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The object of this investigation was to obiain data for saturated film
pool boiling from a low thermal capacity [lat plate at atmospheric pressure,
A test plate, constructed from resistance strip, was placed horizontally in a
pool of liquid, and was heuated elecetrically. Refrigérant--ll and nitrogen were
used as the boiling liguids.

Heat transfer results wevre cbtained in both fluids over a temperaturc range
of approximately 120010 (400-1600°F).

Surface size, roughness and orientadion cifects weve obscrved for
flat horizontal heated surfaces with one dimeasion near the most dangerous
wavelength. No surface material effcct was observed.

Excellent correlation of the data is achieved by a slight modification to

the Bercinson equation.
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I. INTRODUCTION

Boiling heat transfer is an intensely interesting ficld of experimental
and theoretical research. At [irst glance the boiling process, which is
often observed in heating water on a kitchen stove, scems deceptively simple.
As this boiling process has been subjected to formal investigation, the com-
plexities of the boiling mechanisms have unfolded. In 1934 Nukiyama(l) *
published a paper representing his experimental results for pool boiling
from a wire and a flat plate to distilled water at atmospheric pressure.
Nukiyama displayed three distinct boiling regions, and set in motion the desive
to explain the boiling mechanism in each of the three regions. Since this time,
a great deal of money and effort has bcen directed toward a better understand-
ing of hoiling heat transfer. This effort is motivated by the application of
boiling in steam generators, (uenching opcrations, nuclear reactors and for
cooling jet engines, rockets and space vehicles. In the ¢uenching opermtion
of the heat treating of many metals, cspecially steels, it is very important
to have a value for the heat transfer cocfficient so that the tempcerature
history of the metal can be predicted.

Since the early work of Nukiyama, many authors have reported
experimental and/or theoretical explanations of the different boiling regions.

These regions can best be defined and understood with the aid of a heat-flux

versus temperature difference graph as shown in Figure 1.

*
Numbers in parentheses refer to listings under References.
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In region A steam is produced by vaporization at the liguid vapor
interfaee. 7The heat transfer from the heater to the liquid takes place by
conduction and single phase convection which maintains upward Jow of super-
heated liquid. As the heater surface teniperature increases into region B,
the formation of bubbles of vapor at discrete points or nuclei on the heating
surface gives this region the name, nucleate boiling. The nucleate region
can be further divided into the (a) individual bubble, and () the continuous
column regimes.

As the heater temperature incveases, point E is reached wheve a
further increase in tewperature will cause a decrease in heat flux. This
point is often called the burnout point, the criticol execess temperature point,

(3)

or the hydrodynamic crisis point” . The term burnout point is the most‘
common, because of the destruction of power controlled heaters as the power
level is raised above this maximum. Prediction of this burnout point is
possible analytically using Helmholtz hydrodynamic instability criteria
(See Appendix A). When the power is raisced above the level allowed in the
nucleate range, the only possibility is for the system to go into region D,
film boiling, along a linc similar to E - F. Notice that the tempevature
associcted with point I is often above the melting point of the heater,
depending on the fluid and the heater matervial, and therefore burnout occurs.
As the heater surface temperature is increased past point E, region
C is entered and transition boiling occurs. There are really only two

distinct regions of boiling, nucleatle and film. In region C unstable nucleate



and {iln boiling coexist. The temperatures in region C are too high for stable
nucleate but still too low for stable {ilm boiling. Therefore, the mechanism
at any one point on the heater alternates between nucieate and film boiling

