633

0.633
0.633
0.633
0.633
0.633
0.633
0.633
0.623
0.63)3
0.633
0.633

0.633
0.6133
0.633
0e61)
G.63)
C.833
0.633
0.633

0.632
0.633
040633
O.813

HEATED
LENGTH

INCHES

40,4
48.9
48,6

48.9
48,5
48.9
40.9
8.9
48.9
48.9
48,5
48.9
43.¢

49,6
«8,9
48,5
48.9
48.§
48,6
48.5
48,
43,6
48.5
48,6
A8, §
48,5
48,9
48.§
48.5

48,6
48.5
48.5

8.6
48.6
48.5
48.6
48.§
40,8
4845
48.5

48,5
48.6
48,9
«8.5
“B.9
498.5
48.9%
48.96

48.%
48,8
48.9
48.6
48.6
48.9
“8.9
48.5
48.6
48.5
49,5

48.9
48,5
48.5
%8.9
48.5
48,9
«8,9
48.9

48. 6
4049
.5

MASS IRLET BURNCUT
VELOCITY SUBCOOLING HEAT Fhux
2 2
LB/HR.FT. ATU/LA. BTIU/HR.FY
435000 15.00 88660
435000 1.80 63070
435000 7.80 63010
331000 2%5.40 71720
351000 2%5.40 nr20
351000 25.40 11850
351000 2%.40 71850
351000 20,00 87900
351000 20.00 67900
351000 13.90 64256
351000 13.90 84540
351000 6.60 59310
131000 6.60 59310
839000 23,60 103080
099000 23.60 102710
839000 18,60 96430
859000 18.60 9560
839000 12.20 87240
8%9000 12,20 B71240
8%9000 %.460 79835
859000 S.60 79535
859000 23,40 103470
859000 23,40 103670
8%9000 18.50 96430
959000 18.50 9430
859000 12.30 87970
859000 12.30 87910
859000 4420 80580
859000 8420 804640
890000 22.20 95640
690000 22429 95840
690000 22.20 95480
590000 22.20 9€480
690000 17.80 90916
690000 17.40 91547
690000 13.10 anv 3o
690000 13.10 8R010
690000 12.90 817297
690000 6.20 8anq0n
690000 8.20 LRI
430000 22,90 A6126
430000 22.90 AB12s
430000 18.00 84%78
430000 18.00 94576
430000 13.80 811340
430000 13.80 81500
430000 5.60 74240
430000 S. 50 14635
345000 224060 82420
34%000 22,40 82420
345000 18.20 M550
345000 18,20 80550
345000 12.20 75950
343000 12.20 16240
345000 6,00 70850
345000 6.00 71519
345000 6400 711130
345000 22.50 83310
343000 22.%0 #3310
1740000 22.10 12%360
1740000 22.10 125360
1740000 16430 111060
1740000 18,30 111060
1740000 13.60 95290
1740000 13,60 95290
1740000 8.10 1720%
1740000 8.10 11000
1403000 5.10 68870
1403000 5.10 68818
16063000 10.3%0 80486
1403000 10,50 79630
In0. 91 16.70 7254

(xiv)

EXIT
QuaLly

Q.44
0.49
0.49

0.50
0.350
0.50
0.%50
0.52
0.32
0.56
0.36
°.°°
0.60

0.18
0.18
0.21
0.21
0.29
0.23
0030
0.30
Q.18
o.‘o
0.21
0.21
0.25
025
0.30
0.30

0.27
0.27
0.27

0.27
0.30
0.30
0.39%
0435
0.34
0.40
0.40

0.5)
0.5)
0.5%6
Q.56
099
0.39
0.6)
0.63

Q.67
0.67
0.71
0.71
0.7
074
0.78
0.76
0.78
Q.69
0.59

0.00
0.00
0.02
0.02
0.04%
0.04
0.07
0.07

0.1)
0.1
0.10
0.09
1.0



/RUN INLETY
NUMBER PRESSUAE
P.Seled,
54,096 200
54,097 200
54,098 200
94,099 200
%54.100 200
54.101 200
54,102 200
54,103 200
$4,106 200
%4.10% 200
54,108 200
$4.107 200
54,108 200
94,109 200
$4,.110 200
S4.111 200
54,112 200
$4.113 200

192

APPENOIX 2.

{ CONTINUED )

BURNQUT DATA FOR FREQM 21 IN UNIFQRMLY HEATED 5PUNO TURES

INTERNAL
DIAMETER

INCHES

0.06132
0.63)
0.4633

0.48)3
0.633
0.833
Q.63
G.6323
0.63)
0.63)
Q.633
Qa633

0.3
Q.633
0.833
0.633
0.633
0.033

HEATED MASS INLEY AuaNCUT
LENGTH VELOCITY SURCCOLING HEAT FLUX
2
INCHES LR/HR.FY, B8TU/LB., BTU/HR.FT
48,9 1403000 16.70 96050
48,5 1403000 21.40 109796
A8, % 1403000 21.40 109796
48.5§ 1720000 4,90 92406
48.9 1720000 ©.90 91708
48,9 1720000 8.20 97620
48,5 1720400 8.20 37236
49.56 1720000 12.40 106310
48.9 1720000 12.20 103370
A8. % 1720000 12.20 103370
448.5 1720000 16.40 106640
48.9 1720000 16.80 104940
48.6 1380000 4.50 L7518
48.5 1380000 4.30 87514
8.5 1380000 .30 95030
48, 13080000 8.30 93030
48.9§ 1380000 11.90 99690
48,5 1380000 1540 106310

2

(=)

€xty
QuaLtTy

0.06
0.04
0.04

0.15
0.13
0.12
0.12
0.09
0.08
0.08
0.03
0.03

0.20
0.20
0.17
0.17
0.14
0.11
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POTASSIUM CHF DATA, HOFFMANN & KRAKOVIAK (1964)



Table 1. Swomry of Kesults on Potassium Boiling (Continued)

10-2 x licat Dalance
Inlet Inlet Pluld Kxit Fluld Exit poiler Beat Flux
Run lo. Mass Flov Tempernture Tewperature Quallity ar 0/A (fluid) Qiectrie QU copper
sertce AT (1b/br- 1?) °r) (‘'r) (vt % vapor) (pa1) (Btu/nr-£t%) Q) o, Q1usa

23 1.421 182464 13985 19.h 3.9 106, G0 1.120 0.6988

2u 1.126 1418.9 1392.0 24,3 3.6 107,740 1.000 0.7893

25 1.143 14486 1403.0 31.7 5.4 145,690 1.080 0.9790

26 1.226 1642.6 1401.6 37.2 4.8 146,200 1.086 1.0691

27 1.782 1461.1 1302.3 35.4 8.6 197,220 1.117 1.0638

28 1.578 1460, 7 1386.5 0.5 7.8 201,600 1.09 1.0482)

29 1.844 1466, 4 1386.7 36.8 8.9 2R, 5% 1.035 0.9834

30 2.115 1479.0 1357.3 322 9.6 290,020 1.097 1,004k

31 1,467 1472.1 1L02.0 L6.5 7.7 297,350 1.095 1.0201

32 1,147 1465.9 1L02.6 8.7 6.7 296,430 1.0953 1.0177

33 0.9367 160.0" 1402.0" 73.% 6.5 304, 90 1.0647

35 2.06 1667, 4 1415.7 17.1 3.7 174,000 1.000 0.92

36 2.05 1481.9 1401.9 3.2 8.3 343,200 1.06 0.99

37 1.54 1463.7 1393.5 Ls.5 6.9 349,500 1.0b 0.93

38 1.27 1450.6 1366.0 53.8 6.1 345,100 1.05 0.98

39 1.20 1624 1395.8 57.5 4.9 347,100 1.05 0.93

L0 2.08 14841 1405.3 34.2 8.7 346,900 1.06 0.99

Ll 1.81 1472.8 1394. 4 39.9 7.7 357,000 1.03 0.95

Serteg B**

6.2 0.37 1401.5 1404, 7 32,5 1.9 31,890 1.22 .9
6.3 0.37 1404, 3 1390.9 34.3 2.0 32,970 1.18 .3
6.4 0.21 1378.1 1354.6 60.8 1.8 33,060 1.18 .7
6.5 0.15 ., 1361.2 1363.6 81.3 1.6 32,370 1.21 .8
7.1 0.29 1373.0 1369.5 L8.9 2.2 37,630 1.18 .7
7.2 0.29 1365.5 1348.7 49.5 2.5 37,630 1.19 .0
7.3 0.20 1395.1 1365.3 51.2 2.3 37,970 1.18 A

¥iligh-flux botiler (0.325-in.-ID).
.Lutimated .
" Lov-flux boller (0.87-1n.-1ID).

00T
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APPENDIX B

Listing of Computer Programs used to Select Water CHF

Data from CHF Data Bank
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Computer Program used to Check Energy Balance.

The Program reads in the conditions at the inlet and exit of the tube.
Then, using a heat balance equation, the program calculates the quality at
the exit of the tube. If the difference between the calculated and exper-
imental quality 1s less than 27 then the point is selected; otherwise it

is discarded.
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LU L L L b el b DL L L L LR LR T L L LA L LR L B L LG DL L L LG L L L LB LL L L L L

PRQGRAP CHFREZAD Te/Ta OPT21,ROUNO= A/ S/ M/ D4=0S FTN S.10564 85=46-1C 1Geb7.10 PAGE
003 =LCONG/=QT ARG3~ZOMMON/=FIXED,CS2 USER/=FIXECs0B=~TY/=58/=SL/-ERI=I0/=PMD/=ST,PL35000
FINSLQ=A/N/RLS,

by PROGRAM CHFREAD( INSUT, QUTPUT., TAPERsQUTPUT. TAPES, TAPES,
2 . TAPEL )

3 c

o C3z3338=322 33C-E3FEIAICIBLCASXTISBIITISISSSSISISS
5 Cassszasz=z==z 23 =3I23I3I==T=I=25ITTIST233-cz233==328
[} c

7 c THIS PROGRAM WILL READ IN CRITICAL HEAT FLUX

3 c SXPERIMENTAL CATA WNICH WAS OBTAINED FROM VARIQUS

9 c REFEPRENCES OVER THE PAST SEVERAL YEARS,

10 c

: Cc

12 [ R R e T X P
13 [

14 c VARIABLES

15 [ CHF CRITICAL HEAT FLUX KH/nes2
i5 [+ OHIN INLET SUBCOOLING K1/ KG

17 [+ GHyY WETTED DTAMETER ]

13 [+ G MASS FLUX KG/n®22/S
19 [ HTL HEATED LENGTH L

2 [ IREFNQ PEFERENCE SQURCE -

2y c IUN PUN NUNBER .—e-

22 [+ p PPRESSUPE KPA

23 c X NUaL ITY LR T

e C

25 [+

26 ot L L L X R e Ll T R L L Ty
27 c

28 C INPUT STPUCTUPE OF OISC FILE ( TAPES )

23 [+

30 [+ REFERENCE CARQ = CONTAINS CHARACTER (ATA

B [ DATA CARD(S) = IFUNJOHY HTL P 1Go Xo ONINCHF
32 c -EOF MARKER=~

13 c REFEREME CARD

36 [ OATA CARD(S)

35 c ~EQF MARKE R=

36 c ETCeaence

37 [od NOTE® THO CNNSECUTIVE =-E0F MARKERS- INDICATE

38 [ ENC NF INFORMATION

33 c

“G C

[ 34 C T3s3SITATF23I3A3

w2 c

“3 INTEGER IPEFND(S)

(1Y COMMON/PROP/VF (VG VL s HFGe HF s HG s HL yUF yUG UL &

L¥] . AKF 4AKGoAKL CPF o CPGoCPLWSFe SOV 3L,

(1) . PHOF o RHOG yRHOL ¢ PRF 4 PRG4PRLPSAT TSAT .

o7 ’ VFG L UFG

L

«9 [ eccecesacomanaccaa

S0 c INITIALIZF COUNTER

51 C ctecccmavmcccen o

92

53 N =3

S IG50zZ=0
55 13A0=0



105
106
167
108

PRCGR AM

CHFPZAD Tw/76 OPT=1,ROUND= A/ S/ M/ D.-DS FTN S,1+6564

D00

22

OO0

34

290

30

ic

290

OO0

200
210
228
230

211

REZEAD IN CHF DATA FOQ04 DISC

CONT ITNUE

CHECK F P -EOF MARKER- FLAG wHICH IS SET 8Y FINS

EEL R R LD T L Y Y R L T Y T T I Iy

L2 ZOF(S)

READ (S, END=9000 ( IREFNQG(I) . 1=143 )
WRITE(2,200)

WRITE(24210) t IREFHO(IN.I=148 )
WRITE (24220)

CONTINUE
READ(S,END=21)  IRUN,OHYHTL P iGyXe DHINJCHF
N=NeL
IF{N,GY, 100820 GO TN 900
AF={2,16t6/k.) *OHYSe 2,
AM3 3,1 41 6%HTLOCHY
CALL PPOPER( P, 1,9 )
XBALZ ((CHFOAN) / (GRAF )=0MIN)I/HFG
IF{XBAL.LE+140) G TO 20
I18A0aTBADY
GO TO gn
IFCIXBALGT oX=0,02) JAND {XBALGLT X2 0,02} GO TO 30
I1340=18BAD*Y
GO TO gr
IGI00=I6G000D*)
WRITEC 6 ) IRUNGOMY HTL P oGoXxe OMINLJCHF
MPYITE(2¢233) IRUNOHY JHTL 4F 26y X0 OHINLCHF
CONTINUF
GO TO 31
ZONTINUE N

MRITE(2,211) N,IGNODI340

crascscwemne w ow ww

FOIMAT STATEMENTS

e T T e
FORMAT(1H1,.77)
FORMAT(8AL0)

FORMAT (/o¢3XePIRUN® ¢7Xs *OHY # o 7X s *HTL 9.bXs?P P3N 00,90, K0,

. TX\ SOHIN #oTX o eCHF #4 /)
FORMAT(IXNGA?¢2X s EQad et XeF5.303XsFbe0 RIS AT LD
. FOe O slo Xy F7,1)
FORMAT{11Xe2 NUMBER OF RECORO PEAD 3 £ell11.//411X,
® £ NUMBER OF GOOD RECORD = #4I1108.//7410X,
b ] NUMBER OF 8AN RECORD = 2,1:10)
Fifeld
IND

85-06-1C

10 67,14

PAGE

2
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Computer Program used to Selected Water CHF Data from CHF Data Bank

Intervals of pressure, mass flux and quality are read in. The points
satisfying the heat balance from the previous program are also read in.
Only one point belonging to the same interval of pressure, mass flux and

quality is selected.
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ALLLELLL L LI LR LA DAL T L L N RS T I DL LI UL R L L L L AL LI LA 2 4 d 2 A1 S A M S A LLEL LY

PRNAGRAM FRIG Tws?l QPT=2 ROLN(C=e=*/ FFONWP FTN 4,8¢498
1 PEOGRAN FRCG(INFUT,OUTPLY,TAPEG,TAPE220LTFUT,TAPES=INFUT
he s TAPE10)

COMMON/ZNANME2, NINTL NINT2,NINT3,RVAL(3y11)
RCACIS 4%) NIATL O NINT2,NINTS
5 0C 13 I=1,3
CC 22 J71,11
RVAL Ty o) =0,

2 CCNTINJE
11 CCNT INUE
19 NINT1=NINTL1e1

NFAT2=N INT201

NENT I=NINTI+

RZAC (5 +%) (RVAL(1,J),4,J=1,NPNTY)

RTANDIS, *) (RVALIZ,J) ,J=1,KPNT2)
15 REATU(S,®) (RVALI2eJ) o J=1,APNTY)

