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POOL BOILING HEAT TRANSFER TO
LIQUEFIED HYDROCARBON GASES

CHAPTER 1
INTRODUCTION

Boiling heat transfer may occur in a variety of com-
plex situations. In this work, data were taken for saturated
pool boiling outslide an electrically heated cylinder. The
significance of each of these qualifications is described
below.

"Saturated" boiling occurs when the bulk fluid is at
its saturation temperature. "Saturated pool boiling" means
that the heater i1s immersed in the boiling liquid; it further
implies that the liquid has a free surface and no forced con-
vection is present.

Most saturated pool bolling data are taken from flat
plates, cylinders or wires. Differentiating between cylinders
and wires 1s arbitrary, but necessary; hydrodynamic aspects
change radically depending upon the size of the bubbles rel-
ative to that of the surface on which they form. The gold-
plated cylinder used in this work had a diameter of 0.811
inch and a length of 4 inches, This diameter, slightly over
two centimeters, is large enough so that the data can be

1



2
directly compared with that from pipes or flat plates [10].

The use of an electric heater normally limits study
to the nucleate and film bolling regimes described below..
An electric heater 1s essentially a constant-flux device
which 1s inherently unstable in the transition boiling
regime [86].

Study of saturated pool boiling for several sub-
stances, over a range of pressures, and on the same surface,
permits isolation of the effects of fluld properties on
boiling heat transfer., The disadvantage of such a simplified
situatlon is that data are not directly applicable to indus-
trial problems unless the effect of each complicating factor

can be calculated separately.

Bolling Regimes

The pool boiling heat transfer coefficient hb and

the driving force AT are defined by equation (1-1).

q = hy (T, - Ty ) = hy AT (1-1)

The flux q has units Btu/ftg-hr, T, 1s the temperature of
the solid surface, and Tsat is the saturation temperature of
the fluid. Temperatures are in degrees Fahrenheit.

Equation (1-1) is not the definition of AT that 1s
always encountered; an alternate definition would be
(T, - Tm), with T_ the bulk fluld temperature. Westwater
[85] has pointed out that the former definition of AT 1s more

significant than the latter, because the very important
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critical heat fluxes, described below, seem to occur at a
particular value of T,, regardless of the fact that the bulk
fluld may be subcooled or superheated slightly. The practice
used in this work will be to use equation (1-1). Deviations
of T°° from Tsat were a}wgys very small for the data taken in
this work.

Pool boiling heat transfer data are traditionally
presented on log-log plots of q vs. AT or hy vs. AT, (A
well-known example of misleading correlation is to plot
q vs. hy [50,55].) In 1934, Nukiyama [64] demonstrated,
with curves of the type shown in Figure 1, that there were
different kinds (regimes) of boiling. The discussion which

follows refers to Figure 1.

Nucleate Boiling

Nucleate bolling is characterized by bubbles forming

at isolated points (nucleation sites). Fluxes are very high;
for organic liquids 150,000 Btu/fte-hr is not uncommon.

Temperature differences are usually iess than 100 F .

;. The nucleate
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boiling curves are those on the left in Figure 1. The AT at
a given flux decreases with increasing pressure. The theory

of nucleate bolling is discussed in Chapter II.

First Critical Point
As the heat flux is increased in the nucleate boiling
regime, more and more nucleation sites become activated, The

population of active sites eventually becomes so dense that
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the surface becomes blanketed with vapor. A subsequent
increase of AT reduces the flux., This point 1s of great
practical and theoretical significance and has probably
recelved more attention than any other aspect of boiling

heat transfer. It is sometimes called the "burnout point,"
because a constant-flux device, such as an electric heater,
tries to compensate for the decreasing heat transfer coeffi-
clent by increasing Tw' If the flux of a heater operating

at the critical flux 1s increased slightly, the heat transfer
coefficlient will drop sharply, and the resulting increase in
surface temperature may result in the melting, or burnout,

of the heater. Theories and correlations involving the first

critical point are discussed in Chapter II.

Transition Boiling
The transition boiling regime would be represented in
Figure 1 by lines connecting the nucleate and film boiling
curves at each pressure, It was not studied in this work be-

cause an electric heater was used, The transition boiling re-

a condensing vapor. Farber and Scorah [23] were able to estab-
1ish all three bolling regimes on a heated wire, and some
electric heaters can be controlled or stabilized, but the one
used in this work was not. Westwater [86] cites photographs
which indicate that the surface 1is always blanketed by vapor
in this region; Rohsenow [75] describes the film as collapsing

and reforming under the action of circulation currents,
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Film Bolling and the Second Critical Point
At very high values of AT, the surface becomes blan-
keted by a stable vapor film of rather low conductivity.
Since the surface temperature is much higher than the fluid
temperature, radiation becomes an important contributor to
the total flux., The minimum film bolling point is sometimes

' and sometimes the "second

called the "Leidenfrost point,'
critical point." The second critical point and stable film

boiling regime are treated more thoroughly in Chapter III.

Effect of Pressure
Cichelli and Bonilla [22], in 1945, showed that the

first critical heat flux qlc varies regularly with reduced

1 and Pr = 0, and passes

0.3.

pressure Pr; it is zero at Pr

through a maximum at about Pr

Increasing pressure moves both the nucleate and film
boiling curves in Figure 1 to the left.

Beyond these generalities, existing correlations do
not account for the pressure effect very well, especlally
at reduced pressures above 0.5, Data are alsoc rather scarce
at high reduced pressures.

At pressures above the critical pressure a "boiling-
l1ike" heat transfer may occur because of the large density
gradients near the heated surface, It can be consldered to

be a speclal case of natural convective heat transfer.

Purnose of this Work

In Chapters II and III the extant theories are taken
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up in detail. At thils point, however, it 1is appropriate to
explaln why this research was undertaken.

A great amount of experimental work has been done
during the past thirty years in the field of boiling heat
transfer. However, efforts to predict boiling heat transfer
coefficients, or even to correlate them, have met with only
limited success,

An exhaustive analysis of the literature of pool boil-
ing heat transfer to cryogenic liquids by Brentarl, Gilarratano
and Smith [11] led to the following conclusions:

1, Predictive correlations for nucleate boiling at
high pressures are of marginal success.

2. Peak flux predictions are lnaccurate at reduced
pressures above 0.6,

3. Insufficient data are avallable to discuss the
effect of pressure on film boiling.

4, More detailed and better controlled experiments
are required.

There exists a real need for bolling heat transfer
data for a series of simple substances bolling over a range
of pressures on the same surface, The low molecular weight
saturated hydrocarbons are ldeal substances, partly because
of their simple molecular structure, but more importantly
because of the wealth of accurate data on theilr physical and
transport properties. Correlation of even the most accurate
heat transfer data cannot succeed unless the propertles used

in the correlatlions are known accurately,
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The obJect of this work was to obtaln accurate data
on saturated pool bolling of methane, ethane, propane and
butane over the range of pressure between one atmosphere and
the critical pressure. It was particularly desired to test
existing film bolling correlations since so little high
pressure work had been done in this area., Data were taken
in both the nucleate and stable fllm bolling regimes, and at

both the first and second critical fluxes.



CHAPTER II

NUCLEATE POOL BOILING AND THE FIRST CRITICAL POINT

Theorles Based on Turbulence

Early efforts to describe nucleate boiling were based
on the mechanism known as "microconvection in the sublayer."
Measurements by Gunther and Kreith [35] and Rohsenow and
Clark [77] had indicated that the large fluxes encountered
in nucicate bolling were due primarily to bubble-induced
agitation near the heated surface.

Dimensional analysis indicated that data could be
correlated using the Prandtl Number Pr¥*, the Nusselt number

Nu¥*, and the Reynolds number Re¥*:

Pr* = CDu/k (2-1)
Nu¥* = hL*/k (2-2)
Re* = G*L*/p (2-3)

where L* is a characteristic length, G¥ a characteristic mass
velocity, k is thermal conductivity, u is viscosity, Cp is
the heat capacity at constant pressure, and h is the heat
transfer coefficient. By analogy with correlations used for

nonbolling heat transfer, the correlating form selected was

m m
Nu* = m, (Re*) 2(Pr¥) 3 (2-4)

9



10
where the mi's are empirical constants. The theoretical prob-
lem was to select appropriate values of G* and L*, Because
data are often presented 1n graphs of q vs. AT, as mentioned
in Chapter I, it 1s worth noting that at a particular pressure
equations of the type (2-4) can be approximated by the form
(2-5).

m

T ) q / —
q= mu\AI) = (2-5)

In 1952, Rohsenow [75] chose bubble diameter and
vapor mass veloclty as the characteristic quantities G* and
L*. Rohsenow's characteristic length L* was B, the "Laplace

Reference Length"
g.0

B = W (2-6)
where o is surface tension, Pe is the saturated liquid den-
sity, pv the saturated vapor density, and g the acceleration
of gravity.

Rohsenow's definition of the Reynolds number,

Re* = qB/kaL, leads to the correlating equation

C., AT
Re*=m6[_p_“’_____

i -
)\(Pr*L?) &)
where the subscript 4 refers to the saturated liquid.

The primary path of heat flow in this mechanism was
agssumed to be: surface - liquid - bubble. The controlling
resistance was at the liquid-bubble interface.

In 1959, Forster and Greif [247] advanced the theory
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that "vapor-liquid exchange," or the displacement of heated
liquid from the surface by a growing bubble, could account for
much of the heat transfer., The equation they obtained is:

q = 0,0012 4 sat [ ®pt Satg % ]1/4( Py >5/8 1/3(AP)2

JXQVJP- J(ﬂv

(2-8)
where a is thermal diffusivity (k/pCp), J 1s the mechanical

equivalent of heat, T 1s an absolute saturation tempera-

sat
ture, and AP 1is the difference in pressure between the
saturated fluld at the wall temperature Tw and the saturation
temperature Tsat‘

Forster and Greif recommend evaluating liquid prop-
erties at Tw and vapor properties at Tsat' The statistical
analysis of Hughmark [40] also pointed up the fact that
l1iquid properties evaluated at Tw are more significant than
those evaluated at Tsat'

The excess pressure AP can be developed into a power

AT + %-( — )I (AT)2 + ... (2-9)
sat dT  Tgat

which was trmncated by Forster and Grelf after the first term

and evaluated from the Clausius-Clapeyron equation for dP/4T:

? . .
AP = i T 2-10
T (5, -5 "> ( )
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Other equations of the general kind (2-4) have been
presented; Seader et al. [80] have presented seven others
besides (2-T) énd (2-8). This reference also lists the nine
equations in a common Stanton number form, but caution should
be exercised in using that table because of thelr simplifying

assumntions that p, >> b, and that (2-10) holds. These

4
assumptions would give very misleading comparisons at elevated
pressures and possibly also at high AT's.

Comparisons of avallable data on cryogenic bolling
with these theories were made recently by Brentarl and Smith
[11,12] and Seader et al. [80]. The conclusions were:

1. Most of the theorles fall within the spread of
the data at atmospheric pressure,

2. Disadvantages are that the nature, geometry and
orientation of the heater surface are neglected,

3. The equations do not work well at elevated

pressures, although the trends are correctly predicted.

Incorporation of Surface Properties

A number of attempts [43,44,61,83,87] have been made
to account for surface characteristics with equationsg of the
form (2-11), where N is the number of active sites per unit
area.

m8 m

mN ©(2T) 9 (2-11)

q

Zuber [89] predicted my = 1/3 and my = 5/3. He explained
that there were actually two areas in the nucleate boiling

regime which should be treated separately: the "region of
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isolated bubbles" and the "region of interference." He con-
cluded that the mechanism leading to (2-11) dominates in the
region of isolated bubbles, and that in the region of inter-
ference latent heat transport mechanism (described below)
predominates.
An example of an equation of the type (2-11) is that

derived by Lienhard [447]:

‘Ug(pL - pV)
2
1/3 5/4 1/3 P
q= ka(Pr:) (aT)" N [ L ]
( ogle, - p,)
2
pL reference
(2-12)
- -1/4
where m 1s a constant with units (ft) l/3-(F°) v . The

reference fluild Lienhard used was water, and fluld properties
were evaluated at saturation temperature. The last term
accounts for the varying "pumping capacity" of bubble columns
in various fluilds,

The active site distribution 1is very difficult to
obtain, especially at high fluxes. At low fluxes, 1f visual
observations can be made, the bubble columns can be photo-
graphed and counted, as was done by Rallls and coworkers
[71,72]. A method useful at high fluxes is the "electro-
plated-replica technique" of Gaertner and Westwater [28,29]
as analyzed by Gaertner [27], who concluded that the distribu-
tion of active sites on the surface is described by the

Polsson equation, Gaertner also found that the active site
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population was exponentlally proportional to the cube of the
wall temperature,

K/T
N=Ne w

(2-13)
as expected from classical nucleatlon theory.

Theories Based on Latent Heat Transport

The equations described above are all derived from
the idea that convectlon, not latent heat transport, 1s the
primary mechanism for heat transfer in bolling. Bankoff
[3]) discussed an accumulation of evlidence indicating that
simultaneous vaporization at the bottom of the bubble and
condensation at the top was an important mechanism at high
fluxes. Moore and Mesler [57] measured rapid local surface
temperature fluctuations which could best be explained by
the vaporization of a microlayer of liquid in the bubble
base. Rogers and Mesler [T4] substantiated this hypothesis
by proving that growing bubbles cool the surface and that

k
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there 1s no cooling without a bubble. Railils

{71] concluded that latent heat transport is alway im-

v ]

an
portant mechanism; becoming more important at high fluxes.
The findings of Roll and Myers [79], who investigated the
effect of surface tension on bolling heat transfer, supported
the microlayer vaporizatlon concept of heat removal.

Hospetl and Mesler [37] measured the deposits formed

by boiling radloactive calcium sulfate solutions and were

able to calculate the microlayer thickness by the deposit
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left by about 7,000 bubbles. (The thickness varied in the
range 19-103 pinch.)

Any theory of boiling based on latent heat transport
is especially sensitive to the product f . D, where f is the
frequency of bubbles from a site and D 1s the bubble dlameter
at the Instant of leaving the surface. At high fluxes, the
population becomes so dense that individual bubble columns
are indistinguishable., Jacob [41] thought that £f.D = .
constant. Zuber [88] proposed that f - D==O.59(0g[pL- pv]/p%)E
which 1s equivalent to Jacob's expression at a constant pres-

sure. McFadden and Grassmann [51], working with liquid

nitrogen, obtained the equation f+ /D = 0,56 /gle, - /0,
Rallis and Jawurek [71] found that the product £V (V is
volume of the bubble at departure) is about the same for
each bubble source at a given flux, and that the product in-
creases with flux. All of these results, however, are ob-
tained with relatively low fluxes.

In summary, the latent heat transport mechanism is
undoubtedly lmportant, especlally at high fluxes, The
microlayer vaporization theory of Moore and Mesler [57] is
becoming Increasingly well-documented. However, difficulties
in calculating the site population for any given set of
conditions, and in knowlng the behavior of £+ D at high fluxes
and high pressures, have prevented these theories from bLeing

satisfactorilvy auantified,

_____________ v ‘3 =~ L}
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The Theory of Madejskil

A very recent effort at formulating a nucleate boll-
ing theory was that of Madejski [52], published in 1965,
Madejski's theory was extremely interesting, as it considered
both latent heat transport and convective heat transfer.

Even more important, it apparently offered a way to character-
ize boiling surfaces from the ordinary q vs. AT boiling data.

Made jskl consldered the boiling heat flux to be
caused primarily by latent heat transport and bubble-induced
turbulence, which were treated as parallel mechanisms. Three
constants had to be determined by experiment.

The theory of Madejskl was quite complicated, but
since it appeared to offer some advantages 1t was thoroughly
compared with the data taken in this work. Since it proved
to be no more effective than some of the simpler correlations

described above, it will not be developed here.

The First Critical Point

The first critical, or "burnout point,” has probably
received more attention than any other aspect of boiling heat
transfer. There are at least a dozen reasonably well-known
correlations; and a survey by Gambill [31] turned up more
than thirty others. In spite of this, "considerable disagree-
ment between the varicus theories exists over the entire
pressure range" [80]. However, Seader et al, [80] go on to
say that for cryogenic fluids, "the equations of Rohsenow
and Griffith, Zuber and Tribus, Kutateladze, Borishanskii,
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Noyes, Chang and Snyder, and Molssis and Berenson fall within,
or in the near viclinity of the data scatter, except at high
pressures.”

All of the theories seek to predict the first critical
heat flux qlc’ with the idea that surface effects influence
the critical AT but have no effect on qlc. For example,
Berenson {4] concluded that "the maximum nucleate-boiling
burnout heat flux is essentially independent of surface mate-
rial, roughness and cleanliness." The predictions of qlc
also ignore geometry and orientation of the heater surface.

In the first extensive investigation of boiling
fluids under pressure, Cichelli and Bonilla [22] discovered

that qlc could be correlated with reduced pressure Pr:

;lﬁ = £(Pr) (2-14)
C

Lienhard and Shrock [45] were able to show mathe-

matically that for corresponding states flulds, elther the

first or second critical fluxes could he correlateé in this
manner
qc qc
= £{Pr, geometry) = — (2-15)
i 8MP g
gl/ ) <. ¢ )
c
M © 3RT c

where P, and T, are critical pressure and temperature, M is
molecular weight, and ¢ is the parachor. The parachor 1s

very nearly independent of temperature (or Pr) but is actually
defined by equation (2-16) [36]. It can be estimated, if

necessary, from molecular configuration.



p=_M0 (2-16)

Recently Lienhard and Watanabe [46] extended this
idea and concluded that the geometric terms and pressure

terms could always be separated:
.
T = fl(geometry)' f2(Pr) (2-17)

They speculated that f2(Pr) might be a general function true
for all geometries. Lienhard's analyses are based originally
upon the ldea that hydrodynamic transactions are dictated
by thermodynamip properties and not transport properties,

One 6f the earlier peak flux correlations was that
of Rohsenow and Griffith [78].

p

pL - 0.6
= v -
a, 143hp,, ( S ) (2-18)

This correlation, like almost all of the others listed below,
predicts a maximum in qlc at about Pr = 1/3 and q1c = 0 at
Pr = 0 and Pr = 1. This behavior is in accordance with the
data of Cichelli and Bonilla [22] and others.

Most of the recent correlations involve the group

&£ which incorporates the surface tension:

(2-19)

£z, [ ggco(pLQ' Py) ]1/4< a )1/4

p
v

]|

£ has units of flux, e.g., Btu per square foot per hour. The

ratio of acceleration to gravitational acceleration is
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usually unity. Merte and Clark [54] arranged several correla-
tions in a form involving £, which allows easy comparison.
Many of these correlations give similar results at one
atmosphere but vary markedly at higher reduced pressures.
Chang [19] suggested that qlc = K&, with K = 0.098
for vertical surfaces and K = 0.13 for horizontal surfaces,
Zuber, in the discussiocn of Berenscn's article [5], suggested
that 0.l2¢ < q . < 0.157&£. Kutateladze's correlation, as
simplified by Bragg and Smith [9] is 0.138 < q1c < 0,19¢8.
Zuber and Tribus [90], Chang and Snyder [21], and
Moissis and Berenson [56] modified £ with some combination
of the liquid and vapor densitles, The equation of Moissis

and Berenson is:

+
pL pv

)
a. = 0.18¢ [ : ] (2-20)
le oy . ?
1+2 [X+ X
P Py

At low pressures; pv << QL so that the last term approaches

unity. At the critical pressure, p, = pv so that the last

term is /2/4, making the overall multiple 0.0636. Thus,
while the Molssis-Berenson equation 1s similar to the others
at normal atmospheric pressures, 1t deviates at high pres-
sure, It predicts a maximum in the peak flux at a reduced
pressure of about 0,18, Moissis and Berenson emphasize the
need for data near F,.

Other equations use the transport properties. Among
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these are those of Addoms [1], Griffith [34], Noyes [62],
Borishanskii [8], and Caswell and Balzhiser [18]. The two
references [62] and [18] were concerned with boiling liquid
metals., Prandtl numbers of liquid metals are very low (a
factor of 1000 less than many organic liquids), and the equa-
tions developed primarily for organic materials and water did
not work well, It was Thought that inclusion of the Prandtl
number would make the results more general, Noyes' [62]
equation was

P, = P -1/4
_ L Py *,-0.2L5 i
q, = 0.4k [ —-—317—-] (pr}) (2-21)

Noyes suggested an alternate equation which does not contain

a surface tension term [63]:

p, = P 1/12
3 v 0.56(Pr* /

()7 )

v

q = 1.19kpv(ga)1/ (2-22)

1lc

The correlation of Caswell and Balzhiser [18] passes through
its maximum at a very high reduced pressure and gives peculiar
results very near Pr = 1, so it 1s apparently valid only for
l1iquid metals.

Figure 2 shows several peak flux predictions for
methane, It can be easily seen in this figure that some of
the correlations are quite similar at atmospheric pressure
but differ greatly at high pressures. The physical and
transport properties used in evaluating the equations are

listed in Appendix A.
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Unresolved Issues ln Peak Flux Prediction

As mentioned before, all theories which have led to
definite predictions of the first critical heat flux have
ignored the effect of geometry or surface conditions.

It is now conceded by most that the critical flux is
affected by heater geometry. Carne [15] has descrlibed some
of the work in this area. Morozov [59], for example, pre-
sented data showing that critical fluxes were 30-40% higher
on wires than on flat plates,

It is interesting to note, however, that critical
fluxes on cylinders are often reported to be lower than those
obtained on flat plates. For example, Huber and Hoehne [39]
reported fluxes only half as high as those obtained by
Cichelll and Bonilla [22] for benzene, Park [66] reported
much lower fluxes than those obtained by Lyon, Kosky and
Harman [49] for nitrogen. The principal difference in each
case was the cylindrical vs. flat plate geometry,.

The effect of surface condition on the first critical
flux 1is also open to question, Carne [16] found a definite
effect while Berenson [4] found none. Carne and Charlesworth
[17] have shown that for thin surfaces of thickness t and
conductivity km, the burnout flux can be correlated with the
product (k t).

Zuber and Tribus [90] have predicted a +14% uncertainty
in the critical heat flux, based on hydrodynamic instability.
Gambill [30] has experimentally supported this idea. Carne

[16] defines the critical flux as the minimum flux at which
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instability can lead to burnout; he limits the uncertainty
to the time that willl elapse betwecen the establishment of a
flux q > qlc and the actual occurrence of burnout. In elther
event, the scatter of much data is explained: the apparatus
will ordinarily be run at steady state for only a short time
before the flux is increased, particularly when an expensive
¢oolant llke nitrogen 1is used,

Previous Experimental Work on Nucleate
Boiling of Liqueflied Hydrocarbon Gases

Experimental work on boiling light hydrocarbons is
not plentiful in the published literature. The earliest
study was that of Giauque, Stout, Barieau and Eagan [32] in
1942, Liquefied methane and ethane were boiled at one
atmosphere pressure outside a 2.75-inch diameter copper
cylinder, Burnout was not achieved because of the very low
flux produced by the heater (less than 30,000 Btu/ftg-hr).
To the author's knowledge, [32] is the only published work
on boliling ethane,.