D

because the amount of vapor genevated by film boiling is too small to support

large to allow enough liquid to reach the heater in a steady stream. Since
both of these mechanisms are present the variables that affect each separately
should have an effecet upon the transiticn region. An exammple of this is surface

roughness which is known to have a pronounced effect upon nucleate boiling,

and does indecd effect the slope of the transition curve, )
If the heater surface temperature is increased further in region C, a
point Gis reached where a further increase in temperature will cause an
increase in heat flux. 'This pointG is often referred to as the minimum point
or the Lcidenfrost point. Prediction of this minimum point is possible
analytically using Taylor hydrodynamic instability criteria  (See Appendix A).
In 1756, Leidenfrost first studied the cvaporation of small water droplets on
a hot plate. ©) From this experiment the Leidenfrost point has come into
the literature and is defined as '"the plate temperature at which the droplet
cvaporation time is (the) greatest'. Or, conversely, as applied to pool
boiling, the Leidenfrost point is that temperature at which the heat flux is a
minimuwm in film boiling. Several investigators have offered methods for
predicting the location of this minimum point and the rest of the film boiling

curve of which point Gis the lower limit; the most nolcworthy of which are



h (6)

Berenson, ' ' Bromley,

(7 (8)

Chang and Zuber,

As the temperature of the heater is increased past the Leidenfrost
point, stable film boiling occurs. In this region the heater suvface is
separated from the liquid by a blankct of vapor, as scen in Kigure 2. Heat
transfer occurs by conduction through the vapor blanket, convection at the
licquid-vapor interface and bubble relcésc at selected points along the interface.
Several investigators have observed wave-like oscillation of the liquid-vapor
interface in film bhoiling from a tlat plate, where bubbles arce released
at the antinodes of oscillation. As the teimpevaturce of the heater surface
increases further into the stable film region, vadintion heat transfer (rom
the heater surface becomes significant, and must be cvaluated to allow
calculation of the heat transfev cocfficient due to bhoiling.

It is interesting to note that as recently as 1959 no film boiling data

. (0 . . . Y \

for flat plates had been published. ' " Needless to say work has been done
since this time, but the area is still too thinly populated.

The object of this investigation was to obtain data for saturated film

pool boiling from a low thermal capacity flot plate at almospheric pressure.
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., LITERATURE REVIEW
The literature of relevance to this investigation is arrvanged into four
main groups, i.e., Film Boiling, Flat Surfices; Nucleate Boiling, Flat

O* D

Surfaces; Film Boiling, Other Surfaces; and Nuclecate Boiling, Other Surfaces.

D

The groups are listed here in order of decreasing value to this investigation.

Film Boiling, Flat Surfaces

. (n .. . - .
Nukiyama® ) first noted in a paper published in 1934 that there was an
upper limit to the heat transferred in the boiling process. He discussced the

-
[.

fact that previous authors had assumed that the heat transler coelficient

—

approcched a fixed value asymptotically, and that the heat flux, /A, increascd
with temperature differcnce without limit.  As stated previously, Nukiyama
deservibed three distinet regions of boiling, as seen in Figure 3. Ife described
what is now known as the nucleate region up to a maximum point b, and a

region from d to ¢, known now as the film boiling region, as the spheroidal
state.

Nukiyama conducted pool boiling expeviments with electrically heated
wires and flat plates, and presented data to verifly the different boiling vegions.
ile proved the existence of maximum and minimum values for ¢/A. He also
posiulated in his paper that a small part of the heater surfiace in nucleate
boiling is at an elevatled temperature forming nucleation sites, and the rest
of the heater stays wetted and at the saturation temperature of the boiling
liquid. The temperaturc that is recorded (for instance with a wire heater)

using resistance thermometry is simply the weighted average of {his clevated
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temperature and the lower saturation toempecature,

4}, (9, (10 .
(1), (%), (10) has given much insight into the mechanisms of heat

Berenson
transficr occuring in nucleate and film bhoiling. In his investigation of the
transition boiling region Berenson has concluded that there are only two
distinct regions of boiling heat transfer and that transition boiling is a
combination of nucleate boiling and film boiling over that range of temperature
differcence where neither is stable. Bervenson also concluded that the burn-
out flux is independent of surface material, roughness, and cleanliness and
that the film boiling curve is independent of surface material, cleanliness,
and roughness provided the voughness height is less thaa the fibm thickness,
An interesting phenomenon cecurs at the Leidenfrost point.  Several mininmwum
points may be obsevved depending upon the cleanliness of the he iter material.
Dirty surfaces cause the system to drop into nuecleute boiling at higher
temperature differences. A similar phenomenon occurs when a wetting
agent is added to the boiling liquid, that is,the minimum point occurs at a
higher temperature.