CaLL ¥

STneP

Ck"

85-065-29

08.59.37

PAGE



SUBRLUTING EQRSTR

15

20

25

10
20

39
LY]

5Q
60

311

73

2071

Tu/74  CPT=2 QOLNDze=%/ PHOMP FIN 4.8+498

SUAROQUT INE ERRSTR
CCMMCN /NAMEL1/ ARMS(10,10¢10) AVGERR(10,19,10),NOATA(293,18,10)
CCHMMCN /NAMEZ2/ NINTLWAIAT2Z,NINTI,RVAL(3411)

CCVMMONZNAPEI/ NRUN,DHY HLyRP G o XEZOHINyCHF o INRITE

0C 19 21 ,NINTY

IF( RGP JLE. RVAL(1,I¢1) ) GO YO 20
CCNTINUE

CCNTINVE

0C 30 J=31,NIMNT2

IF( G +LE. RVALI2,J¢L) ) GO TO 40
CCNTINUE

CCNTINUE

0C 50 K=1,4AINT]

TF(U XE JLE. RVAL(3,%x¢4) ) GO TO €0
CCANTINJE

CCNT INUE

NCATA(L yJoX)=NDATA(I4JyK) 4L
IFC NOATA(I JWX)} GT, 1 ) GO YO 70

WNRTTE(10 ,®) RP,OHY4HL 4G 4OHIN,CHF
WRITE (24 302) RP,LHY (HL 4Gy CHIN 4 CHF

FCRMAT (L4XgF 1003 42X sFi04642Xe F1Mualg2X4F1042+5X4F10.2,

TEXLFLPR,2,47)

INGITE= IWGITE o1
CCNTINUE

RETUSN

ENC

85-05-29

008.59.37

PAGE

1
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SUBROUTINE ©ESC Tl OPT=2 QOUNC=e¢=*s PPFONF FIN 4,8¢495 85-05-29 08.59.37

{*

~
Py

SUBPCUTI I Eoserq

SUSRQOUT INE REDN

CCMMCN /NBPE S, ARMS(10,20¢4C) yAVGERR(17,10411) NDATA(13,13410)
CCMMON /NAPE2/ NINTL ANINT2,NINT 3 RVAL(I,11)

CCMMCN/ NAPET, NRUNGIHY 2 4RP G ¢ XEWOHINCHF o IWRITE

DC Y1 I1=1,10
0C 21 Ic=1,10
nC "4 TI3=1,10
N"S(Il |IZ|!]’ =3,
AVGESR( 11,123,120
NCATAIT 1,12, 12)=2
01 CINTINUE
ICCUNT=J
TWLTE=O
NZ=?
ANW=0
NLM9=2)
N2Z=34
WIITE(2,6174)
A0 FCRYATL /7,80, 3 PRESSURKE DIAMETER LENGTH M8SS FLUX
tINLET SUECCCLING CHF 2,/)
WEITE(2,615)
625 FOQYaT(EX .2 KP 8 M M KG/M2/S
1 KJ/XG KW/M2  2447)
1? COrTINUE
REED(H) NRUMNJCHY 4Z4RP 464 %X2y0H IN,CHF

N7=NZ+ 3
1)1 FCAMATI 1481 42Xy 030X gF5eT03X FBy Qg IXNWFT742s3IXFELI EXy
. FEeD42XyF741)
IFLECFLEY) 32,419
u? CONTIMNUE

TF{N2.CTed) 3G TO €4
NUMB =ABS(XE®14L) #NT72
NLND =Y
Sh CONT INLE
IF(NLMENELNZY GO TO 17
NWW= tWmaN?
NZ2=)
CeLL ERASTR
ICOUNT= ICCUNT#
6L TC 10
33 CCNT INLE
N22Z=N22+1
IFIN22,6T417) GO 10 23
PEWINT E
WEITE(2,7Y) N22Z
73 FORMAT (SEX .3 NP OF > TBPE 6 RERINC 1,100
GC TC an
2 CCNTINUE
WSITE(2,67)Y N7ZyNwhw
7 FIRMIT(S5X,2 NE OF » CHFDTQK READ =7,110,
i 5X 42 TOTAL MR OF OT READ =2,110)
PRITEL2,583) 1CCUNT,IWRLITE
53 FZErPATIS 3, 2ANLPPER CF RECORL READ £,I10,
. EX,2NLFPER OF RECORD WRITTEN 2,110)
QT ILRN

/74 =
CPT~2 90(\‘0:._./ PrOHP
FIN 4.8+49s

AC A~ al

PAGE

i
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APPENDIX C

Experimental Water CHF Data Selected from CHF Data Bank for:
- Weisman & Pei's model
- Katto's Correlation

-~ The Non-Dimensional Table
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WATER CHF DATA SELECTED FOR WEISMAN'S MODEL
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PRESSURE NTAMET ER LENGTH HASS FLUX INLET SUBCCOLING CHF
KOA M M KG/M2/S KJ/KG KW/ 2
3029.2930 « 10009 1.0n000 799. 140 905.00 2753.00
30413.000 010013 1.0000 1132.00 £€81.00 3648.00
53619.20C « 0104900 1.007¢ 231,00 898.3¢C 4532.00
7333.999 71000 1.70080 2777.00 882.01 5479.00
11303.000 «N100012 1.00N9 378,10 974.013 1439.00
13300, 079 «"170M) 1.00M3 94 3. 90 863.C3 2787.00
13303.9330 «0108032 1.037) 1519. 00 905.079 3862.020
130019. 1309 «0100ND 1.0000 13952490 862401 4170603
13003, 000 « 710002 1.90090 2541, 00 822,00 4712.00
14003.000 «010000 1.0070 9404190 720.00 1376.00
1403%.00¢C «01330) 1.1010 14784 56 736629 26uE.Q2
143308, 33¢C «010000 1.00390 25614 10 695.00 3801.900
14C33. 710 -110830 1.,00N0 766, 00 776.00 1833438
143610, 070 «02127) 1.00n0 412,30 920.60 1440.040
2930140090 «010300 1.00¢C0 394, 90 1390.0¢ 1181.00
23JG03%. 300 «N1030] 1.0610 375400 1392403 13n8.00
230013.7200 +019003 1.0000 299, 00 1384.00 1440.00
21C08.7090 «010003 1.0090 403.90 14064.09 1357.00
745984003 007003 « 9870 3343, 08 J14e3 3137.03
5332, 1900 « 397000 «9810 301784 90 197.03 3133.00

3333.900 107008 «GR NN 2985, 30 2294019 2511433

3829. 210 « 1072309 9890 2914.170 64.00 21383.040

13234, 900 «007000 5600 3518.00 98.04 2456.00
2168.13700 «N0 7302 « 5600 2886410 82.00 5148.00
218,310 «007008 «5600 2836, 30 146.00 5279.00
5895.000 «012809 1.,93130 2712. 430 332.00 2401.00

13343.907 112830 1.G8300 3143, 38 163.04 3527.00
5172,1030 « 212813 1.8300 9478.00 81.0) 2940.00

5172,910 «» 312393 1,Q30Q0 5547.080 346406 3413.09

5895.200 « 106223 9110 7472,00 113.00 3776.080
5835.000 + 9062293 «3100 13385.100 129.0¢ 4322.90

11343002 1306223 «3100 75664 00 271.010 LuLG7.010



19646, 7100
13446,200
134466 000
5998, 000
103. 214
133,200
103.730¢0
133,200
103,700
2137.0410
2137, 230
213™. 000
JubBe N
3561. 300
6895.100
n§355,. 209

583%. 008

12343,0480
23343.220
13343. 079
133643,302
133436072
13794.0390
137391.1310
137310, 203
1373%. 163
1373%.090
13793, 1080

13794.900

«N1129)
«0112035
0111297
« 011292
«101023
.00102]
.001028
«A1102)
«001020
.001140
JOnL140
«0N31163
e V1574L]
«N0E&74L0
«+ 113630
103631
«003630
«01033)
010302
.012803
« 0213602
« 010300
.V11301
-n103%]
.010309
«N10307)
« 7013819
+003630
« 1036133
«103630
«103630
«N003631

«NO4LS570

3.F600
2+5600
3.66M0
1.7900
«QLCO
« 0L 00
«0L00
« JuN0
« 0400
«1190
«1100
«1100
«6200
6200
.08NnQ
Re0nn
« 0810
« 7600
<7610
1.9300
« 6100
« 7600
« 7600
«7600
« 7601
« 7690
« 1510
«0899
«NBNAC
« 08090
«0800
.0800

» 3000

217

78244 Q0
9345, 00
7824, 00
9424, 00
698,00
310. 90
1776.90
2789, C0
564 1. 00
65094 00
8543.00
13696, 10
5248400
104461, 00
1315. 00
2388490
6156.00
5€95.10
3377. 10
13696.00
1912. 40
33464 00
5545, 00
53912, 00
9275. 00
9628. 10
3€34,00
2172.00
27124 00
5739%. 00
76344 00
101463, 90

2522.90

155.060
144,00

97.0¢

10.060
319.03
319.010
319.01
319.03
319.00
500073
283.00
463.30
803.02
199.00
576.00
56%.33
356.00
294407
176.00
282.03
439,34
567.00
337.L°0
454,00
337.00
454400
387.0C
437,00
479.00

58.00
409404
601.00

47.00

2432.00
2776.00
2524.00
2839.00
4480.040
«8627.00
5899.00
75G8.G0
14700.00
7319.90
5836400
14574.00
8581.00
5268400
7981.00
10631.00
13281.00
4874400
4637.00
6025.010
4827.00
5732.00
5063430
€451.30
7224.00
8912.010
L4 16.00
7003.00
65393.04
5016.00
12681.073
12713.00

2082.00



137397.000
13798.000
137349.000
15514, ¢0¢0
15514, 000
15514, 000
17238.000
3064Q.000
12073%.00N
14903, 000
16903.900
156368, 500
15006.000
3231%.212
1630%.900
133G60.9090
18338, %00
2330C01%. 1798
5903.90n¢
7333.0190
14008.0200
160006200
272.000
265.018
37442332
41%. 000

4384099

« 004753
+ 004752
« 105743
+ 191311
« 001910
«09191)
+001913
.0033%8)
«N1090)]
«110009
«010002
«N175 1)
«010003
«310003
.010003
+N10007
«N111001
« 110003
«N100072
«010009
«01000)
« 131030
« 006600
706603
« 116501
306103

«013203

213

e 3207
¢ 3270
«5200

« 1519

2.0000
Z.0Nn"0
3.0000
3.0009
3,904
2. 0090
Le96H0
4,9660
L9669
449660
0. 23120
f0.00"0
C.0n0")
c.00n0

Ze0007

5790. 40
10523, 90
10563, 90

2875, 00

2929.190

3324400

2183. 00

1234.00

1349, 90
5738, 00

2732.90

3566.00

5720.00

6357. 20

6198, 00

68L3,100

5845, 06

6102, 00

553%.30

5336.00

2571,00

6174, 0C

5669, 30

5455.90
11734. 80
102641, 30

304480

204,07
822400
3463.00
600.00
459,00
812405
824,00
890.00
894.0U
75.00
89402
96.00
93.4¢0
36644 .
€02.00
610.0°2
176.00
656403
457.0¢
101.0¢
123.08
132.93
242.00
311.09
226.00
231,900

233.00

4196.0°0
12902.00
71824433
5394,0¢0
L164L.00
6562.00
4763.00
6842.00
3430.00
1949.00
1123.00
1397.030
2018.400
3785.073
3261.00
3463.30
1933.08
2916.00
2438402
1663.00
565.00
1370.080
€524.00
58N0.00
10015.00
G316.03

2632.038
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WATER CHF DATA SELECTED FOR KATTO'S CORRELATION



PRESSURE

KPA

34C3. 202
330%.000
2332.7201
3963.9n9
1G6003.900
117040, 208
13703, 000
130013.209
14363, 22°
1+30%.000
163524202
1303, 700
16333.7309
143¢7. 900
14033613, 300
143583430
14303,090
14303.202
2334970
236013, 109
€3363.1300
68394,N000

7134.707)

6932.900

7042,300

5332, 7019
19332.208
1323h,000

583%.23¢C

DIAMETER

M

«117¢03
«010000
«2102N)
«010007
«0100M)
111913
«010010
«11009)
«713603
+0100080
«1100M)
« 117000
«010403
«N100:)
«N103n3
«1100N07
«010003

«0100312

«010010
« 013300
«317309
«307009
«707006)
« 007017
« 97009
« 127000
.10370n0
s 1NT70N)
.037009

« 107000

LENGTH

M

1.0000
1.0000
1e000C
1.0009
1.09n00
1.9000
1109190
LeC0MD
1.0000
1.0090
i.CCCO
1.9000
1.0009
1.9100
1.0000

2.0000C

1.198170
1.0000
«8800
.9200
«9870
9800
« 98 N0
« Q800
+98N00
«9800
+ 3890

«56N0

215

MASS FLUX

KG/M2/S

799. 00
13131.90
2311. 70
1720.00

318,30

522,98

343,00

€77.00

580,00
1822.00
1513, 9%
2988, 00

766, 00

624,00

«12.00
1193, 18

336,00

293, 00
2481.00
24594 00
37434 80
3708400
30173.10
2983.00
3578.00
2295400
23129, 00

2233.00

INLET SUBCOOLING

KJ/KG

905.00
881.00
894.00
911.00
974,04
1078.04
863.02
894401
720400
735.00
725.00
688,00
776400
860.00
920.00
1085403
1102.,00
1151.09
1390.03
1392.09
1384404
177.00
16,00
314.0.
197.01
159.00
92.0u
208,03
903
564,00

-239.0¢

CHF

KW/ M2

2753.00
3648.00
45392.00
430u.00
199,012
2211.00
2787.00
23524413
1976.00
2073.03
2682.00
3249.00
1833.30
1702.00
1443.00
1673.00
1465.00
13G2.012
1191.00
1308.023
1140400
2870.00
2627 .00
3137.30
3133.00
2977.00
2251.00
J146.00
1837.04
1281.00

2548 .00

—




10234, 0019
13234.9300
21684300
2168.300
13254500
2533.300
7062.3090
6372, 713
5372, 019
5372.000
5336,0N0
7028.000
733744003
%377 200
7749,00¢
5835.12M9

£635.100

(o3}

£554007°
3274,37)
5535.009
5835. 979
17363, 3080
13363, 0200
13343.000
13343.200
5172090
5171. 300
5171.2n8
517i.1200
5172.0090
6395. 002
6535.100

10343.000

« 207003
-1078n)
.007000
«007001
«007C0)
«007009
2005980
-N15387
« 915983
+J15843
« 009480
«005942
« 1175981
« 115980
«"153983
+N12309
«0128n9
«112803
«N128%)]
+01280¢
«N1289)
« 012803
«012803
«312803
+N1280)
«01280)
«1128012
«0128013
-11280n)
+012803
+01280)
«10F220

+01622)

«5610
«56n0
«5600
<5600
« 5600
«£6130
4.,8010
L.80N00
4L.80r0
4.80C0C
4.80100
L.8000
44,8070
4,005¢0

3.2030

1.9310
1.9300
1,9309
1.9300
1.39379
1.9399
1.93n0
1.93190
1.9310
1.9309
« 9100

«31150

216

3518. 00
3519. 10
2836, 00
2886, 00
2886, 90
32744 00
1113.00
1124.90
1124.90
21344 80
22n2.840
2190.90
2979, 10
3006, 0C
2194480
1933, 00
1353. 130
27.2.00
18958, 00
11325.00
14784120
1370.00
5316. 30
9343,08
1966, 40
1371. 170
5492, 00
5424400
3810.00
9478. 10
1790. %3
13185, 00