The first study of a liquefied hydrocarbon gas boil-
ing under pressure was made by Cichelli and Bonilla [22] in
1945, Propane was boiled at reduced pressures between 0,27
and 0.77. The 99%-pure propane was boiled on a 7.88-inch
diameter circular chromium-plated copper plate, facing upward,
Fluxes ranged up to 84,000 Btu/fte-hr.

Myers and Katz [60] boiled propane and n-butane at
temperatures between 35°F and TO°F outside four 0.75-inch

diameter tubes, each 36 inches long, placed in a vertical
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row. Propane and butane differed in behavior from the other
substances they tested (Freon 12, methyl chloride, sulfur

dioxide).
Park [65,66], in a recent study at this university,

boiled methane outside an 0.80-inch diameter gold plated
copper cylinder, 2.03 inches long. The condensing capacity
of Park's apparatus was not great enough to obtain methane
burnout data (his primary purpose was to study boiling

nitrogen) but nucleate boiling data were reported.



CHAPTER III
FILM BOILING AND THE SECOND CRITICAL POINT

Film boiling has been described [86] as the "slowest,
most orderly, and best defined of the three main types of
boiling.” There are several theories extant, although re-
cently attention has centered on application of Taylor in-
stabllity and wave theory. At atmospheric pressure, data
agree reasonably well with the theory; however, contradictory
results are observed at elevated pressures [12].

In all of the equations to follow, the subscripts
"v" and "4" will refer to the -saturated vapor and liquid at
the saturated fluid temperature Tsat' The subscript "f"
refers to the vapor at the saturation pressure P correspond-
ing to Tsat’ but at a film temperature Tf which has been

).

arbitrarily selected to be L (T + T
2 "W sat

Stable Film Bolling

The original theoretical treatment of film boiling
was presented by Bromley [13], who considered the process
of bolling on a horizontal tube, Defining the parameter F,

K> (p, - p )& J1/4

= (3-1)

L Mo
25
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Bromley's equation was, for cylinders of diameter D,

/b

h' = 0.621?/131 (3-2)

The constant 0,62 is the average of the theoretical extremes
0.512 (stagnant liquid surrounding vapor) and 0.724 (liquid
moving with the velocity of the vapor).

The parameter A° is a modified heat of vaporization

which may be calculated 1n several ways. Bromley used

A, =\ + 0.5 G gAT (3-3)

1
and later [14] suggested a form similar to the one used by
Breen and Westwater [10],
C_oAT 2
‘= _pf -
A =\ ( 1+ 0.34 S > (3-4)
Sparrow [81] states that vapor inertia forces and superheat-
ing can be taken into account by using
kAT
, f
A = + 0.84 —— -
;=r(1+o.8 kuf> (3-5)
Equation (3-2) holds neither at very small diameters
nor very large ones; Breen and Westwater [10] state that
(3-2) appears to describe film boiling adequately for diam-
eters from 1/4 to 3/4 inch,
Banchero, Barker and Boll [2] found that equation
(3-6) represented their data, which was taken over a range

Af N mmireaam Avmad AL Aawvan
v MiTvOoDulTvDo allu uiaue

+ co ) F (3-6)
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The principal disadvantage here 1s that Co 1s not a general
constant; 1t varies wlth the fluid.

| Bromley also suggested that (3-2) should describe
boiling on vertical tubes 1f D is replaced by tube length L,
and a different constant is used. Hsu and Westwater [38]
predict this constant will be in the range 0.667 (stagnant
liquid) to 0.943.

Chang [20] applied wave theory to derive an equa-
tion describing film boiling on flat plates. At that time
very little data of that type were available; subsequent
work has shown poor agreement with their equation [12,73].

Berenson [5] applled Taylor-Helmholtz instabllity
theory to describe film boiling on a horizontal flat plate
facing upward. If the wavelength Tc of the shortest unstable
disturbance 1is

T, = 2B (3-7)

where B 18 the Laplace reference length defined by equation

(2-6), Berenson's result can be expressed by equation (3-8).
. F

h' = 0.672 — 7 (3-8)

T
c

Equation (3-8) is very similar to Bromley's equation (3-2);
the tube dlameter D has been replaced by the critical wave-
length Pc, which 1s proportional to bubble diameter,
Berenson emphasized that equation (3-8) should hold near the
minimum film boiling heat flux qéc but theorlzed that it
could apply for some flulds to a AT as high as 1,000 F°.
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Breen and Westwater [10] suggested that equation
(3-9) can be used for cylinders over a very wide range of
diameters (their data covered the range 0.00022 inch to
1.895 inches).

) T
h’ = ( 0.59 + 0,069 T% ><;f%5 (3-9)
c

At large diameters equation (3-9) approaches 88% of the
values predicted by Berenson for flat plates. Their data
indicated a minimum h° occurring when D equalled the "most
dangerous wavelength" Tp = 3 Pc, but equation (3-9) does not
reflect this minimum,

Pomerantz [68], in investigating the effect of in-
creased gravity on film boiling, modified Bromley's result,

(3-2), by incorporating another term:

0.172
‘= 2 _E_ -
h' = 0.62 - ) 7 (3-10)

This expression, in the range 1.0 < D/Tc < 3,0, gives values
for h’ between those of (3-2) and (3-9).

Frederking, Wu, and Clement [25] presented an inter-
esting analysis of film boiling, describing four models in
terms of the Laplace reference length B, the Rayleigh number

Ra* and the Nusselt number Nu¥*,

3 *

B gon(p, - 0,)Pr,

Ra* = 5 (3-11)
He
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Nu* = 3B (3-12)
kaT

For convenience, another dimensionless number 1s defined by

(3-13)
P A
pf

The models are as follows:

I. Regular cellular two-phase flow and laminar vapor
flow. This 1s Berenson's model, and equation (3-14) is
equivalent to (3-8).

N = m(Ra*e')l/u (3-14)
II. Regular cellular two-phase flow and vapor flow

dominated by inertial forces, after Kistemaker [42]:

1/4

*

Nu* = m[Ra*Pry §°Z] (3-15)

III. Vapor removal at random and laminar vapor flow,

after Chang [20], who used m = 0,294:

4 1/3
Nu* = m(Ra%*p ") (3-16)
IV. Vapor removal at random and vapor flow dominated
by inertial effects:

Nu* = m[Ra*Pr; 6'2]1/3 (3-17)

Effect of Radiation

Because film bolling occurs at relatively high sur-

fact temperatures Tw’ radiation may become an lmportant
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parallel mechanism of heat transfer. It 1s customary to
divide the total flux q into a radiative contribution U and
a convective contribution q°. Values of h are given similar

subscripts, The radlation contribution is

q, = h (T, - Tsat) = h_oT (3-18)

and if the emissivity of the 1liquid surface is unity,

co* 4 4
hr = AT [ Tw - Tsat } (3-19)

where T, and T__ are in degrees Rankine, o* = 0.1713 x 1078

Btu/(fte)(hr)(F°)u and € 1is the emissivity of the metal
surface,

Bromley [13] devised a method for calculating h from
h’ and h,, which a recent, more complicated analysis by
Sparrow [81] has shown to give remarkably good results,
Bromley presented equation (3-20), which is implicit in h,

and suggested using equation (3-21) if (hr/h') < 10,

h=h’ ( %L )1/3 +h_ (3-20)
h=h"+h, [0.75 + 0.25 ;; ( 5% +l(hr/h,) } ] (3-21)

Minimum Film Boiling (Second Critical) Flux

Berenson [6] modified the equation of Zuber and Tribus

[89,90] to obtain

B -
o = o0.00. [EP4 " Py (3-22)
2¢c £ (o, + o)



31
Berenson [5] then combined equation (3-8), which
applies near the minimum flux, with (3-22) to obtain an

expression for ATQC:

Hp 1/3 )
[ ETE;‘f”E;T ] (3-23)

= 0. pﬁxB [ gﬁp§+-ppv) ]2/3
£ 1 v

These equations were derived for flat plates but also should

apply to cylinders with dlameters greater than one em., In

order to predict minimum film boiling on small-diameter

¢ylinders, the reader 1is referred to the development of

Lienhard and Wong [47].

An attempt to translate equation (3-22) into a
corresponding states correlation was made by Lienhard and
Shrock [45] and amplified by Lienhard and Watanabe [46].
Their technique was to express all fluld properties in terms
of reduced pressure Pr. Thelr result was explained in
Chapter II. In his review of [U45], however, Owens pointed
out that the divisor cf qéc divided by the critical pressure
Pc was almost constant for all substances used in checking
the correlation.

A number of workers have pointed out that (qéc/qlc)
does not change much with pressure. Morozov [58] presents
data 1llustrating this fact.

Spiegler and coworkers [82] assumed that the wall
temperature at which film boiling begins is the "foam limit,"

t

or the maximum temperature to which the liquid can be
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superheated. They further assume that the foam limit can be
calculated satisfactorily from Van der Waals' equation of
state. At low pressures this assumption leads to the predic-
tion of a reduced wall temperature of 27/32 at the foam limit.
Agreement with data 1s surprisingly good, considering that
Van der Waals' equatlion gives predictions of maximum super-
heats which are considerably different from those predicted
by equations of state which better describe the liquid state,

such as the Benedict-Webb-Rublin equation.

Supercritical "Boiling"

Because of the rapidly changing thermodynamic
properties near the critical pressure, a "boiling-like"
phenomenon may occur even though only one phase is present.
Bonilla and Sigel [7] obtained equation (3-24) based on
the liquid density Pu at Tw and the liquid density Py at Tm.

2
Pk, C P
h™ = 0.1722 ( _fu_f_Pi g 1n p:) (3-24)
f W

They found that once the ratio (hL*/kf) reaches 1300, where
L¥ 1s the chamber diameter, equation (3-24) is no longer

valid and lnstead becomes

1300 kf
h' = —%— (3-25)
Fritsch and Grosh [26] observe that the "boiling-
like" phenomenon probably occurs only at relatively large

temperature differences. However, it has been observed that
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the transition bolling region dlsappears as P = Pc’ and the
temperature differences in that region are usually quite

small for nucleate boiling.

Previous Experimental Work on Film Bolling

To the author's knowledge there have been no film
boiling data published on any of the components used in this
study except Park's [65,66] work on methane at this
university.

Banchero, Barker and Boll [2] bolled oxygen at
several pressures, outside horizontal tubes and wires of
various diameters,

A good deal of miscellaneous film boiling data has
been taken at atmospheric pressure. There is very llttle

data of any kind on the minimum film boiling flux,



CHAPTER IV

THE HEAT TRANSFER ELEMENT

Introduction

Boiling took place outside a gold-plated cylinder,
0.811 inch (2.06 cm) in diameter and four inches long, mounted
horizontally. The heater was suspended in the vessel by its
electrical leads and was located so that the center was

directly between the sight glasses.

Design Considerations

In the study of bolling heat transfer, the heater is
of course the critical piece of apparatus. When both nucleate
and film boiling are studied, the heater experiences an
enormous range of conditions: 1in this work surface tempera-
tures varied from -260°F to 1100°F, and surface fluxes
exceeding 150,000 Btu/ftz-hr were encountered, The corres-
ponding flux at the surface of the heating element exceeded
1,800,000 Btu/ft°-hr,

As explained in Chapter I, pool bolling heat transfer
data consist of the surface heat flux q, the surface tempera-
ture TW, and the saturation temperature and pressure
(Tsat’ Psat)'

Ordinarily the flux at the surface of an electric

34
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heater 1s calculated from the current and potential drop
across the heating element. It 1s unusual for any independ-
ent check on this flux to be made. Westwater [85] states
that "probably nine-tenths of the published data on boiling
involve no heat balances whatever." The problem is to find
an alternate method whose accuracy is comparable to that of
the electrical measurements,

It was declded to measure the radial temperature
gradient in a metal cylinder separating the heating element
and the bolling surface. Fluxes have been calculated this
way wlith flat plate geometry, for example, by Marqus and
Dropkin [53]. Jacob [41] describes a method of determining
thermal conductivity which uses the technique with a cylin-
drical geometry; but this was done, of course, at very low
fluxes. To the author's knowledge the technique has never
been used with cylindrical geometry in bolling heat transfer.

Calculation of Flux and Surface Temperature
from Radlal Temperature Distribution

It is assumed that the thermal conductivity k of the

metal can be represented by equation (4-1),
k =al + B (4-1)

where T 1s the temperature in degrees F and a and B are

through a homogeneous cylinder 1s



[(FS])
Ch

Q= -2nL(aT + B)r %2 = constant (4-2)
r

where Q 1s heat flow in Btu/hr, L is the cylinder length in
feet, and r 1s the radius in feet,

Integrating from (Tl’Dl) to (T2,D2), where D is
diameter, gives

. - onk 2 _ 2 _ _
Q m-Dz-/Bl—) [ g (T - T,) + B(T, - T) ] (4-3)

The heat flux q = Q/(mDyL) can be calculated at any diameter
from (4-3). To calculate the surface temperature (TW,D) from

an internal measurement (Ti’Di)’ define

- 28 ;
Y2 (4-4)

and

gD 1n (D/Dy) 2
5 - Ty - YDy (4-5)

@

where q 1s the surface flux é/(nDL). Then

Effect of the Requirement for Radlal Temperature
Measurements on Heater Design

The two radlili at which the temperatures are measured
must be as far apart as possible so that the temperatures
will differ substantially at low fluxes. For the same reason,

the thermal conductivity of the metal should not be too low,
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On the other hand, the overall dlameter must be kept
as small as possible and still be greater than one centimeter.
Breen and Westwater [10] report that the dlameter effects in
film bolling are negligible if D > 1 cm, and it was desired
to put the data taken in the present work on the same basis
as that taken from flat plates, if possible. The diameter
should be kept small for two reasons. First, nitrogen is an
expensive coolant and it was desired to use as little as
possible., Second, the diameter of a standard one-gallon
autoclave 1s five 1inches, which l1limlts heater length L, and
end effects are reduced if the ratio L/D is large.

The material selected for the heater body was ARMCO
iron. Its thermal conductivity follows equation (4-1) very
closely from O°F to about 1000°F, with a = -0.02 and B = 43.8
when T is °F and k is Btu/ft-hr-F° [33,69,70]. Figure 3
compares equation (4-1) with the reported values. ARMCO iron
can be used as a thermal conductivity standard since k is
accurately known and because the material is readily
available,

The final 0.D. selected was 0.811 inch., It was
decided to use a graphite rod as the heating element, rather
than a wound wire, to conserve space, The thermal gradient
through the cylinder was so severe, however, that serious

doubt existed as to whether a single cylinder would suffice,.

, proved to be 1imp

because of the machining problems involved (the cylinders

would have toc be shrink-fitted and they were toc small and
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too long). It turned out that a monoblock {single-cylinder)
construction worked anyway, but the theory of thermal stresses

in a single thick-walled cylinder is outlined below.

Thermal Stresses

Timoshenko [84] has presented equations for stresses
caused by thermal gradients in thick-walled cylinders with

unconstrained ends:

' -oE E C1 Co
Op = _5—___—__ S Trdr+ 45 ( 1-2v _§'> (4-7)
(L -v)a r

o = _________ S Tp dr - BT 4 _E ( ‘1 + E§.>

6 (1 -v) 3 l1-v 1+4+vNl-2v 2 (4-8)
9, radial stress
oe tangential stress
E modulus of elasticity (28 x 106 psi for iron)
a coefficient of thermal expansion (7 x 10-6/F° at 212°)
v Poisson's ratio (0.28)

+3

temperature, °F

L

radlus, feet

a inner radius, feet

The constants c1 and ¢, are determined so that °r =0

at both the inner radius, a, and the outer radius, b:

- olbr vill - 2y, g Tr dr (4-9)
(1 -V -a°) 2

1
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5 S Tr dr (4-10)
b -a g3

a2

If the thermal conductivity 1s constant,

e
r= T (57a] In 2 (4-11)

Lott [48] has discussed the criteria for design
based on the maximum shearing stress. The shearing stress

v is given by (4-12):

- or) (4-12)

~ Equations (4-7), (4-8), (4-9), (4-10), (4-11) and
(4-12) can be combined to give

aE(T_ - T ) 2 2
_ b 1 ©22a%° 1n (b/a)
T ) T (57A) 1 - r_2< . 2 ;nae 2] (a3

The maximum Toay 0CCUTS at r = a., If the ratio (b/a) is

denoted by K,

GE(T, - T

) 2
_ a b 2K" 1n K
"max 4(1 -v) 1Ink [1 B -1 ] (4-14)

The maximum permissible design stress 1s taken to be

g
Tmax }Xg (4-15)

where o, is the yileld strength in simple tension (11,400 psi

for iren).
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The single-cylinder design was tried in this work
with some trepidation, and only after several fallures had
been encountered in fabricating a shrunk-fit triplex cylinder,

).

Note that equation (4-14) gives a value of Toax ™ lOO(Ta - Tb
At a surface flux of 150,000 Btu/ftg-hr, Tmax becomes about
25,000 psi, almost a factor of four higher than the value
11,400//3 indicated by (4-15). A tripiex cylinder would have
reduced the thermal stresses fo reasonable levels, but the
single cylinder apparently worked. After completion of the

work, the heater was cut apart and examined, and no observable

defects were found.

Final Design of the Heater

To increase accuracy, the thermocouples were installed
in pins made of ARMCO iron, the pins being 5/64 inch in diam-
eter and 1.5 inches long. Figdre 4 shows the dimensions of
the iron heater body, which was 4,00 inches long. The pins
were rotated so that the thermocouple beads were on the line
of centers of the pin holes, which minimized the disturbance
of flux on the temperature measurements,

Figure 5 shows in detail the installation of the
thermocouple pins, graphite heating element, and boron nitride
insulator in the heater body. The graphite element was Ultra
Carbon Corp. grade UFU4S, selected brimarily because of its
resistance and the avallable power supplies.

Figure 6 shows in detail the transite end plates and

copper electrical lead parts. The heater was suspended in
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the pressure vessel by 1ts electrical leads.

The purpose of the copper bushing (Part 4, Figure 5)
was to remove all strain from the graphite rod during
assembly.

Ten temperatures were measured inside the heater:
six at 60° angles around a 21/32 inch diameter, and four at
90° angies around a 17/64 inch diameter. Five of the pins
were inserted from each end (Figure 4).

The surface of the heater was first copper plated and
then gold plated. Its finish was approximately 16 microinch
RMS.

Figure 7 is a drawling of the assembled heater before
insulating cement was applied. The springs helped support
the heater, although the transite plates were also cemented
to the heater with Sauereisen "Electrotemp No. 8" cement,
Only one pair of thermocouple wires has been shown, for
simplicity.

Figure 8 shows the installed heater after the nucleate
bolling data were taken. The surface was dulled somewhat on
one end, but was in no sense fouled. The foreshortening
effect of the closeup photographs makes the thermocouple
wires and condenser appear to be closer to the heating surface

than they actually were.

End Losses
End losses were measured, as described in Appendix B.

As outlined in that appendix, the effect of the losses (which



/\

-

C

\

i_{

O O® @

/@4\/
AN 2

.
2
&) e

Figure 7. Assembled Heater before Cementing over the Outside of the End Plates

ot



Figure 8.

Installed Heater after Completion of Nucleate Boiling Work
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averaged about six percent) was negligible in the region
where the temperatures were measured., For thlis reason, no

corrections were applied to the data for end effects.

Exact Location of Thermocouple Beads

A disadvantage of installing thermocouples in blind
holes is that the holes are seldom exactly straight. Also,
the pins can rotate slightly when they are inserted in the
heater block.

After completion of the work, the heater was cut
apart and enlarged photographs were made to locate the beads.
An example is shown in Figure 9. Table 4-1 shows the loca-
tlon of the beads determined visually.

TABLE 4-1
BEAD LOCATIONS DETERMINED VISUALLY

Thermocouple Location Observed Radius
Clock Position inches

Outer Ring

0.325
0.321
0.330
0.326
0.324
not located

l_l

O OO N

Inner Ring

not located
0.135
0.147
0.144

\O W

Corrections for these were applied to the measurements in the

following way.



Figure 9. Photograph of Heater Cross-Section Used to Locate
Thermocouple Beads. The notch was cut so that the
photographs could not be misoriented.

]
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If the thermal conductivity 1is constant, as it will

be over a very small distance, equation (4-2) becomes

r T

dr - _ 2nkL .
S i S ar (4-16)
r T

where (r*,T") is the observed point and (r,T) is the "correct"

point. Integration gives

Q r*
T - T* = 5 10 T (4-17)

A variation of (4-17) will be used later for another
purpose, For x ~ 1, In x ~ (x - 1). Then for small displace-
ments, 1n (r/r*) can be approximated by (r* - r)/r. Equation

(4-17) gives

%, Q (r-r _
T= Tt = ) (4-18)

Suppose r* 1s not known, but an estimate of T (the correct
temperature) is available, Then

q(D/D, )

*
(T_Ti)_(ri-r)[
whare q 1s the flux at the surface (D). A plot of (T* - Ti)

vs. q(D/Dy)/k should have a slope of (ry - r*).



CHAPTER V
EXPERIMENTAL EQUIPMENT

The heater was described in Chapter IV. The remailnder
of the apparatus is most convenlently divided into four
groups for further discussion: (1) the pressure and condens-
ing system, (2) the electrical system, (3) the temperature
measuring system, and (4) auxiliary equipment.

Pressure and Condensing System

The heater was suspended inside the one-gallon auto-
clave shown in Figure 10, This vessel, manufactured by
Autoclave Engineers, Inc., was of the standard one-gallon
gize: five-inch I.D., and 12-inch depth., It was provided
with two 1-1/4 inch diameter quartz sight glasses spaced at
180°. An unusual feature of this vessel was that the cover
was fixed in place whlle the autoclave body could be railsed
or lowered pneumatically. Thls feature allowed the heater
to be Inspected and cleaned without disconnecting any thermo-
couples or electrical connecti;ns.

The vessel was designed for service between -320°F
and +400°F, which can be increased to 800°F by replacing the
"Teflon" and "Kel-F" packing. It was designed for pressures

up to 3,000 pounds per square inch,

51
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Figure 10. Pressure Vessel Showing Location of Condensers
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The bulk of the cooling was done by an external reflux
condenser which was a 3/4-inch Schedule 80 stainless steel
pipe surrounded by an 1-1/2 inch Schedule 40 insulated Jjacket,
48 inches long. It contained approximately 0.78 sq ft of
condensing surface.