51819, 00

98.00
87402
82.00
146.00
167.,0¢
136,00
=1057.07
-873.010
~488.,00
21211465
=1055.00
72.00
=1004.00
-986.00
=11664013
288.00C
389.090
392.0°
93.060
335.013
932.00
185.04
167403
163.00
465.00
63.0°C
85.03
20740u
305.00
81.00
2060.0.
129.00

226.09

2456.00
2637.00
S148.00
5279.310
5356.080
5177.00

125.60

175.30

271.10

109.20

141,00

Sbk,30

166.70

205.50

150.60
2243.00
2426.03
2u4b1.C
1631.00
2174400
2937.00
16404.00
2208409
3527.00
2006.080
1375.00
2741.00
2845.60
2953.00
2940.400
3451.,030
4322.00

J145.00



5395, )0
5835, 700
1i+4656. 100
13445.200
10446.000
5398, 700
13790. 200
826%.203
5835, 200
827L,.300
63354298
103,00
133.209
133. 291

L03. 200

533.0239
2037.203

2137270

«01287)
2012890
«0111203
311201
.0112013
«011202
«71040)
«11060)
0110613
+010609
«01360)
«0N132)
« 111329
-111023
«N31020
» 0021023
«001023
«001020
«N0132)
« 1310293
+101023
« Y1743
«0012050
«02230)
- 10465710
«13114)
«N01181
« 1011490
e 001141
«30114]
« 171241

3353

T rAE A

+91°0
.9109
3.66C0
3.66120
3.6600
1.7970
1. 7590
. 7600
e 7600
« 3200
+3800
<0600
.0LNQ
LAY

«0L90

«1110
« 11170
«1200
«1100

«11730

211

3764 00
976, 00
7824400
7324.00
6522.,00
3424. 10
1763, 00
1451.00
1478.00
732,00
719.90
699, 00
919,00
1379, 90
1776, 00
2740490
3756410
séni.00
399, &0
835, 00
1799. 00
1330.00
%3, 00
30.00
1300
3715.00
4322, 90
5180.30
6129.,00
7933. 00
13696.00
57,08

4t
142,200

96.00
303.01)
155407

97.00

33.00

10.0°%

42,00
667.05
715.00
6391.01
S12.03
319.00
319.00
319.04
319.0U
319.012
319.01
319.03
319405
319,00
319.0¢C
319.00
323.00
354.U04
343,00

37.0u
405.00
171.0u

705
262400
463.00
778430

763.3°

2549.00
28580.190
24692.00
2524.00
2019.00
2835.00
823.00
3943400
4385.00
5552.30
5552.00
4480.00
4827.00
5457.00
58389.00
7508400
3716.00
14709.,00
2981.00
4133.00
5652.080
€940.00
473.00
782.03
148.00
6088.00
4858.00
7319.00
2432400
4448,00
14574.30
233.02

1840.040



JL4A,. 200
Juu8. 0
J448.300
3634e 000
3689.000
3758.90¢0
38396, 200
38396, 003
Ja27.900
3396.0203
375842300

333%. 309

7G33.500
727442012
58385, 010
5835, 000
5835, 970
h835.000
2835.20¢C
13343.,200
13343.300

11101, 000

«003050
«10236]
«003632
«04580
«004587
+ 014539
« 116593
« 905590
«305593)
« 035593
-10559)]
«N108Q]
«110832
«01038n)
»13559)]
+ 004573
« 304583
»J045A)]
« 14583
. 116599
« 2705530
+ 1055935
+00559)]
009353
«0108N1]
312493
012407
« 123617
+023600
»123601
+ 304588
¢ 104L5A]

«ANQ335)

« 15190
«1500
0810
2300
« 2300
-« 2310
2219
2200
« 06300
8610
1.7340
4309
«1300
«+8610
<4300
« 26400
« 2300
« 2300
« 2400
« 2210
« 4300
«8600
1.3600
1.3600
8690
«6100
« 6100
«610¢
«61C0
«6100
«2400
«2L00
15210

219

A% 00
148,00
1492, 90
1275. 00
1383, 00
2166, 00
1817. 00
18398.00
1933.90
2361,00
1817.10
S6 3. 00
1885. 00
814,00
1844, 00
97.90
1166400
1392, 30
39.100
1776. 30
13:7.00
943, 00
963,00
4963.10
881, 90
692, 00
746400
€66, 00
328,00
949. 80
40,90
41.00
1317.9C

118,07
J18.00
467.00
29.03
457.090
421.03
35.00
T4.03
51.0¢
184.038
22.01
19,060
37.00
37.04
30.00
898.00
18,013
356400
1084.04
55.00
38.00
356400
23400
374,00
32,00
272.01
68940 s
490.00
185.00
401,00
1029.00
844,00

167.00

470400
1397.00
8360.00
5741.08
6909.08
6013.00
7335.00
7151.00
4934410
3259.00
1286400
47938.00
€134.08
3251.00
4261.00

857.00
4G63.00
4763.00

470.00
4646.00
2325490
2509.30
1381400
3283.00
23392.00
3533.00
4259.C0
4133.00
3502.00
4006.00

423.00

379.00

1117.00



13733. 000
13733.300
1373%.000
15514.000
15514210
17238, 30¢C
18272.1300
1913, 0090
1675,300
1386425
1636,309
1579, 2%}
1145, 100
1156, 000

3559.7010

1532.200
557,200
658, 9100
013,109

L083,3090

1355,126¢6
5754 2°¢C

14582, 209

1119,209

1048, 009

1365, 000

118,700
933,390
507.0200
536, 200

1689.2080

1855, 9490

« 103630
«10475)
«A04LT8]
«201919
«011912
«131310
-19309)
« 133940
« 003347
NUEURE T ]
« 303847
1933419
o 173949
« 093903
. J0334)
¢ 103943
« 303941
« 1713943
+ 3033943
« 113343
+ 033343
«91033470
e 1J1334)
«13384)
+« 103943
e 07773
0N7779
077719
«0307770
«007770
«0777)
« 007773

«003363

. 0800

3210

« 3200

« 1500

« 1510

« 1504

« 1500
1,000
1.06400
le0400
1.0L99
1.0600
1.9170
2.0800
2+ 7807
2.0810
2.0800
2.08119
2.0800
2.0800
341200
3.1200
J.1200
2.1200
J.1210
1.0611
2.98190
2.081Q0
2.9810
2.08190
2.0819
312990

1.0000

219

1014 3. 00
521.00
135,00

2734, 00

3324, 90
139338, 00
793,00
1041, 00
1361.00
1128.C80
387, 00
495,00
913.1%0
1323.00
922,90
713,00
736,00
942, 30
1391, 00
1562400
1182.00
314. 30
1231. 00
525. 10
553,00
256400
A77.30
36594 00
744, 00
338,00
1179. 90
1337, 00

7154 30

401.00
393.0¢
130.00
500.04
812449
511.00
373.03
625.00
595.01
554.019
613.00
625.04
Skt .00
531.00
T84WOL
632.00
588.00
461.0v
424,00
786407
496.00
650.00
473.02
5839.00
528.00
430,00
318.00
282.0¢
238400
181.00
162.0)
234.04

541,03

12713.00
852400
1808.00
3060.00
6€562.00
2833.00
1117403
1789.60
1798.00
1878.090
1779.00
1571.08
1564.00
1032.00
997.080
776400
773.80
782.00
782.00
1432.00
656400
653.00
662.00
“20.00
4234010
991.09
1199.08
1205.6G8
986,00
965.00
968.03
8561.00

29%4.N13



1634.900
1937-.700
1675.200
1958, 000
1663.12300
1986, 00
262™. 900
1Bul, 202
1538.,21¢
18513.2370
171%. 300
Jges. 130
1513. 210
2339.000
1344,000
175,029
1177, 090
971.70¢
3063, 001
303,379
32404222

2359,3931%

1167.202
7344, 3319
7312.200
53021.309

1600C. 230

+1093A)
« 019960
«00 38961
« N0S96)
« 009352
« 1099613
.00998)
« 10934819
«0093A)
«00938R’)
«N0Q38)
« 109383
«NNgg8}
«1239383
010023
«019000
« 1339430
« 7393863
«11938)
-100994¢0
«1N233)
« 3083483
. 119398 )
«11211)
« 512319
110003
«N10002
«02010)
« 116371
« 1094982
« 309583
« 103933

»02100NQ0

1.0000
1.0000
il.00080
1. 0000
1.00¢C0
1.906n0

«H000
6000
«6010
«6N00
«61170
6000
«6000
22500
2.501)
3.1230
«96170
«40N0
~u4000
e 420
+ 4000
« 4090
2.0001
«6000
240070
2.0000
244300
1.0008
1. 0090
2.50100
1.5000

1.0000

220

717.00
1540.00
1573. 90
1418, 00
1479.00
1321.00

6L 4. 00

8634 00

346, 00
1365.00

755, 04

971.00
1325400
1263, 10
1599, 00
1584, 90
11394, 00

426,00

316,00

733.39
1565400

€43, 00

316,00

743, 00

530400
1617400
2375.00
1724.00
1531. 30

234, 00

7399, 00
1677.00

272. 00

326600
386401
346400
444 .00
623.00
538,00
486.00
355.04
5€9.0¢
587.00
422431
553.04
307.03
283403
-50.00
164040
666.0)
631.00
890.02
802400
802.G0
1171.390
679.00
60006
553,00
328.00
54640
821.00
79640 "
840.00

1183.00

2962.00
3943.00
3962.00
3953.00
39175.00
3511.00
4287.00
4505.00
L£524.00
4521.0C
4293.040
4934.00
4508.00
5155.00
2016.,00
1760.30

661.00
194864180
5036.00
5713.00
7477.60
£147.00
5791.00Q
2023.00
4055.30
2519.01
2944,00
2786.00
3249.040
1280.00
1430.00
1958.00

1261.40



16007, 298
16007, 000
15008.000
8337, "0
150G3, 390
15038, 908
1633%.100
3267.000
15139, 201
16301, 900
150073, 900
16034, 300
16C03. 593
16839,200
16306.000
13399, 000
3941, 320
3007, 000
15009, 210
15303.3090
13003, 200
23399, 200
23308, 000
23333290
7953, 300
13305.607

L3230.500

12302, 000
130G6%. 2400
374, 003
231,003
4GR.INQ

158%, 39¢C

«010000
.010009
«110049
« 111003
« 2100090
110003
«010003
«01000)
110319
« 010003
« 110003
«010303
.7100093
«N1NG0A
. 010003
« 113093
110303
«10300
«01030)
0130832
«01D0003
«N1700M)
« 0310003
«0190n3
310000
« 710301
« 710091
«11000)
«7100172
« 106183
«N11602
-11320)

»JALLDD

1.0000
1.0099
2. N0
2.00°0
240000
2.0000
2.0000
2+ G070
2.0010
2.09090
20000
2.0000
2e0070
240120
290017
2.00n0

I.00017
3.0000
3.0000
Z.0079
3.0000
3.0000

4.96H9

449660
4.96610
29070
C.0030
ceGRCN

2.0000

309. 00
773. 00
1368. 10
5025, 18
156,00
1314 20
812,100
5425, 90
1168. 986
1721, 00
2275.00
2263, 00
3179, 09
3566. 30
572%. 20
777.00
1572.08
5459.00
15644 30
5325.00
5345, 00
1329, 90
1521, 100
20974063
$493. 00
75684 00
Su744 CO
31764 00
3232.90
12649, 20
9996. 30
3%4. 80

33. 60

120149
1155.040
1112.0¢
354,03
1126.0735
1072.04
769.00
6401
38.04
38.00
39.0:
108.090
77.00
96.00
93.80
145.00
77.04
96.03
60643
599.00
176.0u
185.00
209.00
281433
100.00
502.0u
112,923
115.00
176400
147.00
109.00
46409

381.00

1264.00
2479.00
2902.00
2753.030
383.00
1595.08
1020.00
1238.00
629.0¢
7556.00
878.040
930.00
1247.60
1337.90
2018.00
466000
1256.00
2571.00
1047430
2931.00
1303.00
382.040
579.00
796.40
1567.00

<300.00

197

139c+93

755.00

813430

7L22.00

7424.00

1556433

79%0.08



022

374,002 ¢ 11610} L.0000 12649, 20 147.00 7622.00
291.700 +011600 0.0000 9376. 30 100.09 7434.00
buBe2an 0113203 2.00C0 304,80 46433 15564069
4.8.293 713230 9.0000 1219. 20 116.010 3245.00
1665.1200 « 384407 S.0010 39. 60 Jé1.43u 4790.u0
1339. 2072 « 3112613 Ta000g 3139.10 220.0% 13745.010
340,300 39240 Je 2095 104,80 72.00 5618.00
103.20) « 034990 « 3960 1644450 3174354 5236403

109,200 « 1348197 U781 2392, 00 319.00 EL34.00



223

WATER CHF DATA SELECTED FOR THE NON-DIMENSIONAL CHF TABLE



PRESSURE

KPa

830%. 200
8331.000
83G%.23n¢0
40013.900
3000.200
73C0. 203
13967, 000
13301.409
13509, 200
10300%.°00
130500200
14430.0038
143317. 902
14G07. 222
143013, 0930
140272, 2070
14363.903
14067.000

16300,200

23333.000
233987272
22306%.300
2336%.22°0
5589,1200
7194,000
7438, 800
6392, 000
7601, 000
13031.900
3829,300

132344300

DTAMETER

[a]

¢ 117092
«910093
e N1N0NJ
«110002
.010003
110000
«010003
-11Nn007
«010007
« 110000
«01060)
«010010
«010093
«717319
«710090
2+ 111G03
«010000
.N110002
«717309
«113010
«"10319)
sN1AGAQ
.0100n0
« 010003
«0177002
+ 117000
« 137000
« 1070172
«NN7001]
«007002
» 207092

«NN73802

LENGTH

M

1.0040
1.0030
L.0000
1.1090
1.0070
1.0000
1.1070
1.000C

1.0000

1.7000
1.00790
1.007¢0
l1.0070
1.0000
i1.0000
1.9309
2. 00N0C
1.0070
1.9000
1.0000
t.0000
«98170
«9809
«9841
« 9810
-38¢N
-9809
<3800

«9800

214

MASS FLUX

KG/M2/S

799, 00
12131.00
1376.00
2911, 00
1729.00
2777, 04

308,00

522410

543,00
1952. 00

282490

381,00
1322.00
1478, 00
1513. 30
23788, 90

7664 20

624,00

412. 10
1516, 00

3044 CO

283,00

375.30

4G 3. 00
2431, 00
2463, 00
334 3. 00
3008. 30
29834440
2295, 00
Ju4b1.00

2319, 10

INLET SUBGOOLING

KJ/ KG

905.00
881.0¢0
934.08
898.00
911.03
882.0.
974 .03
1078.060
863.06
862.019
908.0°¢
720.00
735.00
736.00
725.030
688.0%
776400
£60.00
92N.04
1077.00
1390.07
1391.03
1392.0u
14l4.0)
177,00
16.03
3i14.00
197.00
9240
9.0¢C
210.0 .