The system pressure was maintained constant by adjust-
ing the flow rate of coolant (liquid nitrogen or water)
through the shell side of the condenser. Fine control was
achlieved with the aid of an internal condenser, shown in
Figure 10; one configuration was shaped to fit around 120°
of the autoclave wall. A different coil, used for part of
the data, was simply a double loop. The bottom of that is
shown in Figure 8 in Chapter IV. As little cooling as
possible was done with the internal condenser in order to
avoid subcooling the liquid.

Liquid nifrogen was supplied at 200 psi in Linde LS-
110 dewars. When water was used, it was introduced directly
from the building line.

Pressures below 150 psia were measured to * 0.1 psia
with a Wallace and Tiernan gauge, and pressures above 150
psia were measured to + 1 psi with a Heise gauge. Both
gauges were of the Bourdon-tube type, and both had 16-inch
dial faces.

The pressure and condensing system layout 1is shown
in Flgure 11.

Metering of the nitrogen was done after it had
vaporized. It was found that this gave steadier pressure

than could be achieved by metering the liquid. Flow through
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the internal and external condensers was metered separately.

The bypass line shown in Figure 11 was found to be
necessary for the external condenser to function properly.

The system was protected by a Universal Safety Head
Assembly. The low-pressure gauge was protected with a relief
valve, and could be cut off from the rest of the system at
high pressure.

The autoclave was filled by connecting the gas
cylinder to the line from the top of the reflux condenser.

Stainless steel tubing was used on the high pressure
line, with Ermeto fittings. The liquid nitrogen and water
lines were copper tubing and schedule 40 iron pipe. Metering

valves were standard brass 20-turn (No. 4RB281) Hoke valves,

Electrical System

D.C. power was provided by two Sorensen "Nobatron"
MA28-125 power sources connected in series, These could be

controlled between 36 and 72 volts and were capable of a

e~ -~

maximum current of 125 amperes. A stepw
cooled resistor made of threaded Inconel rods was used so
that the effective voltage drop across the heating element
could be reduced below nine volts,

Voltage drop across the heating element was measured
to about 1/2% with a Simpson model 1700 D.C. voltmeter,
Current in the circuit was measured to about 1/2% with a
Simpson model 1704 D,.C. millivoltmeter connected across a

Leeds & Northrup No, 4363, 0,001-ohm standard resistor.
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These instruments were both calibrated against a Hewlitt-
Packard model 3440A digital voltmeter and found to be more
accurate than their rated 1/2% of full scale. The total
error in power measurement is estimated to not exceed 1%.

The heater was protected while investigating burnout
by connecting one of the internal thermocouples to an Assembly
Products Corp. No. 603L indicating pyrometer with No. 905A
control module, When the heater temperature passed the high
set point, the power was turned off and had to be manually
reset,

The heater was mounted inside the vessel by attaching
the mounting bracket of the heater to two brass straps.

These passed up through the coll and were bolted to the
1/2-inch copper rods sealed into the autoclave cover. The
brass straps were modified by soldering copper wire along
them to reduce the reslstance, and the straps were then

wrapped with "Teflon" tape.

Temperature Measuring System

In all, sixteen temperatures were measured: ten
internal measurements arranged as shown in Figures 3 and 4;
three fluid temperature measurements inside the vessel; and
Three measurements in the electrical lead and end so that
end losses could be calculated. Thirty-gauge iron/constantan,
glass-insulated thermocouples were used. The leads from the
heater were connected to a screw-post terminal board located

inside the vessel, From the terminal board the thermocouple
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wires passed out of the vessel through a Conax MHM-062-A16-T
gland, with "Teflon" sealant. These leads were Conax mineral-
insulated thermocouple stock, which had been supplied with
bare wire ends instead of a Junction, Bare wlires were covered
with "Teflon" spaghetti tubing. The fluid temperature thermo-
couples were standard Conax grounded-tip insulated thermo-
couples., Outside the autoclave, the thermocouple extensions
were Jjoined with a Leeds & Northrup rotary thermocouple
switch to a Joseph Kaye and Company electronic reference
junction, which is accurate to * 0.05°F,

Originally it was planned to measure temperatures
with a potentiometer. However, the balancing of that instru-
ment was so time-consuming that the steady state could not
be maintained without two operators. A Hewlltt-Packard model
3440A digital voltmeter was substituted for the potentiometer.
The accuracy limitation on this instrument was about + 0.5°F,
which was insignificant in film bolling but potentially
important in nucleate boilling, particularly at high pressures.
This limitation represents the major inaccuracy in this work,
except for the change 1in surface properties between runs which

seemed to be reflected by a temperature change of about + 1°F,

Auxiliary Equipment

When operating above room temperature, eight strip
heaters ("Chromalox," 500 watt) were fastened around the out-
gide of the autoclave to keep the fluid at the desired tem-

perature without use of the internal heater, When studying
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liquid methane, nitrogen was circulated through a copper coll
which was wound around the vessel to assist in cooldown. 1In
elther case, the autcclave was enclosed in a metal box filled
with Perlite insulation. The auxliliary heaters were maintained
in an on-off cycle with a "Sim-ply-trol" controller.

Flgure 12 shows the assembled apparatus.
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Photograph of Apparatus

Figure 12



CHAPTER VI
EXPERIMENTAL PROCEDURE AND DISCUSSION OF ERRORS

General

Before filling, the system was flushed with vapor.
Methane and ethane were condensed into the system, but propane
and butane were charged directly as liquids. The liquid level
was determined in the following way: the rise of the liquid
level to cover the sight glass was timed, and the system was
allowed to continue filling for three times that length of
time. Since the sight glass had a diameter of 1.25 inches,
this meant that the heater would be covered approximately
four inches.

Liquid level 1s not supposed to have much effect on
boiling heat transfer unless the heater 1is practically un-
covered [85], a condition which could be readily observed in
the sight glass, However, the variation in liquid level as
the pressure 1s changed from the filling condiflon can be
readily calculated from a mass balance, If the volume of
the condenser and tubing is combined with the autoclave vol-
ume, the total can be conslidered to be a cylinder of five-
inch diameter and height H (about 13.5 inches). If h, 1is
the 1iquid depth at any pressure, and h} is the depth at

i
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filling conditions,

ho (po _ po ) + H(po -0 )
h = 4 A \'4 v v (6—1)
L

L P, = Py

where p, and o are the 1iquid and vapor densities, respec-
tively. This equation is primarily of interest when the
vessel 1ls filled at high pressure, as was done with ethane.

The materials used were of the following purity:
(1) methane, furnished in liquid form by Continental 0il
Company, not less than 99.7% pure; (2) ethane, Phillips
Petroleum Company, 99.0% pure; (3,4) propane and butane,
Phillips Petroleum Company Instrument Grade, 99.5% pure.

The recorded data were: pressure, voltage drop

across the heater, current through the heater, three fluild

temperatures and thirteen heater temperatures.

Nucleate Bolling

Nucleate bolling data on all substances were taken
first; that 1s, before any film boiling data were taken.
Runs 1-5 were primarily for checkout of the equipment, and
after run five two lnner-ring thermocouples were replaced.
After that, the heater was never removed from the system
until all nucleate boiling data had been taken.

For saturation temperatures above 90°, external

heaters were used around the autoclave to maintain the system

important at low heater fluxes.

After filling the vessel, the heater was turned on
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and allowed to boll for about one hour at 500 watts to condi-
tion the surface. Surface changes were minimized between
runs by leaving the heater lmmersed whenever possible, Llquid
methane could not be left in the system, of course, because
room temperature is above methane's critical temperature,

Nucleate boiling data were always taken with increas-
ing power, so that the hysteresis effects would be ldentical
in every run. The only exceptions to this were Runs 38 and
39 (see Chapter VII).

Periodically, the heater would be turned off and the
system allowed to stabilize, so that the thermocouples could
be compared with one another (see Appendix C for thermocouple
calibration).

The pressure of the system osclllated sharply at high
fluxes (greater than 105 Btu/ftz-hr). This oscillation was
of such a high frequency that it did not affect the surface
temperature appreciably, but it made the pressure hard to

»naonAd
Lo VA g

Film Boliling

Film boiling data were taken with power increasing
or decreasing, whichever was convenlent. About ten minutes
were required for the surface temperature to stabllize after
the power setting was changed, as opposed to nucleate boiling
where only about two minutes were required. Small pressure
fluctuations were not reflected in the surface temperature

in film bolling, as contrasted to nucleate boiling where



63
there was almost instantaneous change.

Some difficulty was encountered in film bolling be-
cause the graphite heating element tended to break. Fallure
usually occurred when the heater dropped into nucleate boil-
ing and was never definitely connected with the passage from
nucleate to film boiling. The element had to be replaced
four times during the.film boiling runs, but since temperature
differences are so much higher in film bolling and surface
has a negligible effect, it is assumed that no appreciable
loss in accuracy resulted.

The surface temperature was not always uniform in
film boiling, but these differences were a small percentage

of the AT,

First Critical Flux

The burnout (first critical) flux was determined for
each material at a number of pressures, It was found that
setting the power at a constant value and allowing the pres-
sure to drift slowly gave much more consistent values for the
burnout flux than did changing the flux at constant pressure.
When the burnout point was reached, the pressure gauge dropped
almost instantaneously and very sharply. This reaction was
followed by a rise in the heater body temperature. Tempera-
tures at the burnout point could not be manually recorded be-
cause the attention of the operator was required elsewhere
and the change was very fast. Accurate automatic recording

equipment was not avallable, so burnout temperature
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differences were determined by extrapolation of the stable
nucleate boiling curves to the experimental burnout flux.
The reaction of the pressure gauge was considerably
more sluggish near the critical pressure, principally because

the burnout fluxes were so low,.

Second Critical Point

No minimum film boiling data taken at elevated pres-
sures were found in the literature: experimental techniques
for determining this had to be developed and were not uniform
throughout this study. A very effective method was developed,
however, after a pecullar effect was observed.

Nucleate and film boiling commonly exist simultaneously
on wires, as Farber and Scorah [23] observed, It was sur-
prising to find that this effect could also be observed on
the 0.811 inch diameter heater used in this work. On several
occasions 1t was clearly seen in the sight glass that one end
of the heater was in film boiling and the other end in nucle-
ate boiling, with an almost perfect demarcation line in the
center of the heater. The first time two bolling regimes
were established simultaneously, it was thought that the
heater was broken, since the two ends were at radically dif-
ferent temperatures. It was observed, too, that the same end
of the heater almost always dropped into film boiling first,

The last effect provided the key to getting accurate
minimum film boiling points. The digital voltmeter was set

to display one of the outer-ring temperatures on the end



65
which usually went into nucleate boiling first. The power
was decreased in increments, and the temperature was watched
very carefully while its rate of descent (the surface temperaé
ture was dropping, of course, with decreasing flux) became
slower and slower, then suddenly Increased, With a little
practice, the surface temperature could be made to level off
just before the transition into nucleate boiling caused it
to drop sharply.

The great advantages of this technique were:

(1) The minimum film boiling temperature difference
could be closely approximated, as well as the flux,

(2) The power could be increased again before the
heater went entirely into film boiling, which would reestab-
lish film boiling over the entire surface, This procedure
seemed to prevent breakage of the graphite element,

(3) Trying to locate the second critical flux accu-
rately by small power changes 1s extremely time-consuming,

n minutes required to stabllize after a
power change. The technique described above is effective
with relatively 1a:ge power changes, provided the operator
knows approximately where the transition will occur,

Since this method was not evolved until nearly ali
of the data had been taken, not very many second critical
point temperature differences were recorded. There are

virtually no data of this type in the literature.
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Errors

As already mentioned in Chapter V, it is believed
that power was measured to within 1%. Although end losses
averaged about 6%, as will be seen in Appendix B these end
effects were negligible because losses of thlis magnitude do
not affect the flux near the center of the heater where the
temperatures were measured (see Appendix B). These losses
were not from the insulated end of the iron body but rather
down the electrical lead which acted as a fin protruding into
the liquid., Film bolling fluxes were not corrected for radia-
tion because of the smallness of this correction and d4iffi-
culty in accurately determining the emissivity of the surface.

Temperature differences were measured to within about
+ 0.5°F, with an additional scatter of as much as £ 1,5°F
coming from other factors such as surface changes. The
thermocouples were calibrated in place (Appendix C).

During film boiling, errors in temperature differ-

egime an error of + 2°F meant errors in AT from 8% to more

3

than 100%.

The surface temperatures were calculated using the
average of the temperatures measured around the outer ring
of thermocouples. The smoothing effect of averaging five or
six temperatures (usually one thermocouple was used as a

burnout monitor and could not be read on the digital volt-

3

eter) helped hold the varlations down, Because of duplica-

tion of runs, 1t is believed that the average error in AT at
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any given pressure is less than 15% except at high reduced
pressures (above 0.6).

Several other effects of small magnitude were neg-
lected., For example:

(1) change in heater surface area with temperature,

(2) potential drop through the 1/2-inch diameter by
12 inch long copper electrodes sealed into the reactor, and
through the copper and brass mounting bracket, and

(3) rapid pressure fluctuations of as much as + 3 psi
at high fluxes, which made selectlon of the correct pressure
difficult.

Errors in Individual Temperature Readings
Caused by High Fluxes

Heat fluxes across the outer thermocouple ring ranged
up to 190,000 Btu/ftz-hr, and those across the inner thermo-
couple ring went as high as 500,000 Btu/ftz-hr. For a typical
thermal.conductivity of 40 Btu/ft-hr-F°, a flux of 500,000
Btu/fte-hr would result in a temperature drop of more than
one F° for each thousandth of an inch across the inner ring.
The thermocouple wires were about 0,010 inch in diameter, so
it 1s apparent that small errors in bead location or very
tiny obstructions or gaps near the thermocouple bead can
cause large errors in the temperature measurement.

In Chapter IV, the precautions which were taken to
minimize this kind of error were described, Also, The pro-
cedure was described whereby bead locations of all but two

thermocouples were determined by cutting apart the heater.
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Still, readings of individual thermocouples were
found to deviate from the average by several degrees at high
fluxes. A procedure used to correct for this error is
described in Appendix G.

These thermocouple corrections were applied only to
the nucleate bolling data. The correction to the average
surface temperature was only about two degrees at the highest
fluxes, which is negligible in film boiling. The correction
tends to make the nucleate bolling lines on a log q vs., log AT
plot slightly steeper.

In Chapter IX, the advantages and disadvantages of
measuring AT's directly by differential thermocouples are

discussed.



CHAPTER VII

RESULTS AND DISCUSSION

First Critical Flux

The data obtained on the burnout (first critical)
heat flux are listed in Appendix E. All of the predictive
equations mentioned in Chapter II were compared with these

data. The equation of Noyes [62],

p, - p. 1/4, u,C -0.245 '
4 ) 1 pl
= 0.144e | =— 7 = P> -2
9, = 0148 | oL ¢ k, ) (2-21)
where £ is the group defined by (2-19), gave the best results
over the pressure range from one atmosphere to the critical

pressure, The equation of Moissis and Berenson [56],

Pe + Py
Y

‘ - ] (2-20)

q, = 0.18¢ [

1

gave somewhat better results at high pressures (above a re-
duced pressure Pr of 0.4) but was inaccurate at low pressures,
Figures 13, 14, 15 and 16 compare the data taken in
this work with equation (2-21), and at high pressures with
69
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(2-20).
Agreement of the data with the Noyes equation was so
good that it was not considered appropriate to add another

burnout equation to the more than 50 already in the literature,

Nucleate and Film Boiling Data

Forty experimental runs were made., Thelr dates, with
comments and general information, are listed in Appendix D,

Data obtained in the nucleate boiling regime are
listed in Appendix H. Data taken in the stable film bolling
regime are listed in Appendix I.

Figures 17, 18, 19, and 20 show these data in the
conventional log q vs. log AT form, with lines of constant
reduced pressure. Data are not shown if the measured AT < 1F°,
because the error can exceed 100% for these very small AT's

(see the discussion of errors in Chapter VI).

Correlation of Film Bolling Data

lating equations for film boiling in the form used by
Frederking, Wu and Clement [25]. The pertinent groups are

the Prandtl Number Pr* = uCp/k, the group 6°

(A + 0.5 oAT)/(C_.0T), the Nusselt Number Nu* = qB/KpAT (B

is the Laplace Reference length, equation (2-6)), and the

Rayleigh Number,

Ra” = B3gpf(p(, - Df)Cpf/ufkf (3-11)

where the film properties are evaluated at i.(T + T ).
2 " w sat
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For each of the correlations, the data are plotted
as log Nuf vs., log X, where x = Ra*e' for models assuming

laminar vapor flow and x = Ra*Pr*9°2 for models assuming

f
vapor flow dominated by inertial forces.
The models predict that Nu* = mxl/3 if the vapor is
removed from the surface at random, and that Nu* = mxl/4 if

the vapor is removed from the surface with regular cellular
flow.

‘It was found that the data taken in this work, when
plotted as log Nu' vs. log (Ra*e') or as log Nu" vs.
log (Ra*Prfe'z), had a slope between 1/3 and 1/4, but showed
a substantial drift with pressure, It was further found that
dividing eilther term on the abscissa by the square of the
reduced temperature eliminated this drift.

Table VII-1 summarizes the results when the data were
fitted by each method. It is apparent that division by Tr2

reduced the scatter in every case, no matter which model is

assumed. The recommended egquation is
B B389f(94 - pp) 70.267
ot = 0309 | ] (7-1)
£ ufkar AT

The data are compared with (7-1) in Figures 21, 22,
23 and 24, For reference, the equation which best fits that
particular component is also shown as a dashed line. 1In
every case, log Nu* vs. log (Ra*e'/Trz) was the best corre-
lating form.

Equation (7-1) seems to represent the data very well.
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TABLE VII-1
COMPARISON OF FILM BOILING DATA WITH CORRELATING EQUATIONS

y= . Slope of Standard

Substance log Nu vs. Best Fit Deviation*

X = Line of Log Nu
Methane log (Rale’) 0.297 0.0556
(96 points) log (Ra*s”/Tr2 0.276 0.0273
log (RafPrpe’2) 0.234 0.0576
log (Ra*Prie 2/Tr<) 0.224 0.0310
Ethane log (Ra¥p”) | 0.308 0.0386
(62 points) log Ra:e'/Tg2§ 0.274 0.0210
log (Ra Pryo'2) 0.237 0.0501
log (Ra™Prie 2/ppe) 0,219 0.0354

*
Propane log (Ra_6’) 5 0.227 0.0304
(55 points) log (Ra 8 /Tr g 0.263 0.0195
log (RajPree72) =~ 0.248 0.0359
log (Ra"Prpg°</Tr<) 0.227 0.0236
* .,

n-Butane log (Ra 6°) 0.310 0.0236
(58 points) log Ra:e'/Tg2§ 0.267 0.0163
log (RalPre6°2) 0.263 0.0332
log (Ra*Prye 2/Tre)  0.234 0.0246
ALl Together  log (Raye’) 0.297 0.0472
(271 points) log (Ra 8 /Tgeg 0.267 0.0249
log Ra*Prfe'2 5 0.238 0.0508
log (Ra Prap </Tr<) 0.223 0.0329

It would be more appealing on a theoretical basis to break
the data into two parts, depending on Rayleigh Number., The
film boiling data having laminar and turbulent vapor flow
would then be fit separately. However, (7-1) represents the
data well enough so that such a division 1s unnecessary.

The Laplace reference length B was used as a corre-
lating length because 1t was desired to make these data

comparable with that taken from flat plates. Breen and
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Westwater [10] showed that dlameter effects disappear for
diameters greater than one cm, and the heater used 1in this
work was 2,06 cm in diameter,
The modified heat of vaporization A’ was considered
to be A + O.SCpfAT (3-3) instead of the alternate forms (3-4)
or (3-5) because Frederking et al. [25] used that form, Time

did not permit comparing each alternate form in detail.

Correction of Nucleate Bolling Data

Small correctlions were applied to the nucleate boil-
ing temperature differences., These are explained in Appendix

G, and were mentioned also in Chapter VI,

Correlation of Nucleate Bolllng Data

The nucleate bolling data were compared with the
correlating equations of Rohsenow [75], Forster and Greif
[24], and Madejski [52]. The latter two were unsatisfactory.

The Rohsenow equation (2-7) came closest, but the constant c
*

changed with pressure, Re = QB/AUPL.
* 1 3
et e o [y ] (27
GPPL

It was found that the propane and butane data, and
the methane data at reduced pressures less than 0.7, could
be correlated reasonably well with the following modification
of the Rohsenow equation:

1.18 .n
N }
) ] (7-2)

1&
&
&%

Re* =c [ (

@ |-

Pr
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For methane data shown in Figure 25, ¢ = 3.25 x 105,
n = 2.89 and the standard deviation on log Re" (for Pr < 0.7)
was 0,124,

The propane data are shown in Figure 26. For propane,
the fitting technique gave an unrealistic slope, so the line
was drawn in as ¢ = 5,77 x 102, n = 2.6.

Thé n-butane data are shown in Figure 27. The best
fit line was ¢ = 2.33 x 105 and n = 2,84 for reduced pressures
less than 0.7. Thils 1s very nearly the same as the best fit
for methane,

For propane and butane, (7-2) puts all of the pres-
sures on a common basis, although the fitting was done for
Pr < 0.7.

For ethane, however, equation (7-2) was completely
unsuccessful. n is about 3, but a large drift with pressure
was observed. Thlis 1s perhaps because ethane was the least
pure substance (99%) used. Figure 28 shows the ethane data
toc 1llustrate the scatter, No correlation was cobtained for

the ethane nucleate bolling data.

Second Critical Point

The data taken at the minimum film boiling point
(second critical point) are listed in Appendix F.

Not very many second critical AI''s were observed,
but Figure 29 shows how Berenson's prediction (equation 3-23)
compareé with the data. This equation must be evaluated by

trial and error because of the film properties. It appears
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that (3-23) predicts values that are too high, particularly
at reduced pressures above 0.4,
Figure 30 compares the second critical flux data with

Berenson's version of the Zuber-Tribus equation (3-22).

Miscellaneous

The attempt to check fiux measurements by measurement
of radial temperature distribution was not entirely success-
ful. It is discussed 1n detail in Appendix J.

The temperature variation around the circumference
of the heater was measured, but was found to be small and

relatively patternless, These are discussed in Appendix K.
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CHAPTER VIII
CONCLUSIONS

1. Nucleate and film saturated pool boiling data
were taken for methane, ethane, propane and n-butane at twelve
reduced pressures between 0,02 (one atmosphere) and 0.9.

2. Complete burnout flux vs. reduced pressure curves
were obtalned for each substance, The equation of Noyes
[62], equation (2-21), was found to describe these data with
reasonable accuracy over the entire pressure range.

3. An empirical modification of the equation of
Chang [20] and of Berenson [5] (equation (7-1)) was developed
which accurately represented all of the film boiling data.

4, The nucleate boiling data were correlated using
a modification (equation (7-2)) of the Rohsenow [75] equation.
The propane, butane and methane data were described adequately,
particularly for reduced pressures less than 0.7. The ethane
nucleate bolling data were not satisfactorily correlated by
this method, possibly because the ethane was only 99% pure.

5. Somé second critical AT's were determined and
found to be less than predicted values, especlally at reduced
pressures above 0.4, Predictions of second critical fluxes

are too high at high reduced pressures,

ok
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6. The variation in temperature around the circum-
ference of the heater is small and random, although usually

conslstent within one run.



CHAPTER IX

RECOMMENDATIONS FOR FUTURE WORK

1. Retain the basic heater design, as outlined in
Chapter IV, with the following changes:

a. Eliminate the end loss measurements., As shown

in Appendix B, they are unnecessary, since the AT's near the
center of the heater are unaffected by end losses.

b. Eliminate the inner thermocouple ring. The check

on flux provided by these measurements was not as reliable
as the electrical measurements, as explained in Appendix J.

¢. Make the heater body of copper rather than iron.

Eliminating the inner ring of thermocouples obviates the need
for the large temperature drop given by the iron., The greater
thermal conductivity of copper would greatly improve the
corrections and extrapolations of temperatures to the surface
of the heater. In connection with this, the thermocouple

pins should be moved closer to the surface, 1f possible,.

d. Use twelve outer ring thermocouple pins instead

of six. The elimination of end loss measurements and inner
ring measurements frees seven thermocouples. Six of these
should be used to get additional surface temperature

measurements.

96
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e. Mount an "inner ring" thermocouple to use only

as a burnout monitor. This would use the other thermocouple

mentioned in "d" above, making the total number of measured
heater temperatures 13, as was done in this study.

f. Make six of the outer ring thermocouples read

AT = Ty - Triuid

locating one reference Junction inside the vessel, connected

directly. This can be accomplished by

to the thermocouples through a switch. Whether to measure

T, or AT = (Tw - Tfluid) is an interesting problem, apparently
best solved by doling some of each. Measuring AT directly is
more accurate: since the AT's are small, the measuring
instrument will give more consistent results (accuracy of a
digital voltmeter is * 1 digit plus a small percentage of

the reading). However, measuring T, is more rellable because
only the sensor is inside the pressure system out of sight,
instead of both the sensor and the reference Junction, Know-
ing the pool is really saturated becomes very important if

a 1
AT

B are measured directly.

2. Use a digital voltmeter accurate to I 1 microvolt
instead of the * 10 microvolt voltmeter used in this work.
Measurement of nucleate boiling AT's at high pressures re-
quires that temperatures be measured to at least + 0.1 degree,

3. General nature of the investigation:

a, Investigate the bolling of azeotropic mixtures,

Since the vapor and liquid are presumably of the same composi-
tion; an important factor can be held constant.

b. Investigate the effect of pressure on the second
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critical (minimum film boiling) flux and AT, using the tech-

nique described in Chapter VI.
c. Recheck the nucleate bolling data for ethane,

which did not seem to match that of the other substances,

and study ethane-ethylene mixture bolling. Ethane and

ethylene are similar in behavior, lndustrially important,
and are particularly easy to work with in this apparetus.
(It is desirable to have a cryogenic fluid whose critical
temperature is above room temperature, so the system can be

left filled.)
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NOMENCLATURE

Temperatures and Pressures

pressure, psla

critical pressure, psia

reduced pressure P/Pc, dimensionless
saturation pressure, psia

defined by (2-9), psia

temperature, °F (degrees Fahrenheit)

critical temperature, °F

film temperature, £ (T + T °F
p ) 3 ( . sa )s

t

reduced temperature, (T + 459.6)/(Tc + 459.6),
dimensionless

saturation temperature, °F

gemperature of metal surface on which boiling occurs,
F

observed temperature (in equation where the correct
temperature T is unknown), °F

bulk fluid temperature, °F
, )
(Tw - Tsat)’ F

(T, - Tsat) at the second critical (minimum f£ilm
boiling point), F°

Fluid Properties

heat capacity at constant pressure, Btu/lbm-F°
thermal conductivity, Btu/ft-hr-F°

99
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thermal diffusivity, k/eC,, ££2 /nr
heat of vaporization, B’cu/lbm

?odigied heat of vaporization: see (3-3), (3-4) and
3-5

viscosity, 1bm/ft-hr
kinematic viscosity, u/p, fte/hr
density, 1bm/ft3

surface tension, 1bf/ft

Subscripts Used with Fluld Properties

vapor property evaluated at the film temperature
%(TW + Tsat)

saturated liquid property
saturated vapor property
evaluated at the metal surface temperature Tw

evaluated at the bulk fluid temperature

"Miscellaneous Quantities

inner cylinder radius, feet, (4-7)ff.; also accelera-
tion, ft/hrl

outer cylinder radius, feet, (4-7)ff.

constants

frequency of bubble departure from an active site
acceleration of gravity, 4.17 x 108 £t/hr?

unit conversion factor, 4.17 x 108 1b -rt/1b.-hr?
heat transfer coefficient, g/AT, Btu/ft°-hr-F°
hoiling h defined by (1-1)

radiative contribution to film boiling h (3-19)

convective contribution to film boiling h (3-20)
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h, height of 1liquid in system (6-1)

hz initial h, (6-1)

k thermal conductivity, Btu/ft-hr-F°

km thermal conductivity of metal

my constants

a heat flux, Btu/ftZ-hr

qr radiative contribution to film boiling q

q’ convective contribution to film boiling q

q, critical flux, Btu/ft2-hr

a4y, first critical (burnout) flux

Ay, second critical (minimum film boiling) flux

qéc second critical flux without radiative component

r radius, ft

r* "observed" radius in equations where the "correct"
radius r is the thermocouple radius shown in Figure 4

t thickness of metal, ft

B Laplace reference length, ft, (2-6)

D (1) bubble diameter, ft, at departure; or
(2) heater diameter, ¥

E modulus of elasticity, psi

F quantity defined by (3-1)

¢* characteristic mass velocity, lbm/fte-hr

H ?gii?t of system, ft, if all volume has 5" diameter,

K constant in (2-13)

L heater length. feet

L characteristic length, ft

M molecular weight
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population of active nucleation sites, sites/ft
constant in (2-13)
Nusselt Number, qB/kaT in film boiling, dimenslonless
Prandtl Number, uCp/k, dimensionless
heat flow, Btu/hr

Rayleigh Number, B°gp (s, - #,)C_./u _ in film boil-
ing, dimensionless - ¥ I pr 1

Reynolds Number, gB/\C . in nucleate boiling,
dimensionless pl

quantity defined by (2-19), Btu/ft°-hr
constant in (4-1) if not a fluid property
constant in (4-1)

28/a, (4-4)ff.

emlssivity of metal surface

Poisson's ratio

quantity defined in (2-15)

8 Btu/ftz-hr-F

Stephan-Boltzmann constant, 0.1713 x 10
radial stress (4-7)

yield strength in simple fension, psi
tangential stress (4-8)

shearing stress

maximum shearing stress, design limitation defined
by (4-15)

(1) parachor (2-16), (2) quantity in (4-5)ff.
critical wavelength, ft, (3-7)

most dangerous wavelength, /3 T,

l/CDLAT, used in nucleate boiling, dimensionless

(L + 0.5C_.AT)/C

f fAT, uged in film boiling,
dimensionfess

P
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Introduction

Because of the variety of correlations avallable for
boiling heat transfer data, it was decided to compute all
physical and transport properties from equations. These
were programmed for the University of Oklahoma "OSAGE"
computer using the ALGOL language.

There are two advantages which accrue in addition
to the resulting ease in correlating heat transfer data.

The precision of the property values used is easily verified
and can be refined, if necessary and if data are avallable,
to almost any desired degree. Also, individual calculated
points will be consistent with each other, the errors which
invariably occur when reading graphs being eliminated.

Properties used in correlating bolling heat transfer
data are: vapor pressure, density of the liquid and vapor,
heat of vaporization, surface tension, liquid and vapor vis-
cosity, liquid and vapor thermal conductivity, and liquid
and vapor isobaric heat capacity. The methods used to calcu-~
late these properties are described below,

Tabular or graphical data were not used whenever a
reasonable correlation could be found, because correlations
were s8¢ much easler to handle. The work of Canjar and
Manning [31], Din et al. [7] and Jones et al. [15] were
bypassed for this reason. Also, information which was pub-
lished after the programs were checked out and had been used
was not incorporated because of the difficulty of putting

earlier calculations on the same basis. For example,
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Carmichael, Reamer and Sage [32] published data on thermal
conductivity‘of methane in January 1966 which would un-
doubtedly have been used had it been published six months
earlier,

Tables summarizing these calculated properties of
methane, ethane, propane, and n-butane along with some common
giroups are presented,

References, in brackets, are to the list at the end
of thils appendix. When reported, average deviations are
listed. The reader is referred to the article for the maxi-

mum deviations and other relevant information.

Vapor Pressure

It is possible to calculate vapor pressures by trial
and error from an equation of state, For liqueflied hydro-
carbon gases, however, a very accurate empirical equation

has been presented by Thodos [30]:

Py is the vapor pressure in mm Hg, and T 1s temperature. in
degrees K, The last term is applied only if (T/Td) is greater
than unity. Thodos obtained the constants listed in Table A-1,

Thodos reports average deviations covering the range
from the triple point to the critical point of only 0.15%,
0.08%, 0.10%, and 0.17%, respectively.

The method of Thodos was used in this work, A
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four-constant equation for vapor pressures which would be
easier to use in hand calculations is presented by Frost and
Kalkwarf [12]. The average deviations of thelr equation are
roughly three times those of Thodos, but are still less than

0.5%.

TABLE A-1
CONSTANTS USED IN VAPOR PRESSURE EQUATION OF THODOS

Substance 'I'd A B C D n

Methane 118.83 6.18025 -296.1  -8000 0.257 1.32
Ethane  204.74 6.73244  -624.24 -15012 0.1842 1.963
Propane 261.20 6.80064 -785.6 -27800 0,2102 2.236
n-Butane 312,30 6.78880 -902.4  -44493  0,4008 2.40

" Density of Saturated Liquid

I¢ 1s also possible to get the saturated liquid den-
sity from an equation of state, but an equation presented by
Francis {11] enables calculation of p over the entire range

i
ritical point with an average deviation of sbout

up to th
5 x 10'4. Francis used one of two equations, depending on

1
)

proximity to the critical temperature.
Py = A -Bt - C/(E - t) (A-2)

1/h
o, + [6(t, - 01 (a-3)

)

where t 1s temperature in degrees C and the density is in
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gm/ml. Equation (A-3) is to be used near the critical
temperature t,, and equation (A-2) applies at lower tempera-
tures. The reglons in which each equation applies actually
overlap considerably, and for the purpose of these calcula-
tions an arbitrary dividing point was selected halfway between
-2) and the lower

the upper recommended temperature for

value for (A-3). The constants presented by Francis are

Lp ]

listed in Table A-2.

TABLE A-2
CONSTANTS USED IN LIQUID DENSITY EQUATION OF FRANCIS

Substance A B C E h G Pe Break*

Methane 0,3254 0.00094 6 -48 2.5 0.000437 0.162 -115
Ethane 0.4990 0.00099 6 66 2.8 0.000384 0.203 ~-15
Propane 0.5750 0.00097 6 129 2.7 0.000397 0,220 67
n-Butane 0.6376 0,00087 7 186 2.7 0.000390‘ 0.228 132

*"Break" 1s the temperature 1n d
use ao

n (A-2) is used and at or

Liquid density values obtalined by this method are
better than those calculated from the Benedict-Webb-Rubin
equation of state [1,2]. For example, Tablie A-3 compares
values for methane calculated by the two methods with the

data of Matthews and Hurd as presented by Perry [23].

Surface Tenslon

Brock and Bird [3] present two predictions for
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TABLE A-3

COMPARISON OF CALCULATED METHANE LIQUID DENSITY
WITH EXPERIMENTAL DATA

3
Density Py lbm/ft

Temperature, °F Calculated
Experimental
Francis BWR
-260 26.55 26,52 26.55
-200 23.25 22.68 23.22
-160 20.29 19.69 20.23
-120 14.09 13.62 14.37

surface tension based on corresponding states theory. The

equation which best represents light hydrocarbons is:

c c

°0 = P2/3 Tl/3 (_0.951 + 9%02 )(1 - Tr)ll/g (A_u)

where Pc is the critical pressure in atmospheres, Tc is the
critical temperature in degrees K, Zc is the critical com-
pressibility factor, and Tr is the reduced temperature,.
Figure Al compares Equation (A-4) with data presented by
Rossini et al. [25]. it can be seen that the correlation is
improved slightly by rotating the curves., This was done by

using a small correction factor € with the equation

0=€Oo
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The values of ¢ were 1,015, 0.990, 0,971 and 0.978 for methane
through butane respectively.

Although the surface tension values calculated by
equation (A-5) represent an extrapolation of data taken below
one atmosphere pressure, they correspond with the curves pre-
sented by Katz et al. [16] which contain some additional data

for ethane and propane.

Heat Capacity at Constant Pressure of Saturated Liquid

The heat capaclty Cp can be calculated from an equa-
tion of state, but values calculated from the Benedict-Webb-
Rubin equation for the saturated liquid were found to deviate
greatly from data. The data presented in Appendix A of the
Pratt and Whitney progress report [24] were fitted by a
series of equations, each applying in a limited temperature
range. The curve on methane 18 in reasonable agreement with
the experimental data presented by Jones, Mage, Faulkner and

Katz [15].

Thermal Conductivity of Saturated Liquid

The residual methods used to correlate vapor and film
thermal conductivity were unsatisfactory for high densitiles,
Data from Appendix A of the Pratt and Whitney progress report
[24] were fitted in the same way as those for (Cp)L.

Viscoslit

have recelved attention recently. Carmichael, Berry and
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Sage [6] advocate plotting the "residual viscosity" (u - u°)
vs. density and fitting this to a cubic polynomial, then
obtaining the viscosity at attenuation u® as a cubic polyno-
mial in temperature. They furnish the necessary constants
for ethane, propane and n-butane,

Lee, Starling, Dolan and Ellington [18], and earlier
Starling and Ellington [28], use a different approcach. They
found that the viscosity (in millipoise) of all four of the
light hydrocarbons being conslidered could be represented as
a function of molecular weight M, temperature T (degrees R),
and density p (grams/cc) by Equations (A-6) through (A-9).

u = K(T,H) - exp [x(T,H) - p¥(T:M); (A-6)
K(T,M) = (7.77 + 0.0063M)T3/2 (A-T)

’ (122.4 + 12.9M) + T
x(T,M) = 2.57 + lg&i + 0.0095M (A-8)
v{T,M) = 1.11 + 0,04x(T,H) (4-9)

It will be noted that (A-7) is a form of the Suther-
land equation. The authors report a standard deviation of
1.34% over the entire range for the pure components,

The liquid viscosities calculated from these equations
are compared in Figure A2 with the data of Swift, Lorenz and
Kurata [29] and Rossini et al. [25]. The densitles used were
calculated from the équation of Francis as explained above,

Agreement was good for propane and n-butane, but poor for
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methane and ethane. In order to bring the calculated vis-
coslity to within acceptable range of the avallable data, a
correction factor Au was added to the value calculated from
equation (A-6). The corrected values are also plotted in

Figure A2. The corrections used were:

Methane

au = 330 ( ';%6 )6'31 t < -225°F

bu = -0,3125t + 9.375 -225°F < t < -121°F
Ethane

bu = 3.T4t + 93.75 ‘ t < -50°F

Au = 0,72t - 57.6 -50°F < t < 80°F

Equations (A-6) through (A-9) were satisfactory for
viscosity of the saturated vapor and vapor film, although the
saturated vapor viscosity of propane predicted by this method
was about 10% lower than indicated by the curve presented by
Katz et al. [16]. The method of Lee et al. is used in this
work,

A number of papers present viscosity data for these
substances. Particularly valuable are those by Swift, Lorenz
and Kurata [29], Carmichael, Berry and Sage [6], Carmichael
and Sage [4], Eakin, Starling, Dolan and Ellington [10,8],
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can be readily extended to mixtures if desired,.

Dengity of Saturated Vapor and Vapor Film

Equations of stafé usually describe the vapor state
more accurately than that of the liquid. The eight-constant
equation of Benedict, Webb and Rubin [1,2] was used in this

work:

C
P = RTp + (BORT - Ao - —% )p2 + (bRT - a)p3 + aap6
T
3 _wal
+ -‘iéL (1 + yp2)e P (A-10)

T

Figure A3 illustrates three isothermz generated by the BWR
equation for propane, Because the isotherms are continuous
throughout the range shown, there are three points on each
isotherm which correspond to the correct vapor pressure., The
smallest density among the three corresponds to the saturated

vapor and the largest to the saturated liquid. The other

the computer to generate saturated vapor densities is to
always select the correct solution, preferably without first
having to find all three.

Ordinarily, when working with the BWR equation, one
generates the vapor pressure curve by finding two densitles
such that

P(p),T) = Blpy,T) (a-11)

and
RT 1n fy = RT 1n f, (A-12)
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where f is the fugacity. When both (A-11) and (A-12) are
satisfied, pl and p2 are the saturation densities at the
given P and T, The equation for (RT 1n f), using the BWR

equation of state, is

c
(RT 1n £) = [RT 1n (pRT)] + 2(BRT - A - —2 )o + % (bRT - a)p°
7
6 5. 02r (L-eY) 1 w2 2 -yp?
+ 2 aap”’ + - [ =€ +=e + Yp e ] (A-13)
> 7° Yo 2

The equations of Thodos and Francis described above
describe the vapor pressure and saturated liquid density more
accurately than the BWR equation, so a slightly different
procedure was used,

The vapor pressure 1ls assumed to be known exactly.

The known liquid density is used as the first estimate in the
determination of the BWR liquid density. This trial and error
calculation converges rapidly because of the good initial
value and because the 1sotherm 1s very steep in the liquid
region., The initial estimate for calculating saturated vapor
density was taken to be that of the ideal gas under the same
conditions,

At first, the values of (RT 1ln f) calculated at each
point were compared to insure that the correct roots had been
located. However, it turned out that the correct values were
always located by this procedure except very near the critical
point so the fugaclity comparison was eliminated.

The only exceptions to this procedure were made near
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the critical pressure for methane and propane. The BWR equa-
tion overestimates the critical pressure of methane by 22 psi
and that of propane by 6 psi [22]. Almost all of the error
occurs within a few degrees of the critical temperature, how-
ever, because of the large (9P/3T). Accordingly, the vapor
pressure used in the BWR calculations for methane above -125°F
was raigsed by the quantity 2,0(125 + T) and that of propanc
above 203°F was ralsed (6.2/3.26)(206.26 - T), with tempera-
fure in degrees F, The corrections were checked by plotting
the pressure vs. denslty isotherms in the critical region,

Accuracy was very good for vapor density. Figure Al
compares calculated and experimental values for n-butane,
The constants used are listed in Table A-4; they are those
originally published by Benedict et al. [2]. Opfell,
Schlinger and Sage [22] point out that the BWR equation is
not suitable for extrapolation and must be used in the range
for which the constants were fltted. They comment that
Benedlct's constants fit the saturation reglon quite well,
They present constants which can be used for the homogeneous
fluid from 100-460°F and up to 10,000 psi. -Douslin et al.
(9] present data for methane in the high temperature and
pressure range.

The BWR equation was used to evaluate the density of

both the saturated vapor and the vapor film,

Heat of Vaporization

The function (H - H°) can be derived from an equation
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TABLE A-4
CONSTANTS FOR THE BENEDICT-WEBB-RUBIN EQUATION OF STATE*

Constant Methane Ethane Propane n-Butane

R 10.7335 10.7335 10.7335 10.7335
Molecular Wt 16.031 30.047 by, 062 58.078
Bo 0.682401 1.00554 1.55684 1.95211
A, 6995.25 15670.7 25915.4 38029.6
C, x 1076 275.763  2194.27  6209.93 12130.5
b 0.867325  2.85393  5.77355 10.2636
a 298412 20850.2 57248.0 113705.0
¢ x 1070 498.106  6413.14  25247.8 61925.6
a 0.511172  1.00044 2, 49577 4,52693
Y 1.53961  3.02790  5.64524 8.72447

*Constants are from Reference [2].

‘Temperature is T(°F) + 459,63.

Pressure is in psia,

Density is in lb-mole per cubic foot.
of state., For the DWR equation, it 1s given by tvhe expressio

4
(H - B°) = (B.RT - 28, - —2 )p + 1 (2bRT - 3a)p? + 2 aap®
) T2 2 5
cp® [ 3(2 - e-Yp?), 1 _-vp2 2 -yp°
+ & [ -Le + yo“e ] (A-14)
2 2 2
T Yo

The units, using constants from Table A-3, are (psia ~ft3
per lb-mole) so that a conversion factor is also required.

Then the heat of vaporization is found from the values



418

(H - H°) for the saturated liquid and vapor.

— (H - H ), - (H - H )L (A-15)

Following the suggestion of Benedlct, the BWR value
of °, was used in equation (A-8) and not that found from the
francis equation.