56.0°

CHF

KW/M42

2753.00
2648.00
2366.00
4532.00
L304.00
S473.00
1499.00
2211.00
2757.03
4170.00
1389.090
1976.00
2072.00
264L8.00
26562.00
32u9.00
1833.00
1712.04
1440.03
2113.00
1191013
1133.00
1308.00
1357.C28
23870.00
2427.00
3137.00
3133.00
22514340
1937.00
2576.00

1281.010



5992. 600
6899.002
11234, O8N
10234, 000
2168420090
1328.31090
2633.200
70ul. 206
6372. 000

55724371

7307.000
A977.300
5977, 0090
539F. 3090
5395, 300
3276, 240
6835.900
53354202
12363, 000
13343.3500
131343, 200
10343,007%
133424208
5171.17030
5171.900
S17%. 300
68735, 300
5835,.,0018
5895, 1090

5895.000

. 007000
.Na7000
« 1173138
.007000
e 07002
«107000
«007000
« 105382
« 105947
«105983
< 005943
. 005349
«0N59A9
« 005980
+105983
«10€98)
«71280)
«N12303
.1128%)
.n1280)
«112802
«112803
.112803
.11280%
«012800
-112803
.012809
.012803
«112802
«712893
«406229
.006220

012808

-98049
« 5600
« 5610
<5600
« 5600
<5600
56100
4.80710
L.8000
4,800
4.8000
4L.80C0
Le80NYH
L.8000
%.0050
LeNOST

1.9300

1.93"0
1.9300
1.9300
1.9370
1.,9300
1.9300
1.9300
1.9310
1.9370
1.9300

«9100

.9110

.9100

225

3215600
2377.00
2891, 00
3518.90
2886400
2386, 00
3274.00
1113. 30
1124, 90
1117.08
2194, 80
2210480
2979. 18
2979. 10
3106, 00
37964 40
1939.00
27124930
1894,0¢C
1329.00
16784 56
1370, 00
1424, 00
5316400
9343.00
1380, 90
19124 90
5492, 00
9478, 080
1790. 00
51306490
13785, 00

376. 00

-1211.00
-606.00
~1G604.00
-859,010
-986.33
-693.0¢
268.00
392,0.
93.00
335.0u
932.0u4
185.00
265eC 0
160.060
163.00
332405
64,00
85.00
81.0¢
1060.00
104400
129.03

96.00

1219.00
3270405
2049.00
2u56.00
5148.400
5356.00
5177.00

125.610

175.80

3uB.40

109.20

278.10

166.743

189.70

205451

287.510
22643.30
2431.00
1631.00
2174400
2937.0U
1404.073
1655408
2206.00
3527.00
1773.G2
2221.00
2761.080
2940.00
3451.00
3129468
4322400

2549.00



2354 202
13446, 200
134464006
15646, 290
13797, 030
13789, 212

8274,300

327,300

5385, 01

63G2. 700

103. 9020
163, 043
163.00Q
163003
103,700
103,908
103,200
103,198
133,213
183.20¢
133.31¢

21374203

2:37., 300

2137.930¢

2137, 202

2137, 300

21374202

2137, 100

1758.7300

17244 200

Ieuwd, 7972

34L8,300

348,200

«112803
«17112%3
«01120]
« 311203
« 110407
+11040)
«010610
+110607
1135609
.N1106090
311020
.1N01320
001021
«101323
-101023
«N01023
«101023
« 171023
210135321
-101023
« 903053
«N01147]
s 1011413
«10114)
e 011143
¢ 0011867
«0N11u]
« 032147
«102354
« 113553
- 1397059
+302053

-303630

« 9100
3.6600
3.6600
3.66N0
1.7500
1.7502

« 3810

« 3800

« 3800

« 3800

-9u01

«0600

« 0400

011170
«1100

«1100

1?2 b

1356, 60
7324, 00
6522, 00
6734.00
678,00
349. €0
732.0¢C
713,00
719. 90
732,00
633. 00
39%.00
1379.00
1776400
27819, 00
3756.00
Sh41. 130
3939.00
5834040
1336.00
57.08
3715.10
4212, 00
518,100
6129, 00
€579, 00
7933400
136964 00
57.00
1484 70
h0. 00
2584 00

1432.00

502.00
155.0¢
30.00
51.00
37.00
53.00
391.070
583.0%4
912eu
721.006
319.00
319.0¢C
313.00
319,00
319.040
319.04
319.00
319.0)
319.31
319.06
316430
37.3¢%4
405,00
171.0¢C

7.0C
500.0C
241.00
463,06
778.046
768,00
119.370
LbbHel ]

467.00

3373.00
2492.00
2019.040
228644010
587.00
672.40
5552.00
L4468.00
5552404
4858.010
LL80.C0
£827.00
5457.00
58399.64
7508.00
9716400
14700.09
2981.01
37864080
4853.00
536.01
60688.00
48568.00
7319.070
26432.00
7319.00
L648.30
14574.00
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APPENDIX D

Computer Program used to Predict CHF using Katto's Correlation

The program reads in the conditions at the inlet of the tube. Then, it

predicts the CHF using Katto's Correlation; equations (2.22) to (2.32).
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APPENDIX E

Computer Program used to Predict CHF using Weisman & Pei's Model

The program reads in the conditions at the inlet of the tube. Then it
assumes a CHF value. The program calculates the CHF based on the
assumption that the CHF occurs when the vapor void fraction in the bubbly
layer reaches 82%. 1If the assumed CHF value equals the predicted one
within a preassigned tolerance, then, calculations stop. Otherwise a new

CHF value is assumed and the process is repeated.
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VISFSC= LIQUIC VISCOSITY,

VISFF LIQLIO VISCOSITY,

VISGG - STEAN VISCOSITY,

VISHOM= TOHC-PHASE MIXTURE VISCOSITY,

VCI0AG= GLCEAL VCIQ FRACTION,

VCINL - AVERAGE VvOIOD FRACTION OF BULK FLONW,
vC102 AVEFAGE VOIC FRACRION OF BuEAaLY LAYER.
vi BLEBLE GENERQATICM VELCCITY. :
X8¥G - GLCEBAL QuALITY,

XEQ TRERMCOYNAMIC €QUILIBRILY NUALITY,

X4 3 AVEFAGE GUALITY OF BULK FLOW.

X2 = AVERAGE QUALITY QF BUBBLY LAYER.

2 AXJAL LOCATIQM,

2?7 = AXTAL LCCATIOH,

OO0 O0NOAAAOONOOMNO

PRCGRAM CNEULNF{IMNFUT,CLTPUT,TAPES=INFUT,TAPEE=CUTFUT,PLIT}
FEAL LSU,M

SET ACRAYS DIMEASIONS o

aao

CIPENSTIOMN 2(20810),22(2010),0EN1CI1EN0)},CENAVGIL1E00) ,LENAVLI1500)
1L XAVG (150N ) VCILAG(LS2),HL(1500) (HIL(1500),HAVCL (1507) ,LO0(50)
L1oTEVGLEL *NJ) 4 HAVGGILS3C) yHAVC (15901, X5081507),SLSUISY) GST56),
LEHIN(ST) JPF(E0),GGI5)) ,0AA(50) yHEATWWIED) ,PET(S0), XYEQEX(1590)
LoVINCSD) ,2LULS0),XVARIS0),ICODECL) 4 IHTFS (L), IPHASE (1) ,PSTT50)
L1yTEMP(2) 4 PGRCFS(22420) ¢WATESI20L)9RTEMPI2,11,420)4RPRESS(20)4X (59}
Lo NBMESCH 84800 4CPLLI1500) 4CONDL {1500) 4SURTENL(1S00),VISFL(L500)
LoHINSI(S Q) yCHFSTISQ) 40SI(50)4SLST(ST)

CCMMON/ SCALES /7 XMIN XHMAXZTICXFXSCALYMIN,YMAX,TICY,FY3CAL
CCPMCN/ FCRPAT 7 XU oYL FYITLE(8) ,FSLATIT(8) ,FXAXTIT(A8),
t FYAXTIT(8) yNSTVARS,STVARS

FLUTO CONSTAAT

0N

FLLICCT=458881,¢(

INTITALIZE CCONSTANTS .

[aNeNe]

NCCHP =3
TEPP(1)=23r.+2773,
TErPR(2)=700.4273.
IHTFS (1) =1
YAYHOT=1

NLF=6

ATFELE=R

ITEL=1

MOINE=6b

LINCT=25

17LAGX=)
V2ICGH=0,
VCICGMW=0 .

#S29,134

N=ZI0 .01
N1:N=8,9¢9
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PROGAAM ONBUNF /74 0PY=2,ROLND= A/ S/ K/ L4=0S FIN €,10¢60

[+ X2 8el

ano

o009

DO [ NaXal 2]

[a e R

R EREY]

CIVIOE YTHE CHANNEL INTO SEGMENTS

2(1)=n,
00 1 TI=1 N}
6203027 (I emS
1 CCM’TINUE
1201)=9, 5*¢S
£0 2 I=1,N¢
2711411227 (1) #HS
2 COPTINUE

REAC THF NUPBER CF RULNS ,
RE 008 (NP AS

READ ThHE SYSTEM PRESSLRE (KPA),THE TUBE CIAMETER (P},
THE TUBE LENGTH (M) ,THE MASS FLUX (KG/S/SGC=M),THE INLET
EMTHALP Y (KJ/KG) ANDCHF (KH/SQ<M)

€0 991 I

1 RAS
RE2C® PP (

'

I

'
sGGUID Gy HRINCIT) JHEATRW(IT)
raaqlr €Q¢

SLsul 2,
STCID = (111%2.54/7100,
SLSTHITI=SLSL(IT)22.547100.
LCOCII) =SLSULIT) /DARLIDY
PEICID) sPF(IY)®E,894757
GSICIIY=GC(II)*1361,€6€
HINST(TII)=NHINLIT)® 22,3259
CrRSI(T ) =HEATWN(IT)I®2,158=023

=1
11
=1
)=
08

’
)
b
[

9¢1  COMNTINUE

INITIBLI2E vARIABLES .
777 Suv=zy,
SYCvAL=0 .,
SACZ=1.
RIL5A=C, 0000
EIAC THEN FRINT TURBLLENT INTEASITY COEFFICIENTS o
FE23%,CNFFL,CCFF24,COFFT
"I (R, 7771 COFFL
WP ITS (6, 2772 CQFF2
WGITE(E, 17275) COFF3
STAR T THE COLCULATIONS o
T2 39699 II=1,ANONS
PEINT THE INPLY CATA IN ST UNITS .

PP INT®, ¢+ FPRRESS FLUXURE (KPA), CIAMETER (M), LENGTH (M),

85-0 5-29

MASS

1 FLLX (4C/HR/SN=ML, INLET ENTHALPY (KJ/KG), CHF {MN/SQ =M} *
1ITZ 16, €712) PSI(IT),CSI(IT) o SLETCIT) yGSTITIT) 4HINSTULID),CHFST(IT)

10.00.58
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2 YU

PRCGRAM DNIUNF W 2N CPT=2,ROLND= A/ S/ M/ C,-0S FTN Sel4S€0

s X3 ReNel

ad

6712 FOOMAT (L Xy tPRESST 0 F10,2,IXe?0IAMZ® F10eS¢3Xy*LENGTH=®F10a4y

LIXLPWASS FLUXS®,F15,493Xy *IN ENTHALPYZ*oF 124 4g3XytCHF=2,F12, &)

PRESS=PSI(I1)®1917,
CTHANGE TC BRITISH UNITS .

04=74ALT 1) /42,
P=FPLID
C=GG(II)*1001730.
HCATEX=HEATHRIID)
LSL=SLSU(IT)/Z gz,
M=1SU®L. 02

\WR=1,

QR=CA/2.
NJT=1,9112
VOIGF=0. ¢
PC=320€, 2
PRATIC=P ,P(C
PI=3,141¢9
l:G.aI.Q L ]-]
AGCC=4el €972 17,028,
NAz2.%R
P11=3,23¢8%4¢
CON=0.7D0 7107

CALCUL ATE FSCPERTIES AT SATURATION .

ICCIE (L) =52
IPHASE(1)=2
#3032

CALL HPPLS(ICCLELNCONF,IFHASE, TEPP,PRESS,MCOE, IHTFS,4AXHOT,

INLF G NTEL Ey ITELYNLINE L INCT yPROPS,,HATES RTEMP (RFRESS,NAPESC,
1IFLAGY)

PRINT®, SWATE = v, WATZS (1), 9PRESS = #,RPRESS(!)4*FLAGS »,IFLAGX
HCZ(PROFS (€ ,1)+FROPS{10,1) ) /WATESHL)+FLLICCY
FRCPS (64 1) =FRCES(6,1)/nATESI1) +FLUIOCT
PRCPS (10 41)=FROPS (10,11 /WATES (L)
PRCPS(1,1):20.9€23%PROPS(1,1)
FRCPS(541)=0.0€23°PROPS(5,1)
FRCPS(7,1)=C.0€23%PROOS(7,1)
PACAS(2y1) =24 T3E-QUBPRCPS (2,1)
PQINT."l...l.....'S’G"A "FROPS(','l'
FOCPS(3, 1)=2414°PROPCS(,1)
VISGG=24 164%FRCFS(%,1)
PREPS [y 1) 204 S719%PROFS (4,41}
PRCPS(6y 1) =te JI1E-OUPECPS(E41)
FRLPS19,1)34,21E-04%FR0PS(10,1)
FRCFS(9,1)=PROPS(E,1) +FROPSI1L 1)

HFF=PROFS (€,1)
DENFF=PFQFS(741)
HCG=FROFS(S,1)

85-05-29

10.00.58
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PPOGPAM DN EUNF Tall4 OPYT=z2,ROLNC= A/ S/ P/ D, -DS FTN S.1¢5EbL 85-05-29

"
i~

OO0

777¢

HFG=PROFS (13,1}
\ISFS2zREQFCiT, 1)
TSATT=(RTEPP (1,1,41)-273)%2,8¢32,
TIN(II)I=TSATT-HHIN(II}/PROPS(2,1)
®QCE=0
IPHASE(L )=
T2rP(II=STEPP (141 ,1) +2,
CALL HPPCS(ICCOE,NCOMF, IPHASS,, TEFPFPRESS MCOE»IHTFSMAXHOT,
TNLFGNTEL By ITEL NLINE JLINCT 4PROPS 4RATES JRTENMP ,RFRESS,NAVMESC,
LIFLAGX)
PACPS (S, 1)=0.0€23%PPOFS(C,1)
DENGG=PROFS(S,1)
CENGF=DENFF-CENGS
HINZHFF=FHIN(ID)
POUTEX=HEATEX *4 ,*LSU/G/DAMHIN
SECEX(IT IS (NCLTEX=HFF} /HFG
CFT=1,9
H0:z150,
£3:z4,/DENGG
EE2L /(G ACASHFG)
ET=0ENGGIHFG
SAZHFG/( 14 /CENGG=1. /DENFFI®(DA/L )
£9=4,716G 02)
€113E3=1 J/CENFF
€1:sDENGG/CENFF
«1=H/HSe 1, 701
Ki=zJ1=0. ¢3¢
JAzLSL/HS+ 1,008
PRINT® v INEUT CATA TN BRITISH UNITS v
FRINTS o PRESSURE (PSTIA), RADILS (FT), LENGTH (FT)}, PMASS FLUX
L(YLB/HR/ SN=FT), INLET ENTHALPY (ETU/LS)
WRITE(G,y 77781 F 4R oLSLeC, k1IN
FOSMAT (L Xy *PRESS=24F1064241CK,*PACIUS=",F1043,10Xs*LENGTH=#,F19.8,
L1074 ¥A3 ! FLUXZ#,F15.5,10X,*INLET ENTHALFY=* ,F10,.23)

RECORN LENGTH EXCESCS 137 COLUMMS - MAY SxCEEC I/C CEVICE

TI7Y
7772
7775

™

FOSYAT(/ 7/ /41Xy 2CCFF1=¢,F10,5)

FOS¥AT (L X, *CCFF2=9,F10.5)
FOECMATIL Xy *CCFFIze,Fi3,45,//)

HELTOR=65£J04030,

HEETCL=16D .