Values obtained in this manner were ncot in very gced
agreement with experimental data, especlally at low tempera-
tures, so first-order correctlions were applied. The correc-
tions brought the values of A within 1% of those quoted by
Perry {23]. The corrections applied are shown in Table A-5,

Heat Capaclty at Constant Pressure of the
Vapor and vapor Film

The heat capacity at constant pressure, defined by

the equation
C, =( SH A-16
p ( 3T ) ( )

P
can be obtained from an equation of state by evaluating the
integral
* ? ( 32\7 (A_17
¢ -C =\ -T ) e (A-17)
o

\
BTQ

An alternate procedure is available. Equation (A-10)
gave P = f(p,T) and equation (A-14) gave (H - H*) = f(p,T).
Then (Cp - C;) can be evaluated from the Benedict-Webb-Rubin
equation as follows:

[ 3(H - H* 2 a(H - H¥) ]

T

P (A-18)

NI/
S EEE
NI/

+3
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TABLE A-5

CORRECTIONS TO HEATS OF VAPORIZATION CALCULATED FROM THE
BENEDICT-WEBB-RUBIN EQUATION OF STATE

Methane

t < -215°F
-215°F < t < -180°F
t > -180°F

Ethane

t < -85°F
t > -85°F

Propane

n-Butane

t < 118°F
t > 118°F

_ [ _‘BWR
S

1oglo 6§ = -0,0098992t - 1.09784
6§ = -0,198t - 33.0

§ = -0,1318t - 21.05

(0.56989 - 0.00761538t)

A=A - 10,0 t

A= g + 0.09338 (1 - =)

A= h o+ (8.59375 x 107°)43
- (1.65625 x 1073)c® + 0.21925t2
-T.1

A=)+ 00Ut -0 ‘
BWR

A=A - 0.1625t + 32.0
BWR

A= Agm - 9.5 + 0.0805¢

A= A

BWR




Let

Then the necessary expressio

8c
-9
2

T

+*
[2E-H) ] - (gr+
L Ol J o]
P

l
+ -

-
eV’ (A-19)
vo° (A-20)

ns are:
Yo + bRo? - 20® [ 3(1 - %)
3 L 2z
T
)] (A-21)
4¢ M
- —59-+ (2bRT - 3a)p + baap
T
- 52 - 5) (A-22)
2 3 2¢ 3
+ bRp° - —-%— X(1 + 2) (a-23)
T
- EE.) + 392(bRT - a) + 6aa.p5
2
T
27°) (A-24)

The coefficient of volume expansion, defined by the

3(H - HY) 1 .
[0 ] - o,
T
2C
dP )
('Sii' Rp+(B°R+T—3-)p
/ dP Comm s A fm mm
\ 3% :g = RT + ¢p\B°R1 - A,
e
+ =5 X(3 + 32 -
T
equation

B

<

<3

(A-25)

( [

01

T

>P
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can be rearranged to the form

(3)
382 e
( dp /T

so that equation (A-18) becomes

* *
comct+ [2E-H) Y M2 - E) ] (-27)

P p L oT 'Jp - ¥ op JT

The heat capacity at infinite attenuation, C*, is

p
determined by experiment. In the temperature range above

32°F, constants for the equation

c; = a + bT + oT® + 4T3

where T 1s in degrees Kelvin, have been presented by Kobe

et al. and collected by Hougen and Watson [13]. The constants

are:
a bx 102 c¢x10° dx10°
Methane 4.750 1.200 3.030 -2.630
Ethane 1.648 4,124 -1.530 1.740
Propane -0.966 7.279 -3.755 7.580
n-Butane 0.945 8.873 -4,380 8.360

Temperatures above 32°F comprise the range of interest for

n-butane, but additional data were required for the other
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substances. Figures A5 and A6 show the correlations used at
low temperatures,

This method is the best avallable to calculate Cp
over the required range of temperatures and pressures, As
mentioned above, 1t was not used to calculate (Cp)L because
of excessive error,

The calculated values for C_ of methane were compared
in detall with data presented by Din et al. [7] and Jones
et al. [15]. A sample comparison is shown in Figure AT,
Generally the calculated values are higher than the experi-
mental data by less than 3% at temperatures above -50°F with
pressures up to 1,000 psia; Near the critical point, percent-
age devlations become larger, but also the experimental data
are less accurate, As temperatures drop below -170°F, the
calculated vg}ues in the dense region begln to increase,
rather than decrease, and become useless., In this work,
values lying in the compressed liquid region were not used,
so their accuracy 1s unimportant. Above the critical pressure,
Cp's calculated for temperatures below -170°F will be high

by more than 30%. For a surface as complicated as the

Cp(P,T), the calculated values represent the data very well.

Thermal Conductivity of Vapor and Vapor Film

The thermal conductivity of the vapor at one atmos-
phere, k¥, is found in several sources [5,14,17,19,26] and
is plotted in Figure A8. A comprehensive 1ist of references

1s also given by Katz et al. [16]. The equations for k= were:
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Methane: k* = 0.01611 + (3.568 x 10™°)T T < -110°F
k*

0.01651 + (3.928 x 1072)T T < 42°F

K* = 0,01630 + (4.408 x 107)T 42°F < T

0.00903 + (4.324 x 107°2)T

Ethane: x*

Propane: k" = 0,00665 + (4,238 x 107°)T

0.00563 + (4,065 x 107°)T

*
n-Butane: k

A convenlent method of correlating thermal conductivity
k 18 to plot the residual conductivity (k - k*) vs. density.
The residual method 1s an especlally compact way to represent
the vapor film conductivity. It does not appear to work very
well for very dense flulds, however, and it was not used to
calculate kL'

The residual thermal conductivity was calculated as
a function of density, using the data of Carmichael, Berry
and Sage (5], Leng and Comings [19], Kramer and Comings [17],
Lenoir and Comings [20], and Lenoir, Junk, and Comings [21].
Generally speaking, the lower the density the more accurate
18 this method because k= is known accurately and (k - k*) << k
at low densities,

The equations were:

Methane: 1log (k - k') = 1,226 log p - 3.0088

6 5)92

Ethane: (k - k) = (2.875 x 107°)p3 - (5.25 x 10”

+ 0,001088p

*
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(5.9 x 107%)p 1f p < 3.7

0.00124p - 0.00248 otherwise

=
1
Ly
*
fl

Propane:

=
[}
=
*
It

n-Butane: log (k - k') = 1.27198 log p - 3.30103

Critical Properties

The critical properties used in this analysis are

listed below.

Critical Pressure, Pc Critical Temperature,

Component psia T,, degrees F
Methane 673.1 -115.78
Ethane 709.08 90.32
Propane 617.4 206,26
n-Butane 550.7 305.62

Data are from Reference Data for Hydrocarbons and
Petro-Sulfur Compounds, Special Products Division of the
Phillips Petroleum Company. Bulletin No. 521 (1962).

Summa ry
Tables A-7 through A-14 present values of properties

calculated by the procedures described above., 1In addition,

the thermal diffusivity a k/pCp, kinematic viscosity

= Ww/p, Prandtl number Py = uCp/k, and reduced temperature
and pressure are tabulated,
Table A-6 glves the nomenclature and units for the

1istings of Tables A-T7 through A-14,
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TABLE A-6

EXPLANATION OF FLUID PROPERTY TABLES A-7 THROUGH A-14

specific heat at constant pressure, Btu/lbm
heat capaclty at infinite attenuation
thermal conductivity, Btu/ft-hr-F°
thermal conductivity at attenuation
critical pressure

reduced pressure (P/Pc), dimensionless
Prandtl number, uCp/k, dimensionless
saturation pressure, psia

temperature, degrees F

critical temperature

reduced temperature (T/Tc), dimensionless
thermal diffusivity, k/pCp, ftg/hr

heat of vaporization, Btu/lbm

viscosity, lbm/ft-hr

kinematic viscosity, u/p, ftg/hr

density, 1b_/ft3

surface tension, lbf/ft



TABLE A-7

PROPERTIES OF SATURATED LIQUID METHANE
{(3ee Teble A-6 for Definitions of Symbols and Units)

T P, Pe A ox103 Coe K, Mg Ve a, x103 Pry Tr Pr
=270 8.6 27.03 224.7 1.0443 .800 .1128 3222 .01192 5.216 2.285 .5514 .0128
«260 14.0 26.55 220.8 .9622 .800 .1076 .2821 .01062 5.065 2.098 .5805 . 0208
«250 21.5 26.06 216.3 .83 .822 .1024 .2483 .00953 4.777 1,994 .6096 .0320
«240 31.9 25.55 211.2 .87 845 .0972 .2195 .00859 4.502 1.908 .6387 .OUT4
-230 45.9  25.02  205.4 7235 .86T .0920  .1950  .0OTT9 4.239 1.839  .6678  .0681
=220 64.0 24.46 198.9 .6469 .890 .08T4 1754 .00717 4,014 1.786 .6969 <0951
=210 86.9 23.87 193.6 5719 912 .0833 .1607 .00673 3.824 1.761 . 7259 1292
=200 115.4 23.25 185.7 .4986 .935 . 0792 L1474 .00634 3.645 1.740 .T7550 1715
=190 150.1 22.58 177.8 JAare <957 .0751 .1351 .00598 3.476 1,722 .78 .2230
-180 191.8 21.86 169.4 .3580 .980 0711 .1237 . 00566 3.317 1.705 .8132 .2849
-170 281.1 21.16  159.2 .2911 1.089  .067T0  .1140  .00539 2.907 1.853  .8423  .3582
«160 298.9 20.29 147.8 .2269 1.200 .0605 .1036 . 00511 2.485 2.055 .8714 LAk
<150 366.0 19.30  134.6 .1658 1.311  .0541  .0934  .0O04B4 2.140 2.262  .9005  .5437
<140  443.0 18.11  118.5 ,1087  1.422  .0478  .0832  .00459 1.856 2.474  .9296  .6582
«130 530.9 16.58 97.2 + 0567 1.730 . 0410 0722 .00435 1.429 3.046 .9586 .7888
«120  630.6  14.09 59.5 .0128  2.470  .0240  .OM72  .00335 .690 4,855  .987T  .9368




TABLE A-8

PROPERTIES OF SATURATED METHANE VAPOR
(See Table A-6 for Definitions of Symbols and Units)

T P, Py Cpv Cp K, " My vy a, Pry Tr Pr
-270 8.6 .070 .526 .4966 . 0065 .0065 .00958 .13759 .17800 T73 .5514 .0128
«260 k.0 .109 .536 . 4361 . 0069 .0068 .01016 .09332 .11825 .789 .5805 .0208
=250 21.5 .162 .549 4357 .0073 .0072 .01073 . 06625 .08210 .807 .6096 .0320
240 31.9 .233 564 L4954 .00T7 .0075 .01131 . 0l4B61 .05879 .827 .6387 .ouTh
«230 45.9 .326 .582 L4952 .0082 .0079 .01189 .03647 .04293 .8lg .66T8 .0681
=220 64.0 446 .605 .4950 . 0086 .0083. .01248 . 02796 .03195 .875 .6969 . 0951
«210 86.9 .598 .632 .Lgug .0091 .0086 .01308 .02189 .02h19 .905 7259 .1292
«200 115.4 .786 .665 .4950 .0097 .0090 .01371 .01743 .018585 .939 .7550 L1715
=190 150.1 1.020 .706 4951 .0103 .0093 .01436 .01408 .01435 .981 .T841 .2230
«180 191.8 1.308 .758 4952 .0110 .0097 .01506 .01151 .01114 1,034 .8132 .2849
«170 241.1 1.664 .828 .lgs5s .0119 .0100 .01583 .00951 .00862 1.103 .8u23 .3582
<160 298.9 2.108 .924 .4958 .0128 .0L04 .01670 .00792 . 00659 1.202 8714 RS Y

-150 366.0 2.668 1.070  .4963  .0140  .0108  .01772  .00664  .0OW91  1.353  .9005 5437
-140  &443.0 3.395 1.318  .4968  .0155 .0111 .01899  .00559  .00346  1.615  .9296  .6582
=130  530.9  4.389  1.823  .4974  .0175 .0115  .02072 . 00472 .00218  2.161 .9586  .7888
120 630.6  6.367  4.602 4980 .0213 .0118 .o2427 .00381 .00073 5.2 9877 .9368




TABLE A~9

PROPERTIES OF SATURATED LIQUID ETHANE
(See Table A-6 for Definitions of Symbols and Units)

T P, Py A ax103 Cpe Ky " Vo e, x 103 Pry
«1480 10.0 4.78  215. 1.1808 .59 . 4601 o1 4. .
<130 13.6 gu.a% 212.3 1.1184 292 83-%\ et i3s3 u.'3‘82 2%
<120 18.3 33, 208.2 1.054;2 599 .0851 .38l5 01135 4.198 2.703
5OEl g B3 Tmd @ s g AE ia i
-, . . . . M . . . . 20
:g 39.9 32.54 196.1 .37555 .607 .0768 .3086 3.385 2.23’{

30.2 32.08 194.4 .8165 .610 .OT4O  .2904 3.280 2.3

«T0 2.3 31.60 189.6 7583 .61 ggle .2Th8 3.674 2.

0 76. 31.11 1849 7009 .61 89 .2614 00840 3.595 2.337
-2 93.5 30.61 180.1 .64h3 .619  .0670  .2500 0081 3.235 2.311

o 112.7 30.09 175.3 .5837 .gag .0650  .2329 0077 3.503 2.274
«30 13&.2 .55 122.3 .ggisg . .0631  .2172 5 3.210 2.290
«20 13% 28. 165.1 JABh2 .695  .0611 .2027 3.035 2.3
-0 1B7.9 28. 159.5 4276 725 .0592 .1823 0062 2.875 2.328

o 219. 27.78  153. 3761 755 057 1767 006 2.730 2.330

10 ggz.l 22.27 157.3 .3258 ¢ 085 A 00615 2. 2.330

20 6 2 -39 1"°'§ 2710 815 3 A 2.563 2.392

28 3322 2s. 132. .2296 .85 i .1 2.35 2.395

g . 25.01 122.9 .18h0 .875 5 .1350 2,262 2.337

50 33.8 2k, 115.0 .1403 .905 o476 1253 16 2.18 2.362

60 .0 22.9 102.3 . 0991 106 0456 1128 1 1.7 2.735

143 3%2 "{3 I ggg "oty %‘3%3 .0 00438 1:637 3252

90  706.7  13.94 2.1 . 00K 3.850 .o%fé 0532 003 .6h2 513%%




TABLE A-10

PROPERTIES OF SATURATED ETHANE VAPOR
(See Table A-6 for Definitions of Symbols and Units)

T P, Py Cov cp k, k" Hy vy e, Pr Tr Pr
140 10.0 090 .341 3234 .0031 .0030 .01326 1&I67 .10046 1.470 .5812 .0140
«130 13.6 .120 .3 3270 .oogs .0034 01373 11420 .08450 1.351 .5993 .0192
«120 18.3 .158 .35 .3306 . .0038 .01420 .07120 1.262 6175 .0258
«110 24.1 .2 .3 3343 . 0045 .0043 0146 071 .06017 1.194 .6357 .0340
«100 31.3 .260 .3£g 3381 .0050 . OONT .0151 8382& 821 1.14 .6539 .0h41

«90 39.9 ggg . 3h20 %g .0051 01562 782 34<) 1.099 6721 .0563

- 20.2 . .398 3459 . ggg .01610 03961 .03716 1.067 .6903 . 070

=70 2.g '2(938 .41 .3500 . 0065 . .01659 .0332 .03186 1.01;2 .7085 . 0881

- T6. . 425 .3541 .0071 .0064 .01709 .02810 .02740 1.02 .T7266 .108
«50 93.5 .735 . 3222 %g 0069 .01250 .02394 02360 1.014 .T448 .131
- 112.7 .883 .hsg . . .0073 .01 02054 0203 1.009 .T7630 1589
=30 13u.z 1.053 47 . 0088 ggg .0186 LOLTTH 0175 1.009 .T812 .1899
«20 159. 1.250 498 .37 .0094 . .01926 .015 .01517 1.015 .3991& .2251
«10 1 z 1.478 .523 .3759 .0101 .0086 .01987 .01345 .01307 1.029 .B176 .2650

0 219. 1.74) .5 . .0} .0090 .0205 L0117 01122 1.051 .8358 .309

10 2232.1 2. . .3852 .0115 .0095 .0212 .0103 .00958 1. .8539 .359

20 .6 2.401 . .0122 .0099 .02203 00917 .00811 1.131 .8721 4154

28 3 8.2 2.819 .68 .3948 .0130 '0133 .02292 .00813 .006 1.201 .8903 772

. 3.31 .3998 .o:.zg .0l .02394 22 . 0055 1.223 .9085 .5453

28 39.8 2266 .862 . .01 .0112 .02516 42 39 1. .9267 .6202

.0 . 1.02% .4100 .0158 .0116 .02668 .00572 .00329 1.739 .94l9 . 7024
gg 63%'?2 ;.6&‘9‘ %g S .:%gi .0170 gigé .ggl ‘9% .00222 2.292 .9830 .7922
. . . . . . . . .0011 .82 .9812 0.
90 T06.7 9.'%& 8.027 4281 .0212 .0129 .03873 .00397 . 7 12.743 39914 936}(




TABLE Aell
PROFPERTIES OF SATURATED LIQUID PROPANE .
(3ee Table A<6 for Definitions of Symbols and Units)

*

P, ' A 0x10°  C,, K, My v, a,x103 e} Tr Pr
12. . 184, 1.089 .532 .0568 5282 .0 447 2. 4.950 .6151 .
16.3 33165;% 182. 1.0'-;2 .534 .0560 Jio1u .01361 2.932 u.22:. .6132 %%
20.3 35.69 180.2 9865 .gig .0552 .4583 .01284 2.38& 4,453 L6452 .0329
25.% 33.27 177.7 . -5Z . .05 .4283 .01214 2.856 4,252 .6602 .08y
31.3 34.85 175.0 .0536 .4010 .01151 .822 u.ovz .6752 .0508
22.3 34.42 172.2 .8'-;22 551 .0528 .3760 .01092 2.784 3.92 .6902 21

3 33.98  169.3 T8 .558 .0520 .3531 01039 2.741 3.291 7052 075
22. 33.54  166.2 zg'r . .0512 .3320 0 2.694 3.675 .7203 .09

.5 .08 163.0 396 .5 gﬂou .3124 .009 2.643 3‘ﬂ2 .7353 .1078
78.7 32.62  159.7 L6421 . . .2943 . 2.590 3.183 .7503 .1273
92.5 32.14  156.3 .5952 . ougg . 2 . 3 a.zsg 3.403 7653 .14
107.9 152.9 .5li90 612 .0480 .261 .0082 2.47 3.333 .780; .1748
125.2 31.15  148. .5035 .626 guugﬁ .2 .00791 2.420 3.2 .gg .2028
14,5  30.62 144 s .64 . 232 . 0075 2.362 3.212 .8104 .2340
165.2 30.07 140.0 447 .04 .21 . 0072 2.270 3.205 .8254 .2
189. .50 135.4 3715 ougg .2059 . 2.200 3.172 . 840k .3068
215.4 2B.90 13 .3292 .718 .0440 13;2 . 2.120 3.122 8554 .3489
243.9 28.26 125.6 2879 T .o432 1 .00642 2.040 3.1 8704 .3950
agg.o 22 8 120.2 2K .ggs o424 .1 .00615 1.883 3.132 .8855 . 4453
308.9 26.83 114.4 .2 . .0416 .1 gl .00589 1. 3.12 .9005 .5003
345.7 6 108.0 .1708 873 o407 .1k65 .0056 1.29n 3.133 .9155 .5600
285.7 25.16 101.0 .1344 . .0391 .1355 .0053 1.658 3.2 .9305 .621&
29.0 2h.17 90.9 .0398  1.019 0374 1251 .00513 1.519 3.380 .9 .69
gg I g;gg gg .a;;rrg {gg '83 g .ugg . i.ggo 3.301: .96 8 .5705
580.2  19.17 45.0 .ol17 2.117  .o32s .8313 -oou2h 1793 gisu %gs :933%;




TABLE A-12

PROPERTIES OF SATURATED PROPANE VAPOR
(See Table A-~6 for Definitions of Symbols and Units)

» - *»

Py oy cpv cp ky k Hy vy a, Pry Tr Pr
50 12.5 .130 .343 -y ¢ . 0046 0045 ¥ . 01468 .11261 .10298 1.094 .6151 0203
- 16.0 .164 .352 .3330 .0051 .0050 .01509 .09191 oez 8 1.051 .6302 .0260
«30 2°'2 .204 .361 .33 0055 .0054 .01550 07582 gz 60 1.016 .6li52 .0329
=20 25. .252 .370 .3h40 0060 .0058 .01592 06318 . 288 .989 .6602 .0l
«10 31.3 .308 .379 L3495 0064 .0062 .01634 312 gg 2 .967 6752 .0508
0 ?.2’3 .372 200 . 3550 0069 .0066 .01676 505 .047ho .950 .6902 .0621
10 g Ry . .3605 .007 .007T1 01719 .03846 .0410 .93 .7052 .orga

20 55. .533 A1) . 3660 oog 0075 .01763 .03309 035 .92 .T7203 .09
;;o 66.5 .631 .uaz 3715 .00 .0079 .0l . 02865 03101 .922 .7353 .1078
0 78.7 .373 33 .3770 ooag .01853 . 024 L0271 .919 <7503 1275
50 92.5 .870 . usg .3824 0093 ooeg .01900 .021 02376 .919 .7653 .1498

60 107.9 1.0l . .3881 .009 0092 .01949 .01921 .02081 .923 .7803 .17
(¢] 125.2 1.17 .481 .3948 .010, .0096 .01999 .01697 .01822 .932 .T95 .2028
10 14h.5 1.363 .499 hois .010 0100 .02052 01505 .01595 .9 .8104 2340
90 165.2 1.573 .519 4080 0114 0105 .02108 01340 .01396 .960 . 8254 .2686
100 189. 1.811 .54) i14s .0120 .0109 .02168 .01197 .01220 .981 . 840k .3068
110 215.4 2.081 .56 4210 .0125 0113 .02232 . 010713‘ .01 1.008 .8554 .3489
120 243.9 2.388 .59 n2Th .0131 L0117 .02302 .0096 .00923 1.044 ol .3950
130 275.0 2.74) .631 4338 .0138 0122 .02379 .00B68 .007 1.089 . 8855 .i253
ko 308.9 3.148 .6T4 .0l 0126 .0246 .0078 1 1.151 9005 .5003
150 345.7 .622 .ggg 46 .0151 .0130 .0256 . 0070 88373 1.236 9155 .5600
160 13.85'7 .184 . 806 452 .0161 .0134 . 02680 .006 . 1,339 9305 62Y4
170 29.0 4,865 .920 4590 L0174 .0139 . 02821 .00580 .003 1.491 .9l55 .6945
1tio 4r5.7 5.721 1.112 . 4652 .0l .0143 .03002 .ggze .00297 1.767 .9606 T05
160 526.1 .864 1.512 471 .0207 L0147 0325 .004T .00200 2.373 .9756 .8521
200 580.2 8.586 2.74z2 JATTS .0233 .0151 03672 .00428 . 00099 4.322 .9906 .9398




TABLE A-13

PROPERTIES OF SATURATED LIQUID BUTANE
(See Table A-6 for Definitions of Symbols and Units)

———

e

T Py Py A ox 103 Cpe ke My Ve QX 103 Prz Tr Pr
23 1u,g 37.5 173.1 1.0224 .540 .073% Roou .01333 3.906 3.414 6398 .0260
17. gz.:. 169.4 9772 550 .07 4725 .01272 3.857 3.297 .6529 .0320
gg 21.5 .78 165.9 .9324 .560 .0785% L4468 .01215 3.811 3.1 .6659 .0390
26.0 36. 162.6 .8881 .5’58 .0782 ﬁg%g .01162 3.768 3. .6790 . Q472
gg 31.2 36.01 159.4 .L8u4) .5 .0778 . .0111 2'886 .6921 .0566
37.1 35.61 156. . 8005 .590 L0775 .3802 . 0106 3.689 2.894 .T051 . 0674
90 3.9 35.21 153.5 ST .600 L0772 '3608 .01025 3.653 2.805 .7182 .07
100 21.5 34.80 150.6 .g:. .610 . 0769 .342 .00985 3.620 2.721 .7341'2 .09
110 0.1 34.39 1l7.8 724 .620 .0765 .3258 . 00947 3.590 2.639 i ¢ .1092
120 69.8 33.96 144.9 .6306 .630 .0762 .3097 .00912 3.562 2.3 1 574 - L1267
130 eo.g 33.5 1u1.3 .5tol .610 .o'rzg .2805 . 9 3.524 2.h93 .7505 .1461
1 92. 33. 137. .54 .650 .07 .2801 . '6( 3.472 2.1523 .7836 .1678
150 105.6 32.62 134.2 .2?& .666 .073 .2663 . 0081 3.391 2.4 .7966 L1917
1 120.1 32.14 130.3 . 4688 .682 072" .2531 .00787 3.316 2.375 . ogg .2182
170 136.1 31.64 126. 4297 .698 L0717 .2holy .00760 3.246 2.340 .822 2472
1 153. 31.13 123.0 .39%2 LT14 070 2281 .00733 3.182 2.303 .8358 . 2790
190 172. 30.59 119.0 .35 .722 . gg .2162 .00707 3.123 2.263 .8489 .3138
200 192.z 30.02 11k.9 .3166 . .06 .2 .00682 3.070 2.220 .8620 .3517
210 216. 23.1;2 110.5 2603 762 .0678 .1932 . 00657 3.0283 2.172 .8550 930
220 241 .1 28. 105.9 . oLk 778 .0668 .1819 .00632 2.9 2,119 .8881 78
230 ggg.e 28. 101.0 .210 ggu .?6.638 L1707 . 00608 2.952 2.060 .9012 4
2 . 27.22 5.7 .1769 10 .06l5 1286 00584 2.glu 2.004 L9142 .5389
250 328.0 26.49 Z .1 826 . 0625 .1483 00560 2.856 1.959 .9272 .5956
260 361.7 25.56 83. 1135 8u2 .0605 .1368 .00535 2.811 1.903 .940 .6568
233 398.0 24.53 76.0 0839 858 .0585 L1254 .00511 2.779 1.839 .9535 T227
2 37.1 23.35 67.1 0561 874 . 0565 .1136 . 2.769 1.757 .9665 .7936
290 twg.o 21.82 55.6 .0306 0 . 0545 .1002 . 00459 2.%06 1.63 .9796 99
300 s524.1 19.43 37. . 1.604 0525 .0827 .00426 1.685 2.52 .9927 9517




" TABLE A«ll4

PROPERTIES OF SATURATED BUTANE VAPOR
{See Tabls A-6 for Definitions of Symbols and Units)
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.3%89 0069 0068 .01569 . 09496 10650
385 0073 0073 .01606 .08005 oglog
391 00" . 01644 . 06801 o782
3979 2 0081 .01682 .05820 06763
Lok2 0085 .01720 '82013 05869
h104 0090 0089 .0175 . 04346 83117
4166 0095 0093 .0179 .03786 475
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& ot .0101 .01879 02922 0346
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Lis 011 0113 02007 020 o241
4528 012 0117 .02053 01832 0214
45 012 0121 02100 016 01915
It 0133 0125 02149 01482 01709
JAT0U 0139 012 .02202 01338 01525
762 o1l 013 . 02257 01210 01361
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.Ms7z 0157 o1h2 .02380 97 .01080
493 0163 0146 . 02449 . 8
S laMs lam emt oMy o
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APPENDIX B

END LOSSES AND THEIR EFFECT ON THE
FLUX AT THE MEASURED AT
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Introduction

The end insulation on the heater was shown in Figures

5 and 6. The cross-section is shown again in Figure Bl,

3. Transite End

Plate
1. Copper 4, Cement
Bushing
5. Copper
2. Graphite Electrical
Heating Lead

Element

Figure Bl. End Insulation of Heater

The graphite rod will always be the hotﬁest part of
the heater, It can be seen in Figure Bl that the primary
path for end losses 18 axlially down the graphlte rod and 1ts
boron nitride insulator, which are in good contact with the
copper electrical lead. It was found that the pieces 1 and 5§
in Figure Bl were hotter than the iron heater body at the
same radial distance from the center, Therefore, losses from
the end of the iron heater body are completely negliglble,

Two questions arise: (1) What are the heat losses

down the graphite rod and boron nitride insulator? (2) How
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much do these losses affect the flux near the center of the
heater where the ATs are measured?
The theory 1s developed below, The concluslons were
that although end losses averaged about 6%, the effect near
the center of the heater is negligible. Therefore, the

measured fluxes were not corrected for end losses.

-

End Losses

Figure B2 shows the end plate and copper lead, with
the location of three thermocouples. It was assumed that end
losses would be the same at either end of the heater, Essen-
tially all of the heat either flows down the copper lead or
radiates from the round copper surface,

In brief, the calculational method was:

(1) Use T

9
down the rectangular lead, Q (Figure B3).

R TlO and Tf to calculate the heat loss

(2) Extract the heat transfer coefficient h from this
equation and assume that 1t applies also to thé round part
of the iead. ({(Figure B4).

(3) Use T_, Tf and the calculated h to calculate the
heat loss from the round surface, éE'

(4) Assume that the total end losses are 2(QL + QE).

Calculation of Lead Loss éL
The rectangular portion of the leég can be treated
as a fin, as shown in Figure B3.
The equation for heat loss 1s obtalned by assuming

that the lead temperature is a function only of z. If no
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Figure B3. Cross Section of Rectangular Lead

heat 18 lost from the top and bottom faces, and a temperature

6 is defined by (B-1),

8 = q B-1
T-T, (B-1)

The differential equation to be solved is

P U +U

d~e 1 2 -
—2'-(—]{T>6—0 (B-2)
dz 0”0

with boundary conditions

Define



x!
O\

U, + U
Bzl __2 (B-4)

koXo

The solution to (B-2) and (B-3) is

= @ e-fE 2

5 (8-5)

8

Since the temperature 0, . was measured at z = Z, the

10
unknown B can be calculated from (B-6).

6
f§=[%—lne—;9-] (B-6)

The heat loss is equal to the amount of heat crossing

the plane at z = O:

Q= -k (wx ) & (B-7)

which becomes

O, = 0,(Wk X ) /B (8-8)

Extracting h from B

It can be assumed that the heat transfer coefficilent
h is the same on both faces of the plate, 1In this event,

equation (B-4) can be written:

X X |
kxB=U +U0, =(£+2) +(3+2) (B-9)
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BT

Make the following substitutions:

c = BkOXO
a s Xl/kl (B-10)
b = X2k2
Equation (B-9) becomes:
¢=—B_+ B (B-11)

Some algebra results in equation (B-12):

= 2¢c
h = > = (B-12)

2 - c(a+ b)+ J ¢c (a-b) +4

Having obtained h, Ul can be calculated and assumed to hold

constant over the circular part of the copper lead.

Calculation of Heat Loss Q.

e

Figure B4, Idealization of Circular Part of Electrical Lead
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To approximate the loss from the circular part of
the lead, the presence of the rectangular part is neglected,
This approximation will lead to a conservative (high) esti-
mate of the total end losses. It 1s assumed that heat is
lost from the face according to the same coefficient U; calcu-
lated for the rectangular part. It is also assumed that no

La = 4 2 - by QU FF - SRR P Ve
neav 18 108v 110l vine

[()

dge of the lead (through the transite
r

block). The equation for heat transfer through an annular

ring is
dQg = -U 8(2nr dr) (B-13)
Fourier's law is

éE = -k_(2nrX,) 2 (B-14)

8o that the differentlal equation to be solved is

U
d% , 1de 1 _
trar ( Xk, ) 6=0 (B-15)

(B-16)

By "kx (B-17)
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The general solution of (B-15) with positive B1 is

= + -
8 cllo(r JEI) czKo(r JEI) (B-18)
where In and Kn are modified Bessel functions of order n of

the first and second kinds, respectively.

From the second boundary condition,

0 clll(R /By) - cQKl(R VB{) (B-19)

and from the first boundary condition,
= B) + -20
0g cllo(R8 /Bl) c2KO(R8 /By) (B-20)

The constants can be calculated from equations (B-21) and
(B-22)
0gK, (R /B, )

e, = (B-21)
b 1,(Rg /B K (R /By) + K, (Rg /BT, (R /By)

¢;I,(R /By )
°2 " X (r /B (5-22)
1 1
The end loss éE is obtained from equation (B-23):
Q= -k (2nk V¥ ( 48 (B-23)
SE DTV dr /) e

F=Ri

which is equivalent to:
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Q = -k X_(2mR,) /B [e I, (R, /B] ) - ¢ K (R

171 25 (Ry /By )1

(B-24)
The total losses from the heater are 2(éE + QL), where QL
was given by (B-8) and éE by (B-24),

An example of some of the results 1s shown in Table

B-1. The percentage loss peaks Just before the ends go into
film bolling. Since the portion of the lead near the graphite
rod is hotter than the bolling surface, the peak in end losses
occurs considerably before the heater surface goes into film

boiling.

TABLE B-1
EXAMPLE OF RESULTS OF END LOSS CALCULATIONS

Data QE QL : Total Losses Percent
No. Btu/hr Btu/hr Btu/hr Losses
T02 23.8 20,0 87.7 3.36
7C3 3.7 0 7.4 0.78
704 57.6 37.0 189.2 7.20
705 107.6 75.1 365.4 6.76
706 132.7 94.6 bsh, 7 6.72
707 8.0 0 16.0 1.66
708 95.4 52.1 225.1 11.24
709 132.2 89.4 443 2 8.17
710 147 .4 101.6 498.0 7.06
711 142.8 106.8 499,2 6.31
712 13.2 0 26.3 2.75

Effect of End Losses on the Flux Near
the Center of the Heater

A problem of this type has been developed by Jacob

(Heat Transfer, Vol. 1 (194Q9), Sec. 12-13). Figure BS
.
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illustrates the model, This development 1s similar as far as

equation (B-30).

?h
;f M M--Iron
I--boron nitride
, W--graphite element
W~ *“""""“""“""““"‘“‘\r

L

. ~Te
A==l =0 =4

Figure B5. Diagram of Heater

Assume that the axial heat loss from M is negligible but that
the loss from the heating element and boron nitride must be
considered. The justification for this assumption is that
the round part of the lead (#5 in Figure Bl) was always ob-
served to be hotter than the heater body M at the same radius.

Also assume that temperature is only a function of x.

km(2n)
(he), = 5};‘(;;7;;7 (B-25)
Also define
(kA)a = kihr + kyhAy (B-26)

where A is axial cross-sectional area; and define the total
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rate of heat production per unit time in the rod length 2L

as Qp/2L.
The basic equation is then, according to Jacob,

ar, or

2
arT , 4°T
~(kh), T+ ax = -(ka), (& + " ax) + (ne)y (T - T,)dx
x
(B-27)
where T, is the surface temperature (at r = r,).
Now define
8=T-T (B-28)

W

where the region of W and I is assumed to be at temperature

T(x), and
' (he)
2 _ a
Ma (kA)a (B-29)
Equation (B-27) becomes
2 (Qq/2L)
a9 _ o2 Qp
___=M - ——— -
2 5 O (KA} (B-30)
ax a
The boundary conditions are:
de _ _
& -0atx=0 (B-31)

because the temperature profile 1s symmetric about the center
(x = 0), and, because heat is conducted from the region (I,W)

at the ends,

]
1
© -

—=__at x

oy L (B-32)

gs
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where é is the end loss from the areas W and I at one end,

The solution to (B-30) is

-M_z M x (. /2L)
6=Me 2 +Ne? + -EE-‘“‘E (B-33)

(kA)a M,

which combines with (B-31) and (B-32) to give (B-34).

9 cosh (M x) . (QT/2L)

a
8= Ma(kA)& sinh (M L) (kA)aMs (B-34)

a

Now suppose that the fraction of the end loss, &£, is

known:

< %% (B-35)

Then (B-34) becomes

(é_/2) . cosh (M x) .
T 1 a

(ka) M, LML " ¢ simn (M_L) j (B-36)

9=

at x =0, 6 = §_, so that (B-36) gives (B-37),

0

_(9y2) (2 )

o " (ka) M, ‘ML sinh (ML) (B-37)

Dividing (B-36) by (B-37) gives
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(1/MzL) sinh (ML) - £ cosh (Mgx)

s -
8 (/ML) sinh (M_L) - < (B-38)
Example Calculation
(1) Q= 10,700 Btu/nr L = 0.167 ft
Q/2L = 32,100 Btu/ft-hr
(2) ky = 42 Btu/ft-hr-F° A, = 0,0000213 ft2
k; =15 Btu/ft=hr-F° A= 0.0000437 ft2
k=79 Btu/ft-hr-F° (AW+-AI)==o.oooo65o ft2
r, = 0,0338 £t
r, = 0.00455 ft
(3) (kA)a = 0.00234 Btu-ft/hr-F° (from B-26)
(4) (he), = 132 Btu/ft-hr-F° (from B-25)
(5) MZ = 56,400/1t2 (from B-29)
(6) M, = 238/ft : (l/MaL) = 0,0252 ; M_.L = 39.8
039 8

(7T) sinh (ML) ~

Now equation (B-38) becomes

.8
- [ 0.0126 e39 - £ cosh (238x) ]

8
° 0.0126 e39 -

£ is a fraction (usually less than 0,10), and negligible in

comparison with éuO; Therefore, (B-38) can be simplified:
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5 =~ . -
i 1 (MaL)£ exp [Max MaL]

as long as exp (-Max) is much smaller than exp (+Max). The

2/3 inch, or 0.0555 ft,

"

temperatures were measured at about x

so that

e ~ —26.6

I 1 - (39.8)(£)e
o]

It can be seen that an end loss of even 10% does not

affect the temperatures near the center of the heater.
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THERMOCOUPLE CALIBRATION
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Calibration of the thermocouples was done in two
parts. First, one fluid temperature thermocouple (No. 2)
was standardized against the vapor pressure curves. Then all

other thermocouples were calibrated against No, 2.

Standardization of No. 2 Thermocouple

The data in this work were recorded in groups of up
to ten points at a given pressure. For about two hundred of
these sets of measurements, T2 was averaged, The difference

by 2 (Tp) - T_ . (c-1)

was plotted vs. Tsat’ where ( ) denotes an averaged tempera-
ture and Tsat was calculated from the vapor pressure rela-
tionship described in Appendix A,

A curve was drawn through these points which 1s
described by equations (C-2) and (C-3). Temperatures are in

degrees Fahrenheit.

b,

b2

0.025 T, + 1.5 T < -50°F (c-2)

t sat

-0.003367 Tsat - 0.17 Tsat > -50°F (c-3)

The scatter of these points ranged from X 1°F at
-260°F to * 0.5°F at +260°F, This scatter reflects errors in

the pressure readings as well as measuring instrument errors.

Correction of T,

Each "data point" consisted of 15-16 temperatures.
The temperature T2 was corrected by a simple algorithm. For

example, if T, < -50°F:
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o]
by ~ 0.025T2 + 1.5

* 0

By = 0.025T" + 1.5
o}

nn
-

The symbol means "i1s replaced by." This algorithm comes

from an alternate way of defining A2:
by =T, - T (c-4)

where TZ is the observed temperature and T2 is the correct

temperature. Equation (C-4) is equivalent to (C-1) if Toat

is the correct temperature and only one reading TZ is taken,

Correction of Other Temperatures

The other two fluid temperature thermocouples (T1 and
T3) were not corrected since their only function was to con-
firm that the fluld in the vessel was at a uniform tempera-
ture: e.g.. that the system was in equilibrium,

The remaining thirteen thermocouples were corrected
using the same algorithm, but thelr deltas were defined by

(C-5), where T, is the corrected value.

- (o)
b ETy - T, (4 <1 <16) (c-5)

These Ais were measured at five temperatures by periodically

-i-ta dolem Aermeam amm wem D an o
4DUVD VIIC avVolapT valucoy,

o
o

Ammamo and on M with T MalTa N
COuIpaG LT Ll 1.2 wJilevii L, ., iLavic u=

i
The location of each measurement 1is shown in Table C-2.
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TABLE C-1
DIFFERENCES OF THERMOCOUPLES FROM THE STANDARD THERMOCOUPLE

Correct Temperature

-256°F  -121°F -43°F +T4°F  +171°F
1
By
L -6.58 -2.20 -0.24 -0.45 -0.66
5 0.92 1.01 0.26 -0.56 -0.72
6 1.34 1.34 -0.35 -0.41 -0.79
4 ———— 2.05 . 0.43 -0.54 -1.21
8 0 0.92 -0.69 -0.57 -1,04
9 -12.98 -6.66 -1.68 0.15 -0.05
10 -9.89 -5.32 -1.40 0.06 -0.29
11 -0.99 -1.83 0.82 0.10 -0.58
12 ‘ -11.11 -5.82 -0.85 0.07 -0.05
13 -10.98 -5.12 -1,01 -0.06 -0.12
14 -11.20 -4,99 -1.02 0.16 -0.21
15 -9.64 -3.90 -0.77 0.10 ————
16 -10.73 -4,37 -0.74 -0.19 -0.25
TABLE C-2
LOCATION OF THERMCCOUPLES
(See Figure 4 for Dimensions)
Position in Position in 1 End Bracket "
Inner Ring 1 Outer Ring (See Appendix B)
12 o'clock 4 2 o'clock 11 nearest heater
3 o'elock § 4 o'clock 12 center 8
6 o'clock 6 6 o'clock 13 center 9
S o'clock T 8 u'clock 14 outermost 10
10 o'clock 15
12 o'clock 16
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The proper Ay was determined by linear interpolation
between the tabular values,
All of these corrections were done on the computer,
of course, since about 10,000 temperatures had to be corrected

in this way.
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DATES OF EXPERIMENTAL RUNS AND COMMENTS
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Runs 1 through 5 were primarily to check out the
system, and after run 5 the heater was removed and two
thermocouple pins were drilled out and replaced. Data on
runs 1-5 were discarded, since they were not on a consistent
basis with the remaining data.

Nucleate bolling runs are listed in Table D-1 and
film boiling runs in Table D-2,

Position of the thermocouples referred to in the

tables was as follows:

0'clock Position

Runs 39 and 40

All runs except (Heater rotated and

39 and 40 switched end for end)

Inner Ring

i 12 6

5 3 3

5 6 12

7 9 ?
OQuter Ring

11 2 4

12 4 2

13 6 12

1% 8 19

15 10 8

16 12 6
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TABLE D-1

NUCLEATE BOILING RUNS

Run No. Date (1966) Component Comments
6 Feb. 8 n-butane Discarded points 1-4;
insufficient surface
preparation,
7 Feb, 10 propane
8 Feb. 11 propane Switched from potentiom-
eter to digital voltmeter
to measure temperature
s Feb. 18 propane Switched from water to
liquid nitrogen cooling.
10 Feb. 20 propane
1l Feb., 22 propane
12 Feb, 24 ethane
13 Feb. 25 ethane
14 Feb. 26 ethane
15 Feb, 28 ethane
16 March 1 ethane
17 March 2 ethane
18 March 4 n-butane
19 March 6 n-butane
20 March 8 methane
21 March 12 methane T.C. #5 and #16 shorted
to electrical system.
Had to replace extenslon
wires but not thermo-
couples. Heater not
removed.
22 March 14 methane
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TABLE D-1--Continued

Run No. Date (1966) Component Comments

23 March 15 methane

2l March 17 methane Deleted Point No. 19--
leak dropped liquid
level,

25 March 25 methane Ended nucleate hoiling
data with Point No. 9.

38 April 17 n-butane Run to check for
hysteresis effects.
Reversed direction of
current through heater,.

39 April 20 n-butane Inner ring (T.C. #4,5,6,

7) cut off; heater
rotated 180° and switched
end for end.
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TABLE D-2

FILM BOILING RUNS

Run No. Date (1966) Component Comments

25 March 8 methane film boiling points 10-23.
Film bolling has caused
surface to darken in
color. Heating element
failed and was replaced,

26 March 22 methane Heating element failed
and was replaced.

27 March 29 methane Extension wires on T.C.
#15 had to be repaired.

28 April 1 methane

29 April 2 ethane Extension wire on T.C.
#15 repaired again.

30 April 3 ethane

31 April 4 ethane

32 April 6 propane Heating element failed
and was replaced.

33 April 9 ~ propane

34 April 11 propane Heating element failed
and was replaced, T.C.
#13 was broken
permanently.

35 April 14 propane ‘

36 April 15 butane

37 April 16 butane

40 April 29 methane run to recheck methane

low temperature data
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(BURNOUT) DATA
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TABLE E-1
METHANE BURNOUT DATA

Run Data Reduced Critical Flux
No. Point Pressure Qe
No. P/Pg M Btu/ft2-hr
22 Bl .354 147
22 B2 .4og 112
23 Bl . 050 101
23 B2 .092 117
23 B3 .150 - 148
23 Bk 131 131
24 Bl .199 144
24 B2 .400 130
24 B3 .360 138
24 B4 533 105
2k B5 475 120
24 B6 .631 93
24 BT .T70 65
25 Bl .089 122
25 B2 76 63
25 B3 .820 54
25 Bl 874 39

25 B5 .920 _ 27
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TABLE E-2
ETHANE BURNOUT DATA

Data Reduced Critical Flux

Run Point Pressure a.
No. No. B/P, M Btu/Ft2-hr
12 Bl .021 85
12 B2 .050 111
12 Bl 570 131
13 B2 451 150
13 B3 .313 159
14 Bl .100 129
14 B2 .150 139
14 B3 .204 147
15 Bl .300 155
15 B2 496 141
16 Bl 72 147
16 B2 Ll 152
16 B3 .539 132
16 B4 6TT 104
17 Bl 599 121
17 B2 .691 99
17 B3 .810 66
17 Bl .853 51

17 B5 .890 38
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TABLE E-3
PROPANE BURNOUT DATA

Data Reduced Critical Flux
No. o Prgﬁgzm M BtuyFt2-nr
7 Bl .538 108
7 B2 .500 117
7 B3 478 115
T Bh4 591 96
7 B5 .682 T7
7 B6 .700 70
7 BT LTT4 54
T B8 .849 37.3
T B9 .935 18.1
8 Bl 476 121
9 Bl . 400 132
9 B2 .275 135
10 Bl .021 66
10 B2 .050 94
10 B3 .100 114
11 Bl 146 121
11 B2 .196 126
11 B3 .300 136
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TABLE E-4
n-PUTANE BURNOUT DATA

Data Reduced Critical Flux
Run Point Pressure 90
No. No. P/P, M Btu}fta-hr
1% Bl T34 86
3% Bl .500 97
i Bl .301 126
Y B2 .399 92
6. Bl .150 100
6 B2 .200 101
6 B3 J147 93
6 B4 .202 102
6 B5 .300 109
6 B6 .400 109
6 BT .500 107
6 B8 .600 83
6 B9 .T00 65
6 Bl1O .800 46,2
6 Bll .919 19.9
8 Bl .143 10
8 B2 .200 111
8 B3 147 100
8 BlY .151 101
9 Bl .100 96
9 B2 .027 65
9 B3 .050 82
9 B4 .027 67
9 B5 .300 117
9 B6 459 108

*Burnout data were kept for runs 1-4 even though the
nucleate ‘bolling data were discarded. This is because sur-
face changes are not supposed to affect the critical flux
but do affect the nucleate bolling AT.
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The true minimum film bolling flux will lie somewhere
between the lowest observed film bolling flux qF and the
flux qp when the transition occurred. The minimum film
bolling temperature difference, ATzc’ was not always observed.