NFrZN=10€C3".

HELTQ=(HEATCL4HEATOR) /2,

2Z¥=22(1372.

HAV3(1)I=FIN

"0 5 I=1,J2

PAVG(Te1 )=FAVC (1) 4EQ* (HT/EL)* (HEATOMHEATO 4L, *HEATO)
CONTINUE

FAVGH (L) SHINGECS (0, 5°HS/6 . I *(HEATCOHEATO#4 . *HEATO)
70 5 I=1,41

FAVES(Te $) =HAVGGUT) 4599 (HS/6, ) *{FEATCOHEATCe L, *HEATO)
COrTINGR

ro 7?35 I=d.01

TANVGLLD) =0

HAVGL () =0,

CernavLiIN=n,

H1L11=0,

HiL(l)=2,

10.00.58
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208
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2e7
208

242

PRG GP AM ONIUNF T4/74 CPT=2,RPCLNC= A/ S/ ¥/ (=0S FIN S,1¢5€0 85-05-29

o0n

75

12

383 ¢

TENLtD)= B,

CENAVGIT =0,

ECLINI=0 .

Y8yCIN=0,

v01ZAG(IN=1,

COPTINUE

J2:1.0003
JELTAN=E C* (RS /€,12(6.*+EATC)
TAVGL (D) =TINCID)
CF=HANGE J2 ) =HFF

[F{(CF.GE.0) GC TO 8

IFtJ2.GE ,ul) GC TO 8
IPHASE(L )N

»Qrc=0

TSUP (1) =(TAVGLIU) ~32.)/71,34273.
TEMP(2)= "EPP(L)+2.

CALL HP EO0SCICCCE JNCOMP ,IPHASE ,TENQ , PRESS ,MOCE, THTFS, MAXHOT,
ENLF oNTEL Eo ITELoNLINE LINCT yPROPS +WATES ,RTEMP JRPRESS ¢NAMESC,
tIFLAGY)

CPLLICI2¢ 1) =2, I0E~NW®PR(CPS(2,1)
TAVGL(J2 ¢1)SCELTAH/CPLLI(JI201) ¢TAVCLJ2)

CENAVGULIZ#1)=r 06225 FRCPS(L,1)
COMNLtJU242)=7,5743°PROFS(4,1)
VISFLIJI2+1)1=2414*PROPSI(3, D)

CALCLLATE SLRFACE TENSION o

MCIE =2
IFHASEL 1) =2
CELL HPFDSCICCOE NCOMFIPHASE JTEPP,PRESSyMOCELIHTFS, MAXHOT,
INLF HTELE L ITELWNLINE yLINCT (PROPS s MATESJRTEMP,RERTSS ,NAPESC,
$IFLAGX)
SURTENL (JZ2¢11=PREPS(11411%2,2/32.17
J2=J2+1, 2011
GO T0 9
d3=J2
CEMBIGULI=CENBVG(2)
CPLItLI=(PLLIL2)
COr0L(1) =CCACL ()
SUSTENLC 2) =SLRTIENL(2)
VISFLt1) =VISF1(2)
J5=1,0031
CPLSC=CP LL (JS)
COMDSC=CCNC1CJS)
SUTSC=SUFITEMN (JS)
VISFSC=V ISF1(J5)
FANG=VISFSCOCPLSC/CONTSC
SESC=C*NL/VvISFSC
HLC=1.,022% (RESC®*0.A)® [PRNQ®®0,4)*CONDSC/NA
FWHL=3,0%5
FHF&=2 .0
FwHY= (FRFL$FWFR) /2,
SSr=1 /S IPT(FRHM)
IPHTe24® LLLCGLA(RCLGH/ (3, 7208) ¢ 2,51/ (RESCHSCAT(FWHMY))
TISCAF=S CHRDp
IF(rCSCOf.CELP.0) GO TC 3c€5
FWFI=FuH ¥

10.00.58
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PROGPAM DNINF T4/%4  QOPT=2,ROLNC= 4/ S/ k7 0, -DS FIN €.1e5€0

GO TO 35¢¢

3555 FHHL=FWHY
355€ TF(A8S(OCSCLF) LTede100) GO TO 3557

r}
£%1)
gy
-~

3338

171y2

33132

3738

11

33

FWHNZ (FW L ¢FRMR) /2,

GO TO 3565

YB8=3.01® (SLTISC®AGCCP*QENFF®CA/2,)*%0,5/VISFSA

IFI(YA,LEL54.9) GO TO 3324

IF(Y3.GT 5S.0.8N0.YB.LEL30.08) GO TC 3332

IFLYR,GT ,30.3) GO TO 3133

2822=GP( FUKN/R,)*%0,.5

ANFL=(CP(SCOHEATQ/HLQ) ~(HEATO®PRNC®YE/2404)

LOF2HFF «HANG (JS)

AQFF=ADF Y- ACF 2

IFLA0FF.CELCe) GO TO 14

IFUJUS,GEsJ1) GO TO 11742

GC Y0 1313

2A8A=G3 L fUEFPIE,)%%),5

AAIAXZL 4 4OPRAO®{YD/S.0140)

B0FL=(CPLSCOREATC/HLO) = { S JSHEATCP (PRNCHALCGIXNXYXX))

1/7228A4)

AQF2=HFF «HAVG (.5}

LOFF=ADF 1= 8CF2

IFIANFF, CE4Ga0) GO TO 13

TFLJ5.GE+J1) GC TO 11711

0 YO 3379
Z1A4=G® (FAHM/8.)%%0.5
X)XXA=Y (J¢EL,C2PR MO

YYYYY=Y8/33.3

ANF 1z (CPLSCOHERTC/HLI0) = (5, 0°HEATCP(PRNCIALCG (XY XXX) ¢0,5%AL 06

LOYYYYY)) 72088)

B0S23HFF=HAVG (JS)

tOFF=APF L= AF 2

IF(ACFF,CEL0.0) GC YO 1%

1F(J5.GE JJ1) GO TO 11718

WwB5=J541, CI08

GO Y0 12

Je€=JS

IFUJ6.GT «Jd) GC TQ 11712

ML JEI=MAVGLJE)

TECHLILIJE) JCELPFFY HIL(JE)=11C,

CENAVLUJSE) =CENBVG(UB)

HAVGLULJE)I=FBYCLUE)

TFIHAVGL (JED 4 GE 4HFF) HAVGLEJE)=HFF

JENGLE=DENBVLLUE)

CENGLW=0ENEVL (JB)

¥AV50J6) =0.

vOoInaGgtsc) =0,

YAVGH=XA NG (JE)

YANGH=XR G {J6)

TAYeL1=T IVCLIJE)

TavsL2=T 2vCLLtUE)

J7=J45
SATL=(FAVGLUJIT) ~HIL(JEI I/ IHFF=HIL(J6))
I€(RAT 1.L7,0.) RATL:z1,

GAT2=E 7/ (E7+CENAVL (J7)® (HFF=HAVYGLIJ7)))
EAGAL=+FEAT(®RATI8RAT2
L3GA2=2HOPERSYQICAG LIPS LTSAT Y- TOVGLIJT )Y

85-05-29

19, 00.58
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1¢7
1
399
an
(Y33
W02
403
Ik
WE
V1€
g7
W28
W<
Wt
333
42
12
3L}

")
24
PROGRAN DAIUNF 76 /74 OPT=2,30UNL= A/ S/ »/ 0,-DS FIN Solecbh

130 HANGLASCPANGG (J7)-HGGHXAYGHI/ (1, ~XAVGH)
IFCHAVGL 3. CELMFF) HAVGLL=NFF
CATL=(HAVGLL~HLL(JB) )/ IHFF=HLL (JED)
IF(CATL, LY. 0.) CATL=0,

CAY2zE7/ (F7+CENGLH® (HFF=HAVGL1))
8RCRL=HEATC®CATL#CAT2

A9GI22HOYC ESYCIOCH® (TSATT=TAVGLL)
J8=J741, 2008

MALGL2S (PANVGEJE) ~HGG*XAYGR)} /(1. =) BVGN)

TFIHAVGL 2o GEL HFF) HAVGL2=HFF
TICERL=CHAVGLZ=HLLEJSEN I/ INFF=HLIL (JE))
IFITIGERL.LY.0¢) VIGERL=G,

TICERR2=E P/ LET 4CENGLR? (FFF=HANGL2 )

ARGCL=HE ATC®*T IGERI®T IGER2
ARGC2=HO Y84V CIOGW (TSATT=-TAVGL2)
YAYGN=EG "(PS/E )P ({ARGRL~ARGA2) ¢ L3RGCL-AFGC2)+4,®*(ARGAL-ARGR2

1)) eX8VGE 7))

YANGH= X EVCUITI+XAVGNY /2,

YAYGU=XA VG N
MAVGLL=(FAVEG (J7) =HGGP*XAVGH) /(1. = XAVGH)
TE(HAVGL 1. GE.HFF) HAVGLL=HFF
PAVGL2=0FAVG( JO) «HGG* XAVGH) /{122 2VG k)
IFAHAVGL (o GEL HFF) HAVYGL2=HFF
YWINZ(DENGG/CENGLW) ® (1,=XAYGN) ¢XAVYGN
AQIOGR=X AVGAN/WNIN
VOICGH=( \CICAC(J7)sVOICGH)I /2

N2L1=9

713 LESEIN: 3RS

TF{FAVGLL JLE ,HAVGINBL)) GQ TO 712

NRZ=d
71 NE2=NB2 41

IF(HBVG (2.LEHAVGINB2)) GC TO 71

TAVWGL1= TAVGL (hEL)

T2VGL2=TAVGL (NB2)

DENGLW=CENSVGINEBQ)
CENGULHS(CENAVL (JT I DENGLNW) /2,
CFReExAm=Y 2v({(J8) /XAYGN
IFCOFEXA Y GTe0a93AN0CFEXSMLLT,1.081) GO TC 20C
XANGLJ8) SXAVGA
GO YO 10¢

297 CEMAVL(I8) =CEMNGLN
ZANGLJA) =X BYGN
HAVYGL (JB)=HAVGL?2
TAVGL1JB)=TAVGL2

A\QIDAG(IE)=VCILGH

CEMGLMZDENZYL (J8)
OENGLW=DENBYL (J8)
TAYGH=XA VG (J8)
JANGU=XA NG ( J2)
TavGL1=T AVCLt JP)
TavGL2=TAvILIU®)
NOINGH=V CICAG{JR)

\QICGm=VCILAG 18]
IFIVOIDAC(L8) . GFE.0.42) GO TO 1131
IF1J8,GELJL) GO TO 22229
d7:=474i. 2001
GC 13 93

85-0 529

10.00.58
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«5¢
LE7
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LEr
€1
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wEl
GEb
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PROGRAM DI

245

NF Te/74 CPT=2,°CUND= A/ S/ ¥/ C,~0S8 FTN S.1+2606 85-05-29 19 00,58

22229 y01I0D2=0. &2

GEYE

2222¢
222%¢

€€1€

(EN2=CENCG*VO IC2¢4CENFF®(1,-v0IC2)
X2:=VOI02%0DENGG/OSN2

HMSE= (HA VG (JA) =HGG* XAVG(JA) )/ (1 ,=XAVC(Ja))
IF(HMSE, CT ,HFF) HNSE=HFF

NEI=0

N9¥=NE3e g

IFtHMSEL LELHAVEINBI))Y GO TO 71°¢

TeSEaTAVCL (AB D)

TENNSE=DENLVG (NRD)

VISFF=VI SF1(NED)

SUIN=SURTENML(AAD)

FHRCML=0 ,J08

FNHCMRZ2 .0

AENL3 (G CA/VISFF) **CCFF2
VISHOM=VISFF*EXP(2,54VCINAGIIAY/ (1,~19,*VOINAG(JAY 7Eqe))
REFHOM=G*DA/VISHOY

FUMQOM= (FRHCMLIEWHAMR)Y 72,

SSHS=1,/ SART (FWHQP)

CRHS=22, P4 CS1J{RCUGH/ (T, 7%DA} 42 451/ (REFHOMSSNRT (FHOM)))
CCCCOF=SSSHE RGNS

[F(COCODF.CE.Q.) GO YO 22225

FUHCMRA=F WHCY

GC Tn 22:22¢

FWHCML=F BHCN

JFCAASINLCELFYWLT.T41179) GC TO 6€1€
FUHCN=(FRHCML+FUHOPR) /2,4

GC 10 665

VANG=(CE MGC/CENNSE)® (] ,-XAVG(JA) ) eXANG L YA
NENAVG (S 2) =CENCG/WANG

PACAL13)4715% ((Be *SUTN®AGCC*DENAVCIJIB) COA/2)/LFHHCMOG*G))*®1,5
GRATIC=1 o/ 1G/2700U00.) %33

IF(G.LE.20C0NJ0,) GR2TIO=1,0

T =COFFL *(C2D8/VISHOMI** (=7,1)*(EFDA11/DA)®*(OFF2°*
1024 I3uATPGRATICHCENFE/IENGGH(14="¢134RI*GRATION)
SAGLz (HMSE-HLL(JEN) / LHFF=HIL (JELD

TF(eaACi LT, 3. ) EAG1I=0,000001

CAG2=E7/ (ET4CENMSES (HFF=HAVGL(JA) )
HEATI=HE LT (O 2GY

V1= +I2TB/F?

w=G/CENYSE

SIGETI® (Mo (G E2-wI®XAVC (YA

Wuzy1/SIC

TE(WHGGE ¢1745) WH=17.5

C7=SIG( FI12EXF (-0.5%hh®%2,) =05 nN"ERFCIWK®CCN) )
OXOVG=EH O (HFATCOE BG1*FAG2-HO® A2y CINAG(JAI®(TISATT=-TAYGL(JANDY
S=2%,7%33CA ¢

E£1=*R/((R=S) *(R=C))

E2:22.2(R=5/2.,125/{P=8)*(R-S))

F4a=(2-5) /1 (R=S/2)°3)

C6z8Rk/((P=C)3(Q=5/2,1°5)

F1 :=(R=S72,)1%S%HFG

TENTCJA)Y SOENGCYEL/(DENCG/OENMSF ¢ YAYG LAY * (1, -0ENGG/LENPFSED D)
1-NEN2SE2

VCIOL=(DENFSE-BENL( JA) )/ (CINMSE-CENGG)

31=VOICL *O0ENGG/0ENL(JA)

TESML=0E ML I,B)PC2%(X2-X1)PHFG® (R=-S)/F

PAGE
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NF Te /74 CPT=2,°0UNC= A/ S/ M/ D,<0S FIN S.leC€0 85-35-29 12.00.58

CENSWIHE ATE-TEQ MY

IFUOFNEW 4GY4d,) GC TO 111718

MZATQOL=HEATO

50 YO 211 ¢4t

HE2TOR=HEBYC

IFCAOSH(DFNER) JLTL5007.) GC TO S6

HF ATQa(HEATOR+HEATCL) / 2,

IFINJY.GEL1S.) GO TO S5¢

NJTaNJT*1.30018

AECEJIAY= (L PHEBSTOMLSU) /(GO CASHFGI=((FEF=tIN) /HFG)
GG 10 26

CONTINLE

CRAEWRICFPT e (317

HEATO=HE JTC*3,217

4£8T3=HS ATESC, 217

TEIPL=TERNM1%(, L7

RELTEXSH EATEX®0.317

KRITI(S,ES) JA,0FNEW,XFQ(J2)

FOIMAT (L Xo ?UA=* ,I0, 10X *NFNTHZ #4F 15,84 10X, X500 JA) =*,F15,8)
I19ITE(6,57) MEBATOHEATE,YERYL

FCIMAT (L Yy "HE ATO3 ¢, F15,2,10Xs *HESIR=¢,F16, 2,1 X, *TERMLz,
1F1¢,2)

HRITS {6, €97SCS) XAVGLIB)

FORMAT (L Y, *YAVCEIJAIS®,F1E,9)

WARITT (6, I772) HEATEX

FOSMAT(LI X, PHEATEX =0 4F16,1)

FETIIINI=FELTO/HERATEY

WQITE(E,118) XECEX(II),PETIIID

FOEMAT(29¢® EGLIL CUALITY =¢,F18,5,5Xy ¢CHFPRED/CHFEXP =z¢4F12,6€)
BALIIN = (FETLIIN=1,)%(FET(II)=1,)

STCTAL=STOTAL+FEI (I

SACD=SAGCecoUIT)

WRITS (6, £1L8) PEIIIIVNLEAUCTII),STCTAL,SADC

FOSMAT(LY oFE T(TT )0 Fi15,3,5%X,¢3A80L(1]13e,F15,3,5X%,¢STOQTAL="
14F15s 145 X,0SACC=¢,F2S,?)