Table F-1 presents the data. The nomenclature and
units used in the table are:

Data No. Run Number plus the point in the run.

For example, 30M4 is the fourth ob-
served transition in run 30,

K l--methane 2--ethane
3--propane 4--n-butane
P pressure, psia
g 4 Btu/ft2-hr; see above for
F explanation
AT degrees F
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TABLE F-1

MINIMUM FILM BOILING DATA

Data No.

Qp 9 2¢
25M1 1 538 6,600 10,300 _—
26M1 1 33 7,000 11,000 -
26M2 1 135 13,300 19,700 —
28M1 1 33% 13,200 13,200 125
29M1 2 65 9,300 10,800  ---
30M1 2 75 11,100 14,900 -
30M2 2 135 15,700 15,700 —
30M3 2 135 17,300 17,300 —-
30ML 2 290 21,600 26,000 .-
31M1 2 213 17,100 19,700 218
33M1 3 450 13,000 17,200 9l
33M2 3 370 18,000 31,900 -
34M1 3 345 20,700 22,300 204
35M1 3 31 12,400 16,500 89
35M2 3 93 18,600 21,500 -
35M3 3 124 20,200 27,200 ——
35Ml 3 200 24,300 26,500 _—
35M5 3 265 23,300 2l , 800 ——-
35M6 3 247 22,100 26,700 226
36M1 4 28 12,600 18,100 -—-
36M2 4 55 16,500 20,300 -—-
36M3 4 110 20,300 27,100 253
36Mb 4 165 22,900 27,300 252
36M5 y 220 25,000 25,000 240
3ITM1 4 345 17.500 27.700 145
37M2 4 300 20,700 20,700 177
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CORRECTIONS TO NUCLEATE BOILING DATA FOR THE
EFFECT OF FLUX ON THERMOCOUPLE READINGS
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Introduction

As mentioned in Chapter VI, some of the individual
temperatures show regular deviations with increasing flux,
even though many precautions were taken to minimize this
effect.

The relevant equation was developed in Chapter IV,

It is assumed that whatever the reason that thermocouple "i"

is giving incorrect readings. the difference will manifest
itself in the same way as a small displacement of the thermo-

couple bead. In other words,

a(D/D, )

*
T
( k

NERARNCAEE AN ] (4-19)

where the observed temperature TI is at some unknown radius

*
r. and the "correct" temperature T, is at the known radius

1 i
r,. D is the heater diameter, q 1s the surface flux (known)
and k is the thermal conductivity of the metal. The deriva-
tion of this equation assumed that r, and r: were very near

each other.

The difficulty with (4-19) is that nelther T, nor r,

i i

is known, but only one equation 1s available to work with.
There are, however, several temperature measurements

around each ring. As a first approximation it is assumed

that the average temperature (T) of that ring is the correct

e - P, PP r q(D/D-«) 1,
vaiue, Now a plot of Ty - (T2) vs. L ___E_:_ J is made.

Figure Gl shows such a graph for the four inner-ring
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(Run 18 was selected because

thermocouples during Run 18,
it was a butane run made in about the middle of the data-
taking. Butane 1is better for this purpose because thermo-
couple calibration corrections (Appendix C) are negligible
at these temperatures,) All of the thermocouples except
No. 6 do show a linear relationship, although the intercepts
are not all zero. (This discrepancy is because (T) is not
really the correct température.)

To correct the temperatures, one need only find the

_ *
slopes my 3 (ri - ri). Then

(p/D,)
T1=TI'~1[LE_1—]

The correction can subsequently be improved by
correcting only the largest deviations and repeating the
process with the new (T).

The slopes used to make the final corrections are
listed in Table G-1, with thelr equivalent displacement error
expressed in thousandths of an inch. One bead diameter is
about 0.010 inch. It 1s apparent that these errors, on
average, were small: negligible change for the inner ring
and -0.0125 inch on average for the outer ring.

The smoothing effect of these changes 1s very impor-
tant if not all temperatures are measured at a given point,.
For example. thermocouples No. 15 and No. 7 were sometimes
used as a monitor and were not recorded. The uncorrected

average would then not be on the same hagls as the rest of
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the data, but the corrected values are, The procedure 1is
not merely a smoothing procedure, however, since the averages
were changed slightly. The net effects are: (a) The slope
of the log q vs. log AT lines in nucleate boiling are slightly
increased. (b) Individual temperatures are smoothed so that
the absence of one or more individual measurements will not

distort the average.

TABLE G-1

SLOPES m; USED WITH EQUATION (G-1)
TO CORRECT THERMOCOUPLE READINGS

Apparent Displacement

Thermo-~ Clock my Error in Thousandths
couple Position (feet) of an Inch
Inner Ring
4 12 -0.00192 +23.9
5 3 -0.000944 +11.3
6 6 +0,00075 -9.0
T 9 +0,00212 -25.4
OQuter Ring
11 2 -0.00055 +6.6
12 L 0
13 6 +0,00320 -38.4
14 8 +0.00135 -16.2
15 10 +0,00170 -20.4
16 12 eemeea- 0

Examples of the data before and after the changes
are given in Tables G-2 and G-3. It should be emphasized
tl. 4= t\. | e am o de =

hese changes were not a cure-all., Not all runs were

affected the same., However, a considerable smoothing effect



was seen for all runs.

For other examples, see Appendix K.

TABLE G-2

EXAMPLE OF SMOOTHING EFFECT OF EQUATION (G-1)
APPLIED TO INNER RING THERMOCOUPLES*

. a(D/D.) . .
Data i % - (7 - - -
e — T4 (T) T5 (T) T6 (T) T7 (T)
1301 447  Before 0.3 -0.8 -0 +0.5
After 1.2 -0.4 -0.3 -0.5
1302 1032 Before -1.0 -0.4 -0.8 2.2
After 1.0 0.6 -1.6 0
1303 2044 Before -2.1 -0.7 -0.9 4.3
After 1. 1.2 -2.5 -0.1
1304 3513 Before -6.0 -1.5 1.9 5.7
After 0.9 1.8 -0.8 -1.8
1305 5124 Before -11.3 -4,2 1.6 13.9
After -1.2 0.6 -2.3 2.9
1306 5041 Before -11.1 -2.0 3.7 9.5
After -1.2 2.7 -0.1 -1.3
1307 6725 Before -15.0 -3.1 5.4 12.§
After -1.8 3.2 0.3 -1.8

*n, used are 1listed in Table G-1. The m, were deter-
mined frém Run 18,
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TABLE G-3

EXAMPLE OF SMOOTHING EFFECT OF EQUATION (G-1)
APPLIED TO OUTER RING THERMOCOUPLES*

T - (T)
Data q(D/Di) XX
No. k T
T

1 Ttz T3 Ty T
1301 179 Before 0.5 -1.0 -0.4 0.5 0.5
After 0.7 =-0.9 =0.9 0.4 0.7
1302 Log Before 0.7 -1.1 0.1 0.5 -0.2
After 1.2 -0.8 -0.9 0.3 0.1
1303 791 Before 0.0 -2.1 1.8 1.3 -0.9
After 1.1 -1.5 =-0.1 0.9 -0.3
1304 1310 Before -0.4 -2.4 3.4 1.6 -2.2
After 1.3 -1.4 0.3 0.9 -1.1
1305 1905 Before -2.4 -3.7 5.6 1.5 -1.0
After 0.2 -2.2 0.9 0.5 0.6
1306 1874 Before -0.3 -2.7 4 5 1.2 -2.7
After 2,2 -1.2 -0.,1 0.2 -1.2
1307 2496 Before -0.6 -3.1 6.5 1.2 -4.0
After 2.8 -1.1 0.4 -0.2 -2.0

~

*m; used are 1isted in Table G-1. T
mined principally from Run 18.

**T15 was not measured--used as monitor during this
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Tables H-1 through H-5 1ist the nucleate boiling data

in the following form:

Data No.

Pr

q
AT

Run Number plus data point in run:
2008 means run 20, point number 8,

Pressure, psia

Reduced Pressure

Average surface temperature in degrees
F, calculated from the outer ring
thermocouples

Aversge flux, Btu/ft°-hr

T

w Tsat’ degrees F

Tw has been slightly corrected at high fluxes as

explained in Appendix G.

The surface referred to in Table H-5 was fouled

during film boiling, which deposited some carbon on the

surface,
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TABLE H-1
METHANE NUCLEATE BOILING DATA

.050 -216.4 77000
.050 -215.0 94100
.100 -210.2 6630

2309
2310
2311

Data No. P Pr Tw q AT
2001 14,7 ,022 -245 .6 7110 13.2
2002 14,7 ,022 -239.5 16800 19.3
2003 4.7 ,022 -235.4 29000 23.4
2004 14.7 .022 -232.8 43400 26.0
2005 14,7 ,022 -232.4 49600 26.14
2006 33.7 .050 -228.7 6800 9.7
2007 33.7 .050 -223.5 16500 14.9
2008 - 33.7 .050 -220.0 29800 18.5
2009 33.7 .050 -216.3 47200 22.2
2010 33.7 . .050 -216.8 65100 21.7
2011 33.7 .050 -216.1 79900 22.4
2012 61.3 .100 -209,2 6620 9.2
2101 14,7 .022 -243.4 7050 15.4
2102 14.7 ,022 -239.7 16200 19.1
2103 14,7 .022 -239,2 28200 19.6
2104 14,7 022 -240,0 16100 18.8
2105 14,7 .022 -238.3 28100 20.5
2106 14,7 .022 -237.8 4u4200 21.0
2201 202.0 .300 -171.6 6910 6.1
2202 202.0 .300 -170.6 16800 7.1
2203 202.0 .300 -169.0 27800 8.7
2204 202.0 .300 -166.9 45300 10.8
2205 202.0 ,300 -166.3 62900 11.4
2206 202.0 .300 -166.3 92600 11.4
2207 202.0 .300 -164.7 117000 13.0
2208 202.0 .300 -165.0 134000 12.7
2209 202.0 .300 -164.4 140000 13.3
2210 269.0 .400 -158.9 6890 6.0
2211 269.0 400 -156.6 18800 8.3
2212 265.0 400 -155.4 34400 5.5
2213 269.0 400 -155,2 52600 9.7
2214 269.0 .4oo -153.2 80300 11.7
2215 269.0 400 -151.2 104000 13.7
2301 14,7 ,022 -4y 1 6760 4.7
2302 14,7 .022 -239.7 15600 19,1
2303 14,7 ,022 -237.2 27500 21.6
2304 14,7 ,022 -233.8 50500 25.0
2305 4.7 .022 -231.9 64200 26.9
2306 33.7 .050 -227.1 6680 11.3
2307 7 .050 -223.5 17700 14.9
2308 7 .050 -220.9 33200 17.6

7 22.1
7 23.5
3 8.1

Ch L W (W W
~ W W W W



TABLE H-1--Continued

el
<

Data No, P Pr Tw q AT
2312 67.3 .100 -207.1 18100 11.2
2313 67.3 .100 -205.3 32700 13.0
2314 67.3 .100 -203,2 56200 15.1
2315 67.3 .100 -201.5 86300 16.8
2316 67.3 .100 ~-200.6 109000 17.8
2317 101.0 .150 -197.5 6800 7.2
2318 101.0 .150 -194.9 18500 9.8
2319 101.0 .150 -193.3 33800 11.4
2320 101.0 .150 -191.,2 54500 13.5
2321 101.0 .150 -188.9 82200 15.8
2322 101.0 .150 -187.3 106000 17.4
2323 101.0 .150 -186.1 126000 18.6
2324 134.6 .200 -188.2 6680 5.9
2325 134.6 .200 -185.7 18100 8.5
2326 134.6 .200 -184.5 33700 9.6
2327 134.6 .200 -181.3 59600 12.9
2328 134.6 .200 -179.4 82200 4.7
2401 134.6 .200 -186.9 6660 7.2
2402 134.6 .200 -185.1 18600 9.0
2403 134.6 .200 -183.8 34100 10.4
2404 134.6 .200 -181.0 58100 13.2
2405 134.6 .200 -179.0 80800 15,2
2406 134.6 .200 -176.9 108000 17.2
2407 134.6 .200 -175.1 132000 19.1
2408 1 269.0 .400 -159,2 6830 5.7
2409 269.0 .400 -157.8 18200 7.1
2410 269.0 400 -156.4 32800 8.5
2411 269.0 400 -154.2 60200 10.7
2412 269.0 . 400 -151.5 85800 13.4
2413 269.0 .400 -149.4 119000 15.5
2414 336.5 .500 -148.0 16600 6.2
2415 336.5 .500 -147.1 31700 7.0
2416 336.5 .500 -145.1 58700 9.0
2420 boi 0 .600 -140,2 7050 4.6
2u21 4o4,0 .600 -140.4 16500 4.4
U422 4ok ,o0 .600 -139,8 27800 5.0
2423 4ok4 .0 .600 -139.,0 42100 5.8
2424 Lok .o .600 -137.9 55700 6.9
2425 Lok .o .600 -137.2 70200 7.6
2U26 Loy .o .600 -136.2 84800 8.6
o427 471.0 .T00 -133.2 7150 3.4
2428 471.0 .T700 -133.1 16500 3.5
2l2q 471 .0 .700 -133.8 27800 2.8
2430 471.0 .T700 =-132.2 45900 4.y
2431 471.0 .T700 -131.3 65100 5.2
2432 538.5 .800 -126.9 6970 2.2



TABLE H-1--Continued

H5

Data No. P Pr Ty q AT
2433 538.5 .800 -126.7 16500 2.5
2501 538.5 .800 -125.4 6800 3.7
2502 538.5 .800 -125,2 16500 3.9
2503 538.5 .800 -125.4 27300 3.7
2504 538.5 .800 -125.1 37800 k.o
2505 538.5 .800 -125.0 53800 b1
2506 606, .900 -120.3 7000 2.0
2507 606.0 .900 -121,1 16600 1.2
2508 606.0 .900 -121.1 22200 1.2
2509 606.0 .900 -121.1 27000 1.2
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TABLE H-2

ETHANE NUCLEATE BOILING DATA

Data No. P Pr TW q AT
1201 14,7 .021 -108.9 7170 18.6
1202 4.7 .021 -103.1 14100 24, 4
1203 4.7 .021 -100.7 21300 26.7
1204 4.7 .021 -98.2 29400 29.3
1205 4.7 .021 -93,6 44800 33.8
1206 14,7 ,021 -92,2 60100 35.2
1207 4.7 .021 -92.0 72000 35.5
1208 35.5 .050 -79.8 7380 15.0
1209 35.5 .050 -76.4 16300 18.3
1210 ~35.5 .050 -72.4 29100 22,4
1211 35.5 .050 -68.4 59100 26.4
1212 35.5 .050 -66.9 80600 27.9
1213 35.5 .050 -64.4 94800 30.4
1214 70.9 .100 -54,2 7480 9.6
1215 70.9 .100 -51.0 16200 12.8
1216 70.9 .100 -49.0 30300 14.8
1217 70.9 .100 -45,1 66200 18.7
1301 70.9 .100 -54,1 7130 9.7
1302 70.9 .100 -51.5 16100 12.4
1303 70.9 .100 -48,9 30900 15.0
1304 70.9 .100 -46.6 50600 17.3
1305 70.9 .100 441 72600 19.7
1306 70.9 .100 -44 .1 71500 . 19.7
1307 70.9 .100 -43.0 94300 - 20.8
1308 106, .150 -36.0 7130 7.1
1309 106.4 .150 -33.3 16800 9.7
1310 106.4 .150 -31.8 29600 11.2
1311 106.4 .150 -28.5 65300 14.6
1312 106.4 .150 -26.4 81000 16.6
1401 70.9 .100 -52.8 9210 11,1
1402 70.9 .100 -49.1 23300 14,7
1403 70.9 .100 -45.5 44800 18.3
1404 70.9 .100 -43.9 65300 19.9
1405 70.9 .100 -41.,5 94900 22.3
1406 106.4 .150 -34.9 12700 8.1
1407 106.4 .150 -32.0 29700 11.1
1408 106.4. .150 -29.6 53300 13.4
1409 106.4 .150 -28.5 82800 14.5
1410 106.4 .150 -28.0 109000 15.0
1411 141.8 .200 -20.3 13300 6.6
1512 151.8 .200 -18.9 29600 8.0
1413 141.8 .200 -16.9 54300 10.0
1414 141.8 .200 -14.5 86700 12.4
1415 141.8 .200 -13.9 120000 13.0



TABLE H-2--Continued

H7

Data No. P Pr Tw q AT
1501 213.0 .300 2.5 7270 4,5
1502 213.0 .300 3.8 17000 5.8
1503 213.0 .300 4,6 31000 6.6
1504 213.0 .300 4.6 43900 6.6
1505 213.0 .300 5.4 65800 7.4
1506 213.0 .300 5.6 87500 7.6
1507 213.0 .300 7.5 110000 9.5
1508 213.0 .300 9,2 138000 11.2
1509 213.0 .300 9.0 151000 11.0
1510 284,0 .400 21.4 12600 3.9
1511 284.0 .400 22.5 29400 5.1
1512 284.0 .400 22.9 65300 5.5
1513+ 284,0 .400 24,1 89200 6.6
1514 284 .0 .400 25.1 116000 7.7
1601 354.0 .500 35.1 7390 1.7
1602 354.0 .500 35.8 17100 2.4
1603 354.0 .500 35.9 29500 2.6
1604 354.0 .500 36.0 45900 2.6
1605 354.0 ,500 36.8 64200 3.5
1606 354,0 .500 37.8 88500 e
1607 354.0 .500 39.6 117000 6.2
1608 425.,0 .600 48,5 7300 1.2
1609 425.0 .600 48.7 16700 1.4
1610 425.0 .600 48.6 30600 1.3
1611 425.0 .600 48,6 49300 1.3
1612 425.0 .600 4o 1 71700 1.8
1701 425.0 .600 bg, 2 7090 1.9
1702 425.0 .600 49,0 15800 1.7
1703 425.0 .600 Lo, 4 28800 2.1
1704 425.0 .600 4,7 46300 2.4
1705 425,0 .600 50,2 64600 2.9
1706 425.0 .600 51.4 91300 4,0
1707 425.,0 .600 51.9 105000 4.6
1708 425.0 .600 52,7 117000 5.4
1709 496.0 .T700 61.3 6950 1.6
1710 496.0 .700 61.3 17800 1.6
1711 496,0 .T00 60.9 32800 1.3
1712 496.0 .T700 61.4 50300 1.7
1713 496.0 .T00 61.1 65700 1.5
1714 496,0 .T00 62.6 91500 2.9
1715 567.0 .800 71.5 6930 T
1716 567.0 .800 71.2 18400 4
1717 567.0 .800 71.1 30900 3
1718 567.0 .800 70.8 4ulioo 0.0
1719 567.0 .800 71.3 59800 .5
1720 567.0 .800 71.6 65600 .8
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TABLE H-2--Continued

Data No. P Pr Tw q AT
1721 638.0 .900 80.6 6800 -.3
1722 638.0 .900 80.4 16500 -.5
1723 638.0 .900 80.6 29000 -.2
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TABLE H-3

PROPANE NUCLEATE BOILING DATA

Data No. P Pr Tw q AT
701 185.0 .300 105.8 13500 7.6
702 185.0 .300 108.9 36900 10,7
703 247.0 .400 127.4 13500 6.3
704 247.0 .4oo 129.8 37200 8.7
705 247.0 400 132.8 76400 11.8
706 246,0 400 134.4 95600 13.7
707 309.0 .500 145.7 13600 5.7
708 309.0 .500 147.9 37100 7.8
709 309.0 .500 150.7 76700 10.7
710 309.0 .500 152.6 99600 12.5
T11 309.0 .500 154.0 112000 14.0
712 370.0 .600 160,6 13500 L.y
713 370.0 .600 162.2 37200 6.0
T14 370.0 .600 165.5 77100 9.3
715 370.0 .600 166.7 90100 10.5
716 432,0 .T00 174.0 13400 3.3
717 432.0 .700 176.1 37400 5.4
718 432.0 .T00 176.6 51500 5.9
T15 432.0 .T00 177.6 70000 7.0
720 44,0 .800 185.8 13300 2.0
721 4ok, 0 .800 189,2 27700 5.5
722 4ol ., 0 .800 188.3 37300 4.6
801 247.0 .400 125.3 7340 4,2
802 247.0 .400 128.1 15000 7.0
803 247.0 .400 129.2 29200 8.1
804 247.0 400 131.5 65800 10.4
805 247.0 .4oo 133.7 95600 12,7
806 247.0 .400 138.5 121000 17.4
901 247.0 .4oo 125.4 T420 4.3
902 247.0 400 127.1 13100 6.0
903 247.0 .4oo 129.1 29400 8.0
904 247.0 . 400 131.0 49100 10.0
905 247.0 .40o 131.2 74600 10.2
906 247.0 400 124,5 7710 3.4
907 247.0 .4oo 127.4 17400 6.3
908 247,0 .400 128.9 30100 7.9
909 247.0 .400 130.1 45700 9.0
910 247.0 400 132.0 65800 11.0
911 247.0 .400 134.7 94700 13.6
912 237.0 .goo 1;9.7 114000 1§.7
913 o47.0 400 1%0.0 123000 18.5
914 247.0 400 140.8 123000 19.8
915 185.0 .300 104.1 7630 5.9
916 185.0 .300 106.2 14500 8.1
917 185.0 .300 107.7 23700 9.5
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Hil
TABLE H-4
n-BUTANE NUCLEATE BOILING DATA

Data No. P Pr TW o] AT
605 82.6 .150 146.2 13500 14.3
606 82.6 .150 149,6 37900 17.8
607 82.6 .150 150.8 53300 19.0
608 82.6 .150 153.2 76100 21.3
609 82.8 .150 155.0 91200 23.0
610 110.1 .200 165.0 13300 11.8
611 110.1 .200 168.5 37800 15.3
612 110.1 .200 170.9 76400 17.7
613 110.1 .200 172.7 93800 19.5
614 82.6 .150 151.5 37600 19.7
615 82.6 .150 154.9 76500 23.0
616 82.6 .150 156.0 91300 o4, 2
617 110.1 .200 172.0 76200 18.8
618 110.1 .200 173.9 99100 20.7
619 165.0 .300 195.9 13300 9.8
620 165.0 .300 197.5 37700 11.5
621 165.0 .300 199.5 76700 13.5
622 165.0 .300 201.1 96700 15.0
623 220,0 400 220.9 37700 9.4
624 220.0 .400 222.4 76300 10.9
625 220,0 .400 223.9 90000 12.4
626 220.0 .400 225,2 102000 13.7
627 275.0 .500 239.4 6610 6.9
628 275.0 .500 239.1 37600 6.6
629 275.0 .500 240.8 54100 8.3
630 275.0 .500 242.9 76800 10.3
631 275.0 .500 o2uy 5 90600 11.9
632 275.0 .500 246,1 98400 13.5
633 330.0 .600 254, 7 12700 4.1
634 330.0 .600 256.7 37400 6.1
635 330.0 .600 261.8 77000 11.1
636 385.0 .700 270.9 12900 4.4
637 385.0 .T700 272.8 37500 6.3
638 385.0 .T700 274 .6 54600 8.1
639 441 .0 .800 284, 4 12700 3.4
640 4hy .0 .800 285.6 24800 4.6
641 4y1.0 .800 286.1 30400 5.1
642 441.0 .800 285.6 37300 b7
643 4uy .0 .800 286.2 43500 5.2
1801 110.1 .200 161.7 6910 8.5
1802 110,1 .200 164.7 16400 11.5
1803 110.1 .200 165.2 29100 12.0
1804 110.1 .200 168.0 47600 14.8
1805 110.1 .200 169.9 65100 16.7
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TABLE H-U4--Continued