FAN2=FAN:®E,22?

TENLCJA) =0ENL LUAY %GR, 22

CrAY5zIABYGRE,23

CENBVELI L) =CENAVG(JA) ®E,.23

BOTTE 16,y €33 XL, X2 CENL(JA) +FAN2,VCIOL

ECEMAT (L Xy *XL=9  FLC,2,5Xy?X2=¢4F 15,2+5X4*0ENI(JAY =",

LF1C,24PTANZ=? JF1S02950,*VCIN1=*,F15,2)

TIMAT L My e {XBVGT*, F15.2,5X,*DENBVGIJUA)=®,F1T,245%,252¢,
YeH427277)

C42.54%12

TTE(8459) CYAVG,LENAVG(JD),S

fITINGE

o
~
o
—
n
m
N
P
P
—
(%]
.

Y(=5.3
A AR L]
YrINZGe s
YraK=1, €

PAGE
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APPENDIX F

Computer Program used to Predict CHF using Non-Dimensional CHF Table

The program reads in the non-dimensional parameters (e.g. AMin/A,

pf/pg, ¥, x etc.) of the CHF point. Then, it calculates the water
equivalent dimensional parameters (P, G, X). The program calculates the
CHF using the standard CHF table. Using an iterative technique it finds
the intersection between the heat balance equation and the CHF table.

This allows the error to be calculated assuming that only inlet conditions

are known.
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PROGRAM CHFFRED

COOMNOOSOMO0NO0ONINNONO0O0NO00 00

T4 sT4 QPT=0 ROUNC=#¢=-%7 TRACE PMCMP FTN GL.8+498 65«0 5-29

FRCGRAN CHFPREC (INPUT,CUTPUT,TAPE2=0UTPUT,TAPES,TAPE? ,PLOT)

CNIB I IS INISNSIINI VISP IRV GBI IO IITRIIOIISNIIGUIITIISISNIIRSS

ssss VARIABLES ssss
AVGERR AVERAGE RELATIVE ERROR
AF FLCH ARER Mee2
AG ACCELERATION CUE TO GRAVITY prsSee2
AN HEATED AREA pes2
CHF CRITICAL HEAT FLUX kw/Mpes?
OHE HEATEL CIANETE®R L]
OMIN IMET SUSCOCLING KJ/KG
CHY WETTED CTIAMETER [ 4
G MASS FLUX XKG/NSs20g
HLIN HEBTEC LENGTH »
1CCR CCFRELAT ICN NUMRER
IN NUMBES OF DATSA POINTS IN EACH ®GROUF*
1PN RUN MUMBER
XIMIN INLEY CONDITICN PREDICTICN SWITCH
N NUMIER CF RECCRQS READ FRQOM TAPE
PoED PREDICTYED HEAY FLUX KW/ HES2
RE&R RELATIVE E£R70F
RG QANGE FCR MASS FLUX
NS RCCT MEAN SNLARE
g0 QENGE F(R PRESSURE
RY RANGE FOR QUALITY
o PRESSLRE kP4
TIN INMET TEMPERATURE CEG. C
X QUAL ITY

BITLI235 3433035353835 238380335803833800845352030838333085538588858
CIPENSION IFS(E1849) yAVGERRIE, 899, IN(EL8,9) ,RXU(TY,

. FCUS) 4RPLLT),RFP(L10)PET(L030),20L0C(1C"0) 428012003}

taZIFRGIL LN, 2PST(10°0),ZCHINP (1C000) 4ZXC1600)4X13C08) ,Y(L20M)
REAL SEFANC(A),KLIN
CCMMCN/ SCBLES 7 XMIN XMAX,TICX,FXSCAL, YNIN,YPAX,TICY,FYSCAL
CCMMON/ FCRMET /7 XL YL FTITLE (8),F3USTIT(8) ,FXAXTIT(A),

H FYAxTIT(8),NSTVORS,STVARS(10)

CCPMON/G EOP/AC

COPMON/ZPROF/NF G NG G VL HFGoHF ¢HG JHL 4UF ¢UG4LL

' AK F o BKG y8KL 4CPF4CPG4CPL 4 SF4SG, SL,
’ RHCF JRHCG 4R HAL PRF 4PRG,PRL 4FSAT, 15AT,
’ VFG,L?7G

COPMON/C K/ CK1,Cx2,CKb
4% [CATA STATEMENTS s

DATA BX/ 1473047, 0e130e2¢0 kel 7,413/
CATA RP/La04200¢C450%40,1002.0025C0.C4+€0C0.0,808C.0,12003.0,

hd 16000.0,2200%.8/

CAT8 RG/ (0098003920300 +4706741800,04290040,4350047+553040,

e 19002407

CATA RPP /G o140 402+00511:4290265164398:0,12.0416.0422.07

*s  INITIBLIZE VARIBELES **

11.07.50
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PROGRAM CHEFQZD TW/74  0OPT=0 ROUNCze-%/ TRACE FNCMP  FTN 4,8¢498

PO07000

O

e Xs NaNe)

s

12

398

ATu

PIs3,1061¢9

IC(R=19
NZ=9
SuM=0 .
STOTAL=C,
SACO= (.
34L=0.
PEI2=0.,
94y2=0.
SADD Z=C.
STOT &L Z=,
SUM2 =0,

IF XTHIN=0 THEN CALY CCNSTANT CUALITY PREDICTICNS ARE MACE AND
THE SUNMARY TAPLES ARE EASED ON THESE RESULTS, OTHERWISE 30TH
CONSTANT N LALITY ANC INLET CONODITICN PRECICTIONS ARE MADE AND
THE SUMMAR Y TAELES REPORTY INLET CONCITIOM FESULTS,

KOF IN=Y

A=(

CALL PRESFTI(RMS 632,47,
fALL PRESET(2VGERR 43243
CALL PRESET(IN,432,0)

4% INPLT SECTION *e»

HAITE(2,40E)
FOSVAT(/ 83 x,2CCNSTANT CUALITYZ,6x,2INET CCNCITIONSZ2/
. IX 21N 27X LOPY2 g TXgZHLINZ,6X o 2F 249X 4262, X, 22,
. 729 2CHINZ, 7Xy ICHF242( EX 4 2CHFPRECE,5X, FERRORZI /)
ST32(5) IPUNGHLIN,CHY JXELZCHINF ,PST,RFRG4PO
TFIXS.LTe-e1S) GO TO 10
IF(ECF(5)) ©0C,8

COMTINLE

NHE=JWY

EF=(PI/b ) *CHY®**2
ANzP I®HL IN®CHY

P=53,
CCNTINLF
P=Psy f,

CALL FROFES(P,0)
EPFRG= RHCF/RHOG
FIFF=AES(RFEG=-PRFRG)
TF(CIFF.LT. o) CO TO A7y
cC 10 ¢¢¢
CENTINLE

SIG=S1GPA(TICAT)
INTN2CFINQOHEG
£2=P%1.,0¢
CALL ORCFER(F2,M)
CFRG2=EHIF/ RHAG

85-05-29

11.07.50
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PROGRAN CHFFRED 70 /74 OPT=0 ROUNC=z¢~%/ TRACE FMCMP FTIN Lo,00498

[« XeXe)

(o NnNel

[ 23 Xl

S Eg Ry}

-~

e ope

1H

P3=P¥g ,ca

CALL PRCPER(PI, M)

RFAG 3a FHO F/ RHOG

GAMASAESIIRFRGI-RERGZ)/ (PP L0NC,%0, 06))

CALL PRCFER(P,0)

G=PSI® (UG/LF) **0,125% (OHESRHOF **0, 5/ GAMA®® 1. 5/UF) **0.667

te(Le/CHE)D

CHF= E0*GOHFG

GET INITIAL FRECICTION (CONSTANT QuALITY)

fALL PRECICTUXE GoPyCHY,OFELHLIN,CHIN, ICCR,PRECT}
RERR "=FREC(/CHF~1.,
OEI2=RERRT+L,
BAY23 (PET=14)%(PE]2=1,)
STOTAL2=STCTALZ4PET2
SACD2 =SALD2+3AL2
IFIKOHIN 4€EC.0) GO TO 12

THRCOW™ QUT RECCRCS WITH HEATEC LENGTH = 9

IF(HLIN €EQa04) GO TO 10
CCOAST=(DPINSG®AF) /AH
SLGS(GRAFBLFG )/ AN
FREC=PRECH

ITERATIVEL Y SEARCH FOR CCNSTANT INLEY CONDYION PREDICTIOM

CALL SEXSCHUXE G oPoDHY DHE JHLINJCFINGICOR,PRID,
* CRFLCONST 4 SLQ» IRUN)
IFUIPRED, EQ4=14) GC TO 1O
A2=NZ+ g
ILOCIN D) =L IN/CHY
790 (NZ )=EC
1RFRGENZI=RFRG
IPSIIN7)=FST
ZCHINR INZ2)=CHINR
ZXINZ) =XE
S0PRED=FREC/EC/HFG
RERR =ACPREL/BO~1 .
PZIINZ )=RERGs ),
EAUZ (P ETUINZ)I~L I®(PETINZI-14)
STOTAL =STCTAL+PELI (N2)
SANQ=SACC42 8L

FIND WHICH GChS THE CATS FIT? wITH RESPECT TO
TUALITY, OLTLET FRESSUIE, ANC MASS FLUX SO THAT
THE CUTPUT TAELES CAN 9% FILLSD IN.

TC te IXs1,€
IF(XE.LB2x(I¥e1)) GO TO 15
CO0 16 1G=1,8
TFUGLLE, SGLIG+1))Y GO TC 17

70 48 P =1 ,%
IFIPLLE, RP(I2+1)) GO TC 2"

85-05-29
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33

5%

7u/76 OPT1=7 ROUNO=¢=-*/ TPACE PHDOHMP FTN 4.,8¢498 85

SUBROUTINE PRECICT (XsGePoOHYLHE,HLINCOHINGICOR Q)

S5 0000 PUPDLPIBIBSBERLIBPICVEFIOGVEREHD LBV BG 40538843383 35558588000

SUSRQUTINE PREDICT IS USED TO EVALUATE CRITICAL HEAT FLUX VALUES
JSING ONE DF THE FCLLOWING HZTHOOS.

0o TARLE ACCZSS (LINEAR INTERPOLATION)

1. TONG+S HIGH FLOW SUBCOOL-D ONB CORRELATION
2. ZUBEF*S CORRZLATION

3. BABCOCK AND WILCOX COMPANY ¢BAW=2

4., MACBETH CORRZLATION AS GIVEN BY E£CCSA-1
5. RELAPH=MOD 7 CHF CORRILATION

6. HSU AND BECKEZ CORRELATION

7. BIASI CORRELATION

8. BOWRING CORRELATION

3. S0WRING*S BLOYOIWN ORYOUT CORRELATION
13, CESKOV CCRRELATIGN
+1, 3ECKER+S CORRELATION
12. VTI COPRELATION

OO0 ODIOOINOOOOOOOO

L4 A3530 5328803323830 225300083808083300083038808%80488808000580080

RZAL INTERP3

SCUHMOIN/PPOP/VF ¢ VG e VLyHF G HF 4 HG ¢ HL s UF ¢UGe UL

. AKFoAKG 9 AKL +CPF o CPG+LPL s SFsSGeSL o
FHOF o PHOGs RHOL s PRF . PRG«PRL +FSAT. TSAT,
VF G UFG

CIMMON/TABLE/CHFEST(17 «14.15)

SOMMION/ GK/ CK14CK2.CKy4

SOMMON/RONWS/ PX(17)4PP(15) PG (14) ,IXeIG 1P

BRARDLSSLDLIIBIBSPEBIBEHS IYYYVYYYRYSRSYPYIRPYI RSP RRR L RS RSS2 R A2 2 24

» THZ FIL_OWING DATA STATEMENTS ARE USED ONLY BY TABLS ACCESS *

LB LH94588 4L LEBBABDSIBSLLBIBIFISIIIBIEIBILINNBINIIBNBIIINIRINEINN

JATA PX/=el1S5e=el 1= 35, Deeed5eels 0150e20e25¢e30 elbee5Ss

251



SUARPOUTINE PPENICT

50

65

79

75

60

35

15

vﬁ;

118

JATA

JaTaA

74/70

252

e6Grel1e8 90991/
PG/ N¢45 0091006927 00¢3300¢¢5006¢7500¢ ¢1037¢¢15000420004+

3000e 940004050 0044750u.7

OP 1=9 ROUNC=+-%/ TRACE

PMOMP

FTN L.3¢4990

OF/10Ces1500¢270e¢ 93300 e4500 97006010004+ 150064200G 0
NN 445084077904 423000+15000.423900.7

(CHFEST(I. 1.

(CHFEST(I. 2,

(CHFEST(I« 3,

(CHFEST(I.s u,

(CHFEST(I. 5

(CHFEST(I, 6,

(CHFEST(I, 7.

(THFEST(I,. 8.

(CHFEST(I. 9,

(CHFEST(I.19.

(CHFEST(I 11,

(CHFEST(I.12s

(CHFEZST(I W13,

(CHFEST (It by

(CHFESY(I., 1.

(CHFEST(I, 2,

(CHFEST(TI. 3

VyI=1.17) ¢
G804 s

500.'
1)eI=1417) /
150000

7564«
Vel=1el?) 7/
2uldie e

727.0
1),1=1427) 7
25304
1160Ce o
eI=tet?) v«
30600
177“.'
1),I=2,17) 7/
353060
23184
1)41=1,17) ¢/
“700.0
23344
L),1=1417) /
44306
253940

1) I=127) 7/
42334
32664 o

3930
C0as
“50..

L3C0es

125000
71Ces

468304

165040
703G o

S600es

15004

11084

64000

22000

1443, ,

7200

34540

12514,

8000

457240

13086

880040

L2Cas

15144

Q6L Ne o

4600+

220604

1) I=1¢27) 7100004

23034
bofsua e

526Ca0
290040

1), I=1417) /710500,

BAUU. e
35040

1), 1I51417)
653340
3.3Gae
1),I=1.17)
ToOGa
2500.0
eIzl
50304
23304
2)I=1e17) 7
1:i03¢0

0304
2),I=1427) 7/
l?JUot

733¢
2),I=1417) /
233060

323

53392.»
27C 04

61030
20004

/115¢Rae

7“’0 n.'
1500..

71208 %

7500 4
12004
4000,
S50
5604+
4100,
150d 40
6Udes
L80 0
1900,
9006

3630ee 2065,
750eae  TlLles
356.0 21200

350%¢¢ 24004
120).' 1150"
506es 3864
L4260e¢ 3100,
10000 850..
607ee 493
%300ee 3800as
1400.s 1350..,
863es 5324
5603ee¢ 45004+
2100%e¢ 20004

827¢¢ 620.0
6300ee 5200,
335%ee 33004
66200 633..
70000+ 5900..
“1050. 316600
33GSes 736es
7630e¢ 66004,
35524+ 35364
110Use 6004+
8204es 70304,
4503.+ 4540.,
110Use 690.,
8603« 7730,
Siuues 5950,
1‘0:)00 630..
9430ee 860D
5400e¢ 53004
110060 60040

7110004410003+ 9000,

5300¢¢ 50000
103%«e¢ 5006
106JJes 3500,
5200ee L4004,

306 5004
11000%e«100C0e
500Jes 4000.

80Jes 400..
3563e0 2600.,
Qu7ee SL0e
377ee 2364

3660 27304
140J.s 1390..
521.. “030.
42004 32304
160Je¢ 14006
8G90ee 6804

1200..
733
8S..
17004
11C8..
35Ce
22GGas
8200
330y
26G0es
1300
407 s
3GLC o
19784
456G
360G
246 6e
blhibee
550G
298600
40GCae
L8C00..
340dee
30G.
5550
LOCoee
300
530Uae
5300
300..
730G
52000«
300
65300ee
4600,
3Cuen
835684
3300en
306G,
9GGlae
30C0ee
300..
13535.
86740
111,
139G 0.0
12654
Jlbues
24Chan
10724
45da0

85

100G.
50Ces
04/
16004 »
87344
8.7/
2130 e
750e
Q.7
255G e
1200«
0./
3030 e
1900.,
0o/
3550
2354e
Lo/
50006
28874
Be/
46J0¢0
33.9.
0./
4800 e
38234
0.7
5400
490604 »
0/
65306
5037
0o/
6663¢ s
430040
4
7951 ¢
3000a
c.,
92J3C e
22004
0o/
12004
680..
0./
18004
S8lke s
0/
2200« s
g““.!
0e7/



SUBRNUTINE PPENICT

115

129

125

133

135

i3

145

155

179

TL/78

(CHFEST(I+ 4,

(CHFEST(I. S

(CHFEST(I. €.

(CHFEST(I., 7,

(CHFEST(I+ 8,

(CHFEST(I. 9,

(CHFEST(I .20

(CHFEST(I.11,

(CHFEST(I 12,

(CHFEST(I.13,

(CHFEST(Ie1 4,

(CHFEST(I« 1,

(CHFEST(Is 2

(CHFEST(TI. 3,

(CHFEST(IV 4,

(CHFEST(I. 5,

(CHFEST(I, 6.

(CHFEST(I+ 7,

(CHFEST(I. 8,

253

2)s I31417) /
250000
130440

2Ye I=1017) 7/
3330
16304

2y, I=4417) /
323360
150ue

2)y,I=1417) /
wulGl e
17004
2)II=1'1,) /
40040
2304d..
2),I=1627) /
’0830..
25004

2y, I=1417) 7/
452944
3“00-0

2).I=1,17) /
5.00.
320340

2YyI=1417)
5030 .
26J3e

). I=1407)
65304
200G«

2)yI=1.417)
BU3G e
1000

3yI=1e17) 7/

b2
186,
3)2I=1447) /
1o4l.
1ibbaee

NeI=tet?) /

210G
ENPRE

e 1x1e017) 7
23004
1250 ¢

)y I=tel?) /
2400 .
14614

e I=1417) /
2500 e

3y I=1417) /
2653«
1600..

3)sI=1417) 7
200l e

16000

CP 1=0 ROUNU=¢=+/ TPACE

54006
2100+
120040
6000.,
27004,
15004,
66004,
3100.,
13CG %4
72004+
3500 ..
150044
76004
3700
2200 .4
84004
33000
25004
S000..
413540
30004,
S600 e
46003
25ufles

/710000..

470740
20060

710500.,

57004+
1500.'

/71100 0e

6500«
10004
L820..
Z2LBae
117..
4355 .,
15624+
7084,
0004
2000.,
751
520040
2150,
12004
S400a0
22004,
1000..
560N 44
225040
11004,
.:80000
2350.,
14004
£0004e
23504,
1050

PHDOMP

4800,
1600..
1109%..
5S40
240G 1e o
1400¢e
60GJes
2700.0
1184,
6h00e.
2203360
117040
72013,
3400
1103..
76004+
3600
11004
820340
40004
1060,
6240«
41034
1000+
6€3540
4200.0
10334
93004
4009
S0Jes
104006
500Jee
60Je o
370000
23360
8,..
4000,
1483..
603e0
H100,..
13310..
70dee
%300..
160Ue
11424
44504
21504
7004«
L6506
210 uee
800,
48504
211G ..
6030
5000.
21‘.0.‘
6llee

FTN 4.8+¢698

38004
1500,
1860,
““Cﬁo'
22004
8304+
5000,
222744
6704
5600.
20004+
65044
6200.,
3100..
600,
6830.0
34004
550,
60G0..
3960,
5500
583004
J800.+
500..
60004
36004
450460
3130,
3100.s
04504
9700~
3000,
“00"
2770 .4
219,

5844
338440
14054,
59344
32004+
1300,
65040
JLd0a4s
13504
8904
35004
2130,
600,
3700,
203Ga.
45044
3900
20664
4504
000..
13584
4504

27004
140040
EX 1
3300.0
170040
5000
370G
1300..
4LSCaeo
43006
19G0.
LGGen
500040
290G e
3530
5530
316G
3004s
5300.'
3700a
30000
5600
330Ges
308ee
5766e
286G
3CJes
89014
288 0ae
306G
3060es
220000
3GGCes
145040
20 4a
290
2313ee
1326¢
468
26C0as
12CG e
3156
2800
132540
3154
30G0es
2300
3500
31506
18G00an
3004
3300-0
18264
36Len
J40Can
18GCen
JUben

85

236004 o
13254,
[
3008,
16504
0.7
36004
16684
e/
41504
180G
Ge/
‘0700.'
27004 o
0.7
520G e s
30004
Qe/
4988,
35C0e
0o/
S4il0es
325G e »
Ce/
521ba s
2800
0o/
72544
23004«
Ge/
86004
18004
Do/
2770!
1754
0e/
17%4 e
2bbey
0.7/
23304
10854,
8a/
25004
13004
0o/
270046
18104
0o/
<300,
1643,
0/
3000
L7674
0o/
30004 ¢
17004
0e/



SUBROLTINE PRENICT TL/7h OP 129 ROUNG=+=-*/ TFACE

730

735

710

715

72%

73C

735

740

JATA (CHFEST(I+12+15)91=1,
+ 2
+

DATA (CHFEST(Ye13,415)41=1,

17) 7
063,

643

17y /

. 235U

+

700«
JATA (CHFEST(I14415),I=1417)

+ 25004

*

A

L BLPHAC X )
S1

PH =
5=3I5MA(TSAY)

750e

/

2500
1800,
18G4,
3085
2180a0
268,
3268 .9
241240
3330

PMONP

2400ee
151740
18240
28314
19274
2534
2969 ..
216k .o
3256

FTIN LoB¢LIS

2330
14610.,
173-'
2771 ..
1689.
2500'
2900,
195040
3¢1e

3 TO (LOCCsLD010+46020+4050 04120906130 0414044160.
ICOR+1

+ 6170404230 44250, 426044270

2200..
1240,
163,
256140
14654,
2ib..
28004,
15574,
250

SALABLP 9420330200083 03 3528300333088 3882348B 0380582308800 30840

[ 2N JEE S K K 2N LR 2 J

THIS HETHOD PPTOICTS CRITICAL HEAT FLUX USING

A 2 TABLE APPFOACH METHOOD
I3 IN2ZIXED BY AUALITY (X).

THZ INJDZIXING QUANTITILS ArZ

RP ANDI “Ge LINEAR INTERPOLATION IS CAFRIED QUT BETWFEN
2JINTS IN THE TABLE. THE OHF PREDICTION IS MOOIFIEG bY

TH4E COTECTION FACTORS CKi.

e

MASS FLUX

THIS 3-D TABLE
A PRESSURE (P).
THZ AZTUBL PANGES THE TABLZI WOWS COVER WITH RESPECT TO

(G)eo

OZFINEFD BY THZ ARRAYS RXe

CK2Zo

CKb4e

LR IR IR BEE K IER BEE B I

AL SBSDIJLA32BBLBBJ00L20883385005 9038238833339 28088530080

L3J0 IF(XaLTele) GO TO o

6

w i Ne)

Ny

21
jo

w0

50

~0

7o

AN

X=1.

Q=0.

AZTuPM
IKL1=2K2=CKL=1,

SEAKCH FOR WHICH ROWS OF THE CHF TABLE THE DATA FITS
WITH 2ISPECT TO GUALITY, MASS FLUX+ ANL PRESSURE.

0 11 Ix=1,15
TF{XJLZ.PX(IX+1)) GO TO 21

30 33 I6=1.12
IF(SsL2ePGLIG+1)) GO TO «0

J0 54 IP=1,.,13
sF(PelzePP(IP+2)) 50 TO &35

J.wMITER CCRPECTION FACTOR

IF(IHY.LELC.Q16) GO TO 74
SKLi=.7937
53 70 9¢

IF(OHY.GFe 14002) 60 T3 80
SKL=1.5R70
GJ To a¢

CONT INUE
SKi=(,708/0KHE) %+, 3333

254

85-

218Ue s
983 .
0./
23734
S4B
0./
27584
10164
8.7/



WAPNUTINE

C

D [} o0

[pNe R

PPEDICT 7L/74 OP 1=) POUNQ=+¢~-%*/ TPACE PMIMP FTN 4.6+498

3UNHCLE COMPPECTION FACTOR *** SET 10 1 FIOr TUBE DATA e*»
ag SINTINUE

IF ( CHE «MEs, CHY )

. CK2 = AMINLC (e8¢ 0o8%EXP( =045 * X**0.3333 ) )

HZATZIC LENGTH FACTOR
ALPH = ALPHA( X )
s4s  SET CKin TO 1 TEMPORARILY **+

S¥s = ZXP( DHY / HTL * EXP{ 2. * ALPH ) )

EXTXA2CLATION FOF PRESSUPES OVER 20 MPA.

<FiPsLZs202M0,) GO YO L4s
CALL PPOPER (2003044 04)
SIG=SIGUA(TSAT)
A=SART (FHOG) *HFG2(SIG* (IHUF-PHOG))**,.25
CA.L PROPEP(P,40,)
SIG=SIGNA(TSAT)
§=SQRT (I HCGI*HF G2 (SIG*(RHOF -RHOG) ) **,.25

QA=INTEPPI(X+6+23299,)*(3/4)

RITUPH
100 IOnTINUE

F=INTESP3I(X G oF) *CK14CK2*CKb

R

[}

TURN

85



15

20

25

3

35

«Q

<5

Tl

QP T=9 Found=+~*/ TraLL

SUBROUTINE PROFER(PRESS.TEHP)

rHUA e

FAHN LedtuSGh

VOGB4 4000 330 AR08 BISBINALPIEIPIIIBIBPNBIDI544303300050833>

THI

LN BN A B I N BN B B B I B

A vaLuz
TEHPZRATURE (C)

AND SUPERHEATED CONGITIONS.

SUSROQUTINE PROPP.

SUIRQUTINE PROFER IS USED TO CALCULATE THE
THIRMOTYNAMIC ANC HEAT
JF LIGHT WATER AND STEAM FOR SUBCOOLED.
SATURATED.

TRANSPORT PROFERTIES

OF PRESSURE (K€A) ANG A VALUE OF
IN SI UNITS ARE PASSED INTO

SINCE POLSAW REQUIRES BRITISH UNITS, THE
INFUT VALULS MUST 8E CONvVERTeD.
TIZS QITURNED FROM POL SAW ARE IN BRITISH
UNITS,

ALL FROPZR-

THE PPOPERTIES ARE CONVERTED TO SI

JNITS AND ARE PASSED TO OTHIR FARTS OF THE
PIIGRAM VIA COMMCN A8LOCK PROP.

* P e PSS E TS S

$LA8580334300 230 A834888488532300B003B 4838403433288 3395330488

BR300 2034333828880 85200803395333380832433588050808338000

~ vaxIa3

1]

AKF

HF 5
PRF
PR3
poL
RHIF
RHJS
RHI.

SF
SG
SL

Ur

I I O R I I e I I N I A T R B I B A
I
-

UG

-

OEFINITION

THERMAL CONDUCTIVITY OF
SATURATED LIQUIG.
THERMAL CONQUCTIVITY OF
SATURATED VAPGUR.
THERMAL CONDUCTIVITY OF

SUBCOOL OR SUPZRHEAT WATER.

SPECIFIC HEAT OF
SATURAT D LIQUID.
SPECIFIC HEAT OF
SATURATED VAPQUR.
SPECIFIC HEAT OF

SUBCO0L OR SUPZRHEAT WATER

ENTHALPY OF SAT. LIO,
ENTHALPY OF SAT. VAF.
ENTHALPY OF SU3C0O0L
OF SUPZKHEAT wWATck,
LATENT ENTHALPY
PPANDT NUMBER

PRPANDT WNJMBZR

PFANDT NUMBZR

DENSITY OF SAT LIQ.
DENSITY OF SAT VAF.
DFNSITY OF SU3CO0L

OF SUPZIPHEAT WATER,.
ENTROPY OF SAT. LIQ.
ENTROPY NF SAT. VAP.
ENTROPY OF SuuCoOL

OF SUPERHEAT WATER.
DYNAMIC VISCOSITY OF
SATURATED LIQUID.
DYNAMIGC VvISCOSITY OF

256

UNITS

KW/M/C
KW/M/C/
KN/M/C
KJ/KG/C
KJ/KG/C

KJ/KG/C
KJ/KG
KJ/KG

KJZKG
KJ/ KG
NON OIN.
NON OIM.
NON DIM,
KG/M3
KG/MH3

KG/M3
KJ/KG/C
KJ/KG/C

KJ/KG/C

LI IR N B B JEE I Y Y K R B I T IR I B IR IEY IR IR BN JEE K K BEE IR B JEE IR BN BN N B
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TL/70 OPT=0 ROUNO=+-*/ TYPACE PHOMP FTN L.8+L98

SATURATED VAPOUR.

uL DYNAMIC VISCOSITY OF

SUBCOOL NR SUPIRHEAT WATER.

VF SPECIFIC vOLUME OF

SATURATED LIQUIO. M3/KG
VG SFECIFIC VOLUME OF

SATURATED VAPUU%. M3/ KG
VL SPECIFIC VOLUMZ OF

SUBCOCL OR SUPZRHZAT WATcR. 43/KG
PRPESSURE PASSED INTO

SUBROUTINE PROPER. KPA

P PFPZSSURE USED 3Y

SUSROUTINE POLSANW,. PSIA
TeMP TEMPERATURE PASSEL INTO

SUBKFOUTINE PROPER. c

T TEMPERATURE USED EY

SUBROUTINE PILSAMW. F
PSAT SATURATION PR=SSURE. KPA
TSAT SATURATION TEMPZRATURE. c

60

65

rad

[ IR T T Y T DR RN I K IR B A B R AR A
0
L7
m
w
)

LI I TR I I IR IR IR L IEK I B K B B R B B A

X T R RS RN R NS N R PR LSRR PR RRYSRRR R Y YRR R RS PR PR Y Y R Y}

8a REAL KyR(1 )
OMMON/L 120/K (14 8)
SOMMON/PEOP/VF o VGy VU HFGWHF s HG«HL UF UGS UL,
’ AKF'AKG‘AKLOCPFQCFG'CPL'SF.SGQSLi
. PHOF«RHGG sRHOL + PRkF s PRGoPRL «PSAT «TSAT .
55 . VFG UFG

P PRESS/F.89L7E7
T = TEMP*1,8 + 32,

Q‘g L83 5453535404308024383030848833383583338053308080 0880008030084

iF THZ PPESSAMURE (PPESS) PASSED INTG PROPER .
ZIQUALS 0.0 THEN SATURATION PwUFEPTIES AS A
FUNCTION OF TEMPERATURE HAVE BEEM REQUESTES.
IF THE PPESSURE IS NOT EQUAL TG C.0 THeN
SATURATION PPOFERTIES AS A FUNCTION OF
PX_.3SUSE APE CALCULATE(Q.