Data No. P Pr T

w

1806 110.1 .200 172.4
1807 110.1 .200 174.8
1808 82.6 .150 142.1
1809 82.6 .150 146.3
1810 82.6 .150 149,

1811 82.6 .150 153.2
1812 82.6 .150 155.3
1813 82.6 .150 157.2
1901 55.1 .100 118.2
1902 55.1 .100 123.5
1903 .51 .100 127.6
1904 5.1 .100 131.6
1905 55.1 .100 133.9
1906 55.1 .100 136.7
1907 55.1 .100 137.8
1908 27.5 .050 0.5
1909 27.5 .050 86.6
1910 27.5 .050 91.5
1911 27.5 .050 95.7
1912 27.5 .050 100.8
1913 27.5 .050 104,2
1914 14.7 027 55.4
1915 14,7 ,027 ST T
1916 14.7 .027 64.0
1917 14,7 .027 69.1
1918 14,7 027 4.4

1919 14, 027 76.9




n-BUTANE NUCLEATE BOILING ON A FOULED SURFACE
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TABLE H-5

Data No. P Pr es q AT
3801 110.1 .200 161.9 13500 8.7
3802 110.1 .200 162.4 19400 9.2
3803 110.1 .200 163.1 27700 9.9
3804 110.1 .200 164.1 36400 10.9
3805 110.1 .200 164.9 45900 11.7
3806 110.1 .200 165.5 54900 12,3
3807 110.1 .200 166.3 65800 13.1
3808 110.1 .200 166.3 76600 13.1
3809 110.1 .200 168.1 92500 14.9
3810 110.1 .200 166.2 67700 13.0
3811 110.1 .200 164.9 50200 11.7
3812 110.1 .200 164.3 32100 11.1
3813 110.1 .200 162.4 18900 9,2
3814 110.1 .200 162.7 29800 9.5
3815 110.1 .200 164.5 47300 11.3
3816 110.1 .200 166.9 62200 13.7
3901 110.1 .200 163.1 7400 . 9.9
3902 110.1 .200 164.4 15100 11.2
3903 110.1 .200 164.4 27400 11.2
3904 110.1 ,200 164.0 38200 10.8
3905 110.1 .200 165.1 51000 11.9
3906 110.1 .200 167 .0 67300 13.8
3907 110.1 ,200 168.1 80700 14.9
3908 110.1 .200 169.3 97100 16.1
3909 110.1 .200 168.2 78600 15.0
3910 110.1 ,200 167.4 58000 14,2
3911 110.1 .200 165.9 26700 12.7
3912 110.1 200 164.,5 13500 11.3




APPENDIX I

FILM BOILING DATA
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Tables I-1 through I-4 1ist the film boiling data.

The averages have not been corrected or modified except for

thermocouple calibration. The form of the tables is:

Data No.

Pr

AT

Run Number plus data point in run:
3727 means run 37, point number 27,

Pressure, psia

Reduced Pressure

Average surface temperature in degrees
F, calculated from the outer ring
thermocouples

Average flux, Btu/ft2-hr

, degrees F

T -
w Tsat
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TABLE I-1

METHANE FILM BOILING DATA

Data No. P Pr Tw q AT
2510 673 1.00 -88.0 6730 28.0
2511 673 1.00 -22.3 16400 93.7
2512 673 1.00 75.6 26400 192
2513 673 1.00 203 40100 319
2514 673 1.00 405 61900 521
2515 606 .900 -69.7 6660 52.5
2516 606 .900 34,3 16100 157
2517 606 .900 163 27200 285
2518 606 .900 388 45800 511
2519 606 .900 557 62100 679
2520 606 .900 T47 81200 870
2521 539 .800 -54,8 8920 T4.3
2522 539 .800 54,2 17700 183
2523 539 .800 282 35400 411
2601 14,7 .022 -136 6620 123
2602 14.7 .022 72.1 12500 331
2603 4,7 .022 220 18600 479
2604 16.5 .025 Lot 26700 663
2605 33.7 .050 -10.4 11000 228
2606 33.7 .050 145 17500 384
2607 33.7 .050 b1k 29700 652
2608 33.7 .050 668 42300 906
2609 33.7 .050 833 50500 1070
2610 67.3 .100 13.6 13600 232
2611 67.3 .100 146 20300 364
2612 67.3 .100 272 27000 Ty ]
2613 67.3 .100 522 40100 740
2614 67.3 .100 640 47000 858
2615 67.3 .100 772 54800 990
2616 101 .150 -37.3 12100 167
2617 101 .150 136 20600 341
2618 101 .150 330 31500 535
2619 101 .150 527 43300 732
2620 101 .150 753 57800 957
2621 135 .200 102 19700 297
2701 135 .200 Th. 4 15700 269
2702 135 .200 297 27100 491
2703 135 .200 561 42500 755
2704 135 .200 788 58000 982
2702 202 .300 Q?.u 15600 ?20
v cvac « JVV Qu—'r 27700 4\12
2707 202 .300 47l 40100 651
2708 202 .300 723 58300 901
2709 202 .300 813 65000 991
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TABLE I-1--Continued

Data No. P Pr Tw q AT
2710 269 400 50.5 15700 216
2711 269 .400 262 27900 bo7
2712 269 400 hoy 38700 589
2713 269 . 400 640 54800 805
2714 269 .400 820 69000 984
2715 337 .500 47.0 15500 201
2716 337 .500 238 27000 392
2717 337 .500 410 39300 564
2718 337 .500 647 57400 802
2719 337 .500 849 73300 1000
2801 4oy .600 4o .4 15900 187
2802 Loy .600 215 27800 360
2803 Loy .600 374 38900 519
2804 4ok .600 553 53200 698
2805 Loy .600 723 68000 868
2806 Loy .600 T94 T4600 939
2807 471 .T700 12,2 12900 149
2808 4 .T00 63.3 16500 200
2809 471 .T00 211 27300 347
2810 471 .T700 372 39200 509
2811 471 .T00 570 56600 707
2812 471 .700 783 76600 920
2813 538 .800 11.1 12600 140
2814 538 .800 69.5 17200 199
2815 538 .800 237 30200 367
2816 538 .800 415 44700 545
2817 538 .800 628 63300 757
2818 538 .800 827 84000 956
2819 606 .900 -13.1 11100 109
2820 606 .900 86.8 19500 209
2821 606 .900 318 38300 440
2822 06 .G00 544 58500 667
2823 606 .900 802 86000 925
2824 337 .500 22.0 14800 176
2825 337 .500 -15.7 13200 138
4oo1 14,7 .022 397 26200 656
4002 14,7 .022 688 41100 U7
4003 14,7 .022 181 18400 4y0
Look 14,7 ,022 bo.7 12600 302
4oo5 14,7 .022 -47.2 10600 212
4oo6 33.6 .050 96.9 16500 336
Loot 33.6 .050 238 23900 476
Loo8 33.6 .050 361 29600 600
4009 33.6 .050 605 41200 844
4010 33.6 .050 828 52100 1066
4011 67.3 .100 707 52000 925
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TABLE I-l--Continued

Data No. P Pr Tw q AT
4o12 67.3 .100 928 65000 1146
4013 67.3 .100 453 36300 671
4014 67.3 .100 276 25200 4os
4015 67.3 .100 160 19300 379
4o16 101 .150 135 19400 340
4o17 101 .150 292 28200 496
4018 101 .150 480 41500 684
4019 101 .150 T14 58400 919
4020 101 .150 886 69100 1090
4021 135 .200 663 55100 858

Lo22 135 .200 319 29800 513
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TABLE I-2

ETHANE FILM BOILING DATA

Data No. P Pr '1‘W q AT
2901 1,7 .021 78.0 7720 206
2902 14,7 021 208 11600 335
2903 4.7 .021 357 17000 484
2904 4.7 .021 590 27100 718
2905 4.7 .021 809 37100 936
2906 35.5 .050 93.3 8740 188
2907 35.5 .050 249 1440 344
2908 35.5 .050 514 27300 609
2909 35.5 .050 725 39000 820
2910 35.5 .050 848 46700 942
2911 70.9 .100 122 10900 185
2912 70.9 .100 307 18800 371
3001 70.9 .100 207 14900 271
3002 70.9 .100 429 26100 493
3003 70.9 .100 649 38400 713
3004 70.9 .100 823 50200 887
3005 106 .150 207 15000 250
3006 106 .150 416 26300 459
3007 106 .150 619 39300 662
3008 106 .150 847 55900 890
3009 142 .200 47 18700 . 2Th4
3010 142 .200 4u6 29700 473
3011 142 .200 676 45700 703
3012 284 .400 357 26100 340
3013 284 400 484 35800 466
3014 284 400 712 54500 695
3015 284 .400 858 69100 841
3016 355 .500 350 25900 316
3017 355 .500 261 19600 227
3101 142 .200 ] 27200 437
3102 142 .200 833 58600 860
3103 213 .300 177 58600 779
3104 213 .300 850 64800 852
3105 213 .300 382 26600 384
3106 213 .300 570 40900 572
3107 213 .300 262 19700 264
3108 355 .500 403 30200 369
3109 355 .500 570 4hz00 537
3110 355 .500 762 62600 729
3111 355 .500 850 71200 816
3112 Loh .600 367 27400 320
3113 426 .600 255 18400 207
3114 Lo6 .600 567 46000 520
3115 426 .600 760 65500

713



TABLE I-2--Continued

T7
-

Data No. P Pr Tw q AT
3116 Uo6 .600 852 75100 805
3117 ey d .T00 865 79000 805
3118 ug7 .T00 627 53300 567
3119 497 .T700 468 37400 408
3120 4g7 .700 302 22000 243
3121 497 . 700 233 15900 174
3122 567 .800 236 15800 166
3123 567 .800 348 26400 277
3124 567 .800 488 40300 W7 .
3125 567 .800 653 58700 583
3126 567 .800 836 78500 766
3127 638 .900 832 80500 751
3128 638 .900 690 62300 609
3129 638 .900 513 42300 432
3130 638 .900 364 27300 283
3131 638 .900 236 14800 155
3132 638 .900 194 11000 113
3133 638 .900 146 6980 64,8
3134 709 1.00 170 11300 79.9
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TABLE I-3

PROPANE FILM BOILING DATA

Data No, P Pr TW a AT
3201 556 .900 435 26800 240
3202 556 .900 550 39700 355
3203 556 .900 693 56500 497
3301 494 .800 730 58800 546
3302 494 .800 824 70800 640
3303 4ol .800 586 41200 Lo2
3304 Lol .800 4so 26700 268
3305 556 .900 825 71900 629
3306 556 .900 515 33500 320
3307 Lol .800 357 16900 173
3308 432 .T00 359 17700 188
3309 432 .T00 491 31200 320
3310 432 .T00 672 50200 501
3311 432 .T00 841 70000 670
3312 370 .600 857 70000 701
3313 370 .600 660 48500 504
3314 370 .600 hol 31900 338
3401 370 .600 372 20700 216
3402 309 .500 Iy 26400 301
3403 309 .500 570 38400 430
3501 14,7 .024 202 10600 245
3502 14,7 .024 432 18200 475
3503 14,7 024 623 27000 666
3504 4.7 .024 813 36500 857
3505 14,7 .024 920 42700 964
3506 30.9 .050 339 16300 350
3507 30.9 .050 563 26900 573
3508 30.9 .050 729 36500 T40
3509 30.9 .050 869 45500 880
3510 61.7 .100 352 19100 326
3511 61.7 .100 487 26100 461
3512 61.7 .100 670 37500 64l
3513 61.7 .100 843 50100 817
3514 61.7 .100 901 54400 875
3515 92,6 .150 380 21500 330
3516 92.6 .150 524 29700 44
3517 92.6 .150 671 Lokoo 621
3518 92.6 .150 841 52800 791
3519 124 .200 458 27200 389
3520 124 .200 808 54200 739
3521 124 .200 901 61700 832
3522 124 .200 602 37500 533
3523 185 .300 418 26500 320
3524 185 .300 543 36000 Ly



TABLE I-3--Continued

TQ
-2

Data No,

P Pr Tw q AT
3525 185 .300 721 51100 622
3526 185 .300 842 62100 T44
3527 309 .500 817 64900 677
3528 309 .500 896 74000 756
3529 309 .500 659 48400 519
3530 309 .500 513 34400 373
3531 309 .500 396 24800 256
3532 2UT 400 830 63300 709
3533 oU7 .400 666 47800 545
3534 ekt .400 507 33700 385
3535 U7 400 417 26700 296
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TABLE I-4

n-BUTANE FILM BOILING DATA

Data No. P Pr Tw q AT
3601 4,7 .027 249 10400 218
3602 14,7 .027 386 15400 355
3603 14,7 .027 636 26700 604
3604 14,7 .027 758 33800 727
3605 14,7 02T 890 41100 859
3606 27.5 .050 813 41300 750
3607 27.5 .050 618 29100 555
3608 27.5 .050 521 23900 458
3609 27.5 .050 4ot 18200 344
3610 55.1 .100 874 50700 769
3611 55.1 .100 688 37200 584
3612 55.1 .100 508 25700 403
3613 55.1 .100 405 20300 301
3614 82.6 .150 498 27200 366
3615 82.6 .150 586 32900 sy
3616 82.6 .150 704 41300 572
3617 82.6 .150 8u7 52200 715
3618 110 .200 864 56800 711
3619 110 .200 754 46800 601
3620 110 .200 633 36500 480
3621 110 .200 504 27100 351
3622 165 .300 883 62700 697
3623 165 .300 759 50400 573
3624 165 .300 626 38300 440
3625 165 .300 488 27300 302
3626 220 400 681 45000 470
3627 220 400 789 55600 578
3628 220 .400 88T 66000 676
3629 220 .400 631 40300 49
3630 220 .Loo L84 27600 275
3631 220 .4oo 451 25000 240
3701 iTeT .900 841 68700 547
3702 496 .900 T49 56500 456
3703 496 .900 675 46800 381
3704 496 .900 607 38000 313
3705 496 .900 522 27700 228
3706 496 .900 v 17900 150
3707 441 .800 432 17900 151
3708 441 .800 484 24200 203
3709 Ly .800 538 30400 257
3710 Ly .800 638 41700 357
3711 by .800 731 53300 450
3712 by .800 886 73600 605
3713 385 .700 Lp2 17600 155
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TABLE I-4--Continued

Data No, P Pr Tw q AT
3714 385 .700 506 26900 240
3715 385 .T00 604 38000 338
3716 385 .T00 755 55400 489
3717 385 .700 894 73400 627
3718 330 .600 504 27700 253
3719 330 .600 602 38200 351
3720 330 .600 713 50000 i62
3721 330 - ,600 848 66600 598
3722 330 .600 435 27700 184
3723 275 .500 479 2ull00 246
3724 275 .500 580 36300 347
3725 275 .500 T17 50300 485
3726 275 .500 826 62200 594

3727 275 .500 902 71300 670




APPENDIX J

DETERMINATION OF FLUX BY MEASUREMENT
OF TEMPERATURE AT TWO RADII
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As explained in Chapter IV, it was desired to measure
the heat flux by two independent means, One method was to
measure current and voltage drop across the heating element,
which is supposedly accurate to about X 1%, The other method
which was tried was to measure the temperature at two radii
inside the heater body. The applicable equation, where the
conductivity of the metal is k = oT + B, comes from (4-3):

_ 1 Q@ (me  me

= T - T + (T, - T J-1
T (Do/D1 ) [ z (T - T )+ BTy - 1)) ] (3-1)

q = surface heat flux, Btu/fté-hr

D = heater diameter

T

2

temperature at diameter D; (17/64 inch)
T

temperature at diameter D, (21/32 inch)

Table J-1 1ists the flux calculated from (J-1) and
the flux measured by electrical means for Run #18. Run 18
was selected because it is a typlical nucleate boiling run
carried out at temperatures where the constants a and B are
most accuravely known,

Table J-2 lists the same data for Run 29, a typical
film boiling run. 0d4ddly enough, agreement is better for the
film data which was not corrected {Appendix G). However, in
nelther case 1s agreement good enough to attach much weight
to the flux calculated from (J-1).

There are two reasons why (J-1) 1s known to give the

wrong results, rather than the alternate method. First is
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TABLE J-1

COMPARISON OF FLUX MEASUREMENTS MADE BY
INDEPENDENT MEANS: BUTANE NUCLEATE BOILING

Flux, Btu/ft-hr

Dat Surface
ata Temperature
Calculated v
No. from Electrical Calculated Ty» F
Measurements from (J-1)
1801 10 7,590 161.7
1802 16 17,000 164.,7
1803 29, 100 33,100 165.2
1804 47,600 54,500 168.0
1805 65,100 76,100 169.9
1806 89,500 105,200 172.4
1807 103,000 120,000 174.8
1808 7,010 8,280 142,1
1809 16,100 17,600 146.3
1810 29,500 31,100 149.9
1811 52,500 58,500 153.2
1812 74,100 84,900 155.3
1813 92,100 106 600 157.2

the great variation in the lnner ring measured temperatures
at high fluxes (see Appendix G). The second reason 1s that
(J-1) gives high results at high fluxes. It is difficult to
see how the flux could be 15% higher than the power expendi-
ture would indicate, Were the fluxes calculated from (J-1)
the lower values, the discrepancy might be rationalized in
favor of (J-1).

In order to make this method effective for radial
heaters, a better method for measuring temperatures 1is
required.

One question which might be raised is: why (J-1)
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TABLE J-2

COMPARISON OF FLUX MEASUREMENTS MADE BY INDEPENDENT
MEANS: ETHANE FILM BOILING

Flux, Btu/FtS-Hr

Surface

Data
No. Calculated Temperature

from Electrical Calculated Tyr F

Measurements from (J-1)
2901 7,720 8,830 78
2902 11,600 14,200 208
2903 17,000 17,100 357
2904 27,100 32,000 590
2905 37,100 26,800 809
2906 8,740 7,990 93
2907 14,400 15,700 2l9
2908 27,300 29,400 514
2909 39,000 41,800 725
2910 46,700 47,600 848
2911 10,900 10,900 122
2912 18,800 21,900 307

does not work well, when measurements of the same kind made
in flat plates do work? The answer 1s that in a radlal con-
figuration the fluxes across the inner thermocouple ring are
much higher than those across the outer ring, leading to

temperature errors. In flat plate geometry, the flux across

every thermocouple bead is the same.



APPENDIX K

CIRCUMFERENTIAL TEMPERATURE VARIATION



K2

It was thought that the six outer ring thermocouples,
spaced at 60° intervals, would allow radial variations in AT
to be reported. The results, however, were disappointing.

Part of the difficulty was caused by the effect of
heat flux on the temperature readings, described in Chapter
VI and Appendix G. Part was also caused by the necessity
of using a digital voltmeter (* 0.5°F) rather than a poten-
tiometer. At any rate, no pattern was observed which held
constant for all runs,

As a final attempt, nucleate boiling runé 38 and 39
were made, For run 39, the heater was rotated 180° and
switched end-for-end. The angule~ locations of the thermo-
couples in each case are listed on page D2.

The deviations T, - (T) for runs 38 and 39 are listed

i

in Tables K-1 and K-2, T1 is the individual temperature,

and (T) is the average of the T, for the thermocouples in the

i
particular ring, as explained in Appendix G. The corrections
listed in Appendix G have been applied. Thermocouple No. 13
was broken.

The results are almost completely patternless, If

there is a circumferential temperature varlation, it must be

rather small,



TABLE K-1

bigm]

Ny

DIFFERENCES 'I‘i - (T) FOR OUTER RING BEFORE ROTATING HEATER

Data q(D/D:L) Ti -
No. k

T T Tw Ty T
3801 411 0.2 0.8 -0.5 -0.7 0.2
3802 593 0.1 0.7 -0.3 -0.5 0
3803 847 0.2 1.1 -0.4 -0.8 -0.1
3804 1113 0.3 1.6 -0.6 -1.1 -0.2
3805 1406 0.2 2.2 -0.9 -1.1 -0.4
3806 1684 0 2.7 -0.5 -1.4 -0.7
3807 2020 -0.4 3.0 -0.4 -1.7 -0.5
3808 2355 -0.3 4.4 0.4 -3.9 -0.5
3809 2849 -0.9 4.6 -1.1 -1.7 -0.9
3810 2079 -0.6 3.1 -0.5 -1.4 -0.5
3811 1537 -0.8 2.2 -0.1 -0.7 -0.5
3812 982 -0.4 1.2 -0.4 -0.6 0.1
3813 577 -0.2 0.7 -0.7 -0.4 0.7
3814 912 -0.8 0.9 -0.3 -0.2 0.4
3815 1449 -0.9 2.4 -0.4 -1.0 -0.1
3816 1910 -1.6 2.7 -0.1 -0.8 -0.4
Clock Position: 2 b 8 10 12
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TABLE K-2
DIFFERENCES T, - (T) FOR OUTER RING AFTER ROTATING HEATER

. T, - (D)
Data q(D/ Di)

5 T T T Ty T
3901 226 0.5 0.7 1.8 -2.1 -0.8
3902 462 0.5 0.8 1.7 -2.5 -0.5
3903 839 0.5 0.9 1.7 -2.4 -0.7
3904 1168 0.2 0.8 1.9 -2,0 -0.8
3905 1564 0 1.1 1.8 -2.1 -0.7
3906 2026 -0.1 1.1 1.7° -2.2 -0.8
3907 2484 -0.2 1.2 1.6 -2.3 -0.8
3908 2996 0.1 1.6 1.7 -2.3 -1.1
3909 2420 -0.2 1.2 2.0 -2,2 . -0.8
3910 1782 -0.4 0.6 2.6 -2.3 -0.5
3911 816 -0.2 0.8 2.2 -2.4 -0.4
3912 412 0.7 0.6 2.0 -2, -0.7
Clock Position 4 2 i0 8 6