ARAP IS0 3BLLADBALRLB443 PR 3B4334003308338833303830%033030

95

LI 2N S

*« & ¢ &8

IF(PRESS «ENe 04 1) CALL POLSAW(C3+TeKeRe1)
iF (PSS oHEe (0 0) CALL POLSAW(P+0s0+KsRe1)

b
o
2

VE o= S(1) * 062428
J5 A7) * 0€2u28
VFS = VG = VF
105 HES (R(B)=-R(2)) * 2.3253
HF C(2) ® 243255
G RAB) * 243255
UF (X)) » 1.,L8818n
JG R(9) = 1.4881¢%0L
111 JF5 = UF = UG
AKF - 2{u) = 001739735
AKG - R(10) * ,031739735
I°F F(S) * L.1863
SFS Q1LY * 4, 13¢€9

Hn
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SUBPOLTINE PFOPIR TLr/TL OP 1=0 PROUND=+-*/ TRACE PMOMP FTN L.38+49¢

115 SF R{6) * L.1868
SG R(12) * 4.1868
RHOF = 1,0/P (1) * 164018
RHIG = L.0/R(7) * 16.018
PRF = R(5) = P(3) * 3600./R{4)
129 PRG = R(11) * R(9) * 36G3./R(10)
sF{PRESS +ENe Ca0) PSAT = R(13) * 6.89u757
IF(PRESS oHE. Ce0) TSAT = (R{13) - 32.) /7 1.8

BRBHLT LS IRIIPBPLBIBBINBEBRAIDDIVIIVLBILBBIPBA0IB3089503 383803

125 - IF THE TEMPERPATUPRPZ (TEMP) OR THc FRESSURE (PRESS) .
- PASSED INTO PPOPER ENQUALS Js.u THEN ONLY THE .
- SATURATED VALUES HAVE BEEN REQUESTED. .
SLALBDJABBSILDIDPIBABPBBLIAIBRLBPIBIISPIIBIIBLIAPBINIRNGIH238808

130 IFITIMF +ENe 040 +NR. PRESS ERs 0.0) RETURN
BLP LD L5004 PBPRBYBIDIBBLALBIIVIIVOIRGIIINIDINIIBPIINB333808
e CALCULATE THE SUBCOOLED WATER (PR SUPERHEATED STEAM »
- PRIPERTIES, hd

135 BHL3L33303303040A838F3883083308050540008380033883342538888388>

SALL POLSAW(P,TyKeP,1)

VL = R{1) * 062423
4L = R(2) = 243255

140 JL = R{3) * 1.488164
AL e(e) = ,001730735

°. = P(5) * L,1868
SL - R(8) * uL.1868
RHIL = 1.NM/P(1) * 16,018u45

145 A3 = L) * P(3) * 3500./R(6)
OSAT = R(13) = 6.894757
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FUNCTION INTER?Z TW/74 OPT=0 POUND=+-*/ TFACE PMOMP FTN L.d¢u3¢

RIAL FUNCTION INTEPPI(XeG4P)

U‘*J‘llllllAll‘.‘l.JOAQC“Q-“QQ0.‘..‘.‘00‘4‘0'4.‘.’0

CARRIZS CGUT LINEAR INTERPOLATION BETWEEN POINTS
TN THZ TABLE *CHFLST+*e INTERPOLATION IS OONE WITH
PZ3PZCT TO MASS FLUX, AUALITY ANC PRESSURE.

?OOOOD

AL ASIBLLIED I PPARABPIIPALPARBL LI035 889053488353 00

RIAL INTERP
SOMMON/TABLE/ CHFEST(17+16,415)
SOMMON/RPONS/ PX(A7)4PP (15) PG Lik) 4IXeIGaIP

PAIANM=(P=PP(IP)) /(PP(IP+1)=PP (IP))

LINTZRP(CHFEST (IXeXIG4IP) «CHFEST(IXIGIF+1) «PARAM)
INTERPICHFEST (IXo1G#1e1IF) JCHFEST(IX IG+L4IP+1) FARAM)
INTZRP(CHFEST (IX+14I6eIP) CHFEST(IX4141GeIP+1)PARANM)
INTZRP(CHFEST (IX+1, IG+14IP) +CHFEST(IX+1.IG+141P+1)PARAM)

C:
b
PAAM=(G=PG(IG)) /(PG(IG+1) -PG(IG))

STINTERP(CL1,C2, PARAN)
s INTZRP(C3,CL,PAPAMN)

<
PARAMS (X=PX(IX))/(PYX(IX+L)=2X(IX))
INTEFI=INTERPPICE,CHhPARAN)

RITURN
)
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FUNCTICN ALPHA

2 oU
7u/7t OPT=0 FOUND=+-*/ TFACE PMOMP  FTN 4.8+49

FUNCTICON ALPHA( X )

COMMON/PFOP/VF «VG o VL s HFGeHF ¢ HG e HL 4 UF UGS UL »
AKFoeAKG ¢ AKL s CPFy CPGoCPL s SF4SG4SL
RHOFsRHOGs RHOL +PRF « PRGoPFL yPSATL TSAT.

VFGe UFG
IF ( X «GEe 140 ) ALPHA = 2.995999

IF € X 67, 0.0 .ADe X oLT. 1.0 )
= X

. AL PHA / (X + nHOG / PHOF ¢ ( 1.3 = X ) )
RZTURIN
ENJ

FUNCTICN INTERP T4/74 OPT=3 RPOUNS=+=-*7 TRACE PMOMP FTN weB8+450

RIAL FUNCTION INTEPP(A 1+A2,?)

CQIQI.‘.‘..&"ID.“OQ'.‘AI‘.O..Q..‘.“.l. 28585885

OO0

LINZ42 INTERPOLATION NITH PARAMETEF (<=P<c=1

>
>

- PETUFNS Al
i PETUPNS A2

BES G538 332B P8B4 3303538880439 3333025089580808

INTERP=A1¢(A2=-A1)*P

RITURN
N2

FUNCTIFN STIGHA 7w/t CPT=0 ROUND=+=¢/ TPACE PMOMP FTN Lod+436 8¢

QOOOOO

14

FUNCTICN SIGMATEMP)

86485 ¢3 588808083484 520333300208DRB 8PP 8324838323382 305083333088808s

THIS FUNCTION CALCULATES SURFACE TENSION AT A GIVEN SATURATION
TZI4PIRATURE,

BB BBLIPRBABPNLB L8438 80323303 022588328530 880080349058023230008333000

JIMINSION A(5)
JATA A/1.16A083681075~-02,1.12140L4688E-03.-5,752835180E~0¢.

. 1.286274650€~08 +~1.143719290&-11/

3=0483
T2=547,3
T=TZMP+273,

U

ISHMA=A(DI = (TC-T)**2/(1.0¢3%(TC-T))

J3 13 I=2.5
SISMASCSIGHMA + A(I)*(T=T)**1

F--"4-0IGMAZ1000,
TSTURN
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FUNCTICN HORNZIR TL/T4 CPT=0 ROUNO=¢-*/ TRACE PMOMP FTN &4,8+4L38

FUNCTION HORNEP (A, XeH)

EVALUATE A POLYNOMIAL P(X) OF DEGREE N USING HORNER*S RULE.
THIS SAVES TIME B8Y NESTING MULTIFLICATIONS INSTEAD OF FINOING
P(X) ONS TERM AT A TIME,

ONOODHO

AQAY OF POLYNOMIAL COEFFICICNTS!
JIMINSION A(10)

NZR=A(N+1)
SR=HORNER®*X+A(I)

«GT.0) GO TO 5

D et L L
Zii M HuOu



113

15

2C

25

s

40

45

(V)]
2

55

OOOOOONDO0

¢
c
C

720

701

702

703

706

Lbl

SURROUTINE SFARCH TL/70 OP Y=0 ROUNG=+-*/ TRACE PMDNP FTN L.840u38 8!

SUBROUTINE SEAPCH(XeGyPysOHYsDHE s HLINGDHINJICOR«PREDSCHF &
+ CONST+SLQ.IRUN)

ITZRATIVE METHOD OF FINDING INTERSECTION OF PREDICTEO ANO EXPERIMENT
LINES. BINARY SEARCH IS USED. VARIABLE NAMES DIFFERING ONLY IN THEIR
SUFFIXZS *1+ 0P 2+ RUPRESCINT THE SAME QUANTITY ON OPPOSITc SIODES

OF THZ INTERSECTION.

FIRSTes FIND INTEPVAL X1, X2 WHiCH STRADODLES THE INTERSECTION.

~T=R=0

Xi=X

J1=CHF

PRIDL=FRED

IF{PRED1.67.01) GO TO 701
Q2=01
X2=X1
©lE02=PHE01
Xiz=X2=,412
QA1=X1*SLQ+CONST
SA_L PREDICT(XL +GoP OHY JOHE +HLINGOHINLICOR, PREDYL)
ITIR=ITVER+1
IF(ITERLGE.S0) GN TO 7G5
IF(FRED-.GT,N1) GO TQ 702
60 70 7c0

SINTINUE
X2=X1+.,2
Q2=X2*SLQ+CONST
SA_L PREDICT(X2 4GyP +OHY «CHL+HLINSCHINGICOR PRED2)
ITEZR=ITEP+L
IF(ITER.GE.F0) GND YO 705
IF(PREDZ.LT.U2) GG TO 742
Xi=X2
Q1=Q2
PRECL=PPED2
G2 10 701

SINTINUE
3INARY SEARCH

XMIAN=(X14X2) /2.
JMEAN=(Q1+02) /2,
CA_L PREDICT(XMEAN, 4P OHY JOHES¢HLINSOHINL.ICOR,PRED)
JFLABSUIPRED/OMEAN) ~1ad ol Tauall2) KETURN
ITZR=ITEPe2
LF(ITLRWGELS0) GO TN 705
{F(PREDGT.AMEAN) GO TO 734

X2=XMEAHN

Q2=Q4EAM

GO0 To 703
SONTINUE

X1i=XMEAN

Q1=QMEAN

GO To 703


http://IFCPR-EDl.GT.il

S

Zb >
SURROUTINE SFAPCH Tu/746 CPT=2 ROUND=+-*/ TRACE PHDMP FTN 4.8¢498

C GUARS AGAINST INFINITE LOOPS ARISING FROM NON~CONVERGENT
c GCASZI3 (I o LINES DON®T INTZRSECT)e RETURN PRED=-1
1] c
705 WARITS(Z4710) IRUNJITER
710 FCRMAT(1X.Ab6e2 *4%4 IGNORZDs INLET CONOITIONS SOLUTION NON=2,
+ 2CONVEPGENT AFTER 241342 ITERBTIONSZ?)
%2d=-1.
65 RITURN
MO
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APPENDIX G

Results from testing Weisman & Pei's model with experimental CHF data of

Freon-113, Freon—-11l, Nitrogen, Freon-1l2 and Water
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APPENDIZX H

Results from testing Katto's correlation with experimental CHF data for

Freon-114, Freon-21, Freon-12, Carbon Dioxide and Water
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APPENDIX I

Results from testing non~dimensional CHF table with experimental CEF
data for carbon dioxide, Freon-21, Freon-114, Freon-12, nitrogen,

Freon-113 and Water
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APPENDIX J

Application of Non-Dimensional CHF Table, Katto's correlation,

Hauptman's correlation, Shah's correlation and Weisman & Pei's model.

g P




584

505

474
468

368
364

298

B.0. x 10

7experimental B.O.

heat balance
equation (1)

“? CHF predicted

,/,) Non-Dimensional
CHF table predictions

-0.1657

quality (%)

JIGURE J.1 B.O. vs, QUALITY, APPLICATION OF NON-DIMENSIONAL CHF TABLF

\¥
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Fluid: Freon-12

P

1071.5 kPa; D = 0.01608 m, L = 1.829 m;

G = 2462 Kg/m?/s, AHi, = 20.8 kJ/kg;

Experimental CHF = 156.2 kW/m%; x, = 0.0643

Physical and Thermodynamic properties were obtained from ASHRAE Handbook

(1981):
pe = 1234.5 kg/m’; A = 125.5 ki/kg; pg = 61.6 kg/m’;
ng = 190 x 10~° kg/m/s; k¢ = 0.0625 W/m°c;
ng = 1.385 x 10~° kg/m/s; o= 6.54 x 107° N/m
Non-Dimensional Table
AH, o
in _ 20.8 o Pe 12345
}\ - 125.5 - 001657, __61.6 - 20-04 Py
- 2462 x 0.01608°"° - 110
K GO'Spg'S (6.54x10-3)°> x (1234.5)%*°
e _ _156.2

- -6- =
rc-;- = m = 505 x 10 H xc 0.0643

, 0.00841/3 0.008,1/3
K = Exp(——ﬁ——J = Exp(O.Olé) = 0.79
XV
g

a = =
X vg + (1-x) Ve

_ 0.0643 x 0.01624
0.0643 x 0.01624 + (0.9357) x 0.00081

a

K2 = Exp(%-x Exp(2<a)) =

0.01608

579 * Exp(2)) = 1.067

K, = Exp



300

By applying heat balance equation:

q. AH

3 in 1.829
\G

= 4 * BO X 55708

L
D" - 0.1657
X = 455 x BO - 0.1657 (L

Assume xc = 107

By interpolation

(379 - 488)

-— - = —6
BO = 488 + (123.44-98.15) x (110 - 98.15) 437.x10

apply correction factor; BO = 437 x 10'6 x 0.79 x 1.067

BO = 368 x 10-°

from equation (1). %, = 107 then

BO = 583.96 x 10~°

Figure J.1 illustrates the application of the non-dimensional CHF table.
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Assume x = 5/ By interpolation

(479 - 620)
(123.4-98.75)

B.O. = 620. + x (110 - 98.75) = 555.6 x 10~°

apply correction factors: B.O. = 555.6 x 10=° x 0.79 x 1.067

B.O. = 468.4 x 10~°

from (1) at x = 57 = B.0. = 47.4 x 10“'6

by interpolation B.0. = 47.0 x 10-°

CHF = 470 x 10~% x 125.5 x 2462 = 145.22 kif/m?
pred
CHF = 145.22 kW/m?
pred
cHFpred _ las.22 0 9295
CHF 156.2 .
exp

i
_ 145,22 - 156.2 _ 99
Error = 156.2 x 100 = ~7%
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Summary of CHF Prediction using Non-Dimensional Table (¥),
Katto's correlation, Weisman & Pei's model, Shah's correlation and
Hauptmann's correlation.

CHF

Correlation/Model __pred % Error
CHF
exp
Non-Dimensional CHF table using WK 0.9297 - 7.0
Weisman & Pei's model 1.1246 12.46
Shah's correlation 0.88348 -11.65
Hauptmann's correlation 0.768 -23.17
Katto's correlation 1.126 12.67
CHF red - CHFex
% Error = ——EL2 P x 100

CHF