Berenson offers the lollowing equations for the predictions of the
IL.cidenfrost point:

1/2 1/4
' ffl~p\,) (g o

@/A) = .09 D — preransaman I @)
L.P. v 1‘0 pl erv t)(p]. pV)

and
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1 - 4 2/3 .. L1/2 .
p._h g, - p) g o [z 1/3
. V fo 1 A c f
(A 1*)I p .127 F'""'\ e P T s ,
L.P. Kog ) Pl e pV~ LboJl pv) L-gc C p"),
(2)

which agree with his data within + 10%. Also presented is the following

cquation for stable filim hoiling:

3 1/4
» ' PSPy = £) :
ho= aps| A B VITTL VR (3)
g O
e
B ATEH=E——
\% 'y -p
gloy - p)
. (7} . . . e or . .
nang in a paper published in 1829 offcrs a theovetical model for
Pay

Fa

filin boiling from flat plates. By meoans of the concepts of cquivalent thermal
diffusivity a generalized Prandtl number is recomimended. Thus, a general
ormula is obtained for both convection and boiling. In his paper, Chang
investigates film boiling from horizontal and vertical {lat plates. Of
intercst to this investigation are his results for the horizontal flat plate.

Chang suggests that a sianding wave exists over a plane suvface
experiencing film boiling. Since the temperaturc of the flat heating surface
is higher than the vapor that surrounds it, heat is transmitted to the vapor
film causing it to thicken.

The vapor film grows to a thickness that will no longer support the
boiling liquid, therefore, the filim rupturcs and heat and mass transfer
occur at the anti-node of the standing wave.

This mcchanism takes into account the fact that film boiling will not

exist in a given liquid at a wave length above a cevtain critical value as
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discusced in Appendix A.

Chang analyzes the problem as set forth in the above mechonism to
arrive at a relation between film thickness and time. Comparing the resulting
equation with the conduction cquation for a homogeneous substance, he is able

to formulate an equivalent thermal diffusivity;

K A
v T (4)

.

2h_p

fg' v

Chang further defines gereralized Prandtl and Grashof number as

* E -
P o _E_. and Gr F A —~ s __..__._..,._Y.. (O)
T O!c 1 2 pV ’
“v
and therefore reduces his analysis to the following cquation:
L (@ Gr. 2 (6)
(Nul)co = 0.234 ( r Gll) H

which he suggests is a general equation for film boiling on a horizental surface,
similar to the equation for simple convection. In this analysis thc cffcet of
radiation was not considered, but its cffect could be realized by considering
the added thickness of the vapor film due to the radiation.

It is interesting to note that Chang states that experimental data for
film boiling from flat plates is very scarce, and that he is thercfore forced
to compare his theory with data from horizontal tubes. It is interesting to
neote also that in the discussion of Chang's paper, Zarwyn brings up the
question of validity for the above analysis for a flat horizontal plate facing

downwards. Chang states that the application of his thcory would depend
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heavily upon the size of the flat plate.

)

Zuber discusses extensively the three regions of hoiling heat
transfer. He approaches the burnout point analysis from the transition
boiling region. The burnout point is the maximum point in nucleate, but also
corresponds to the maximum point in transitional bhoiling. Zuber maintains
that the burnout point is located on a q/A vs. temperature difference graph
by the application of Taylor-Helmholtz hydvodynamic instability criteria.
Helmholtz instability is characterized by that condition when the vapor
generated by the heater covresponds to the maximum counterflow of vapor
and liquid normal to the heating surface which can occur in steady tlow and
remain stable. Taylor instabilily occurs as a result of the fact that in film
boiling a liquid of high density is above a comparvatively lower density vapor

film. The result of the mathematics associated with the above instabilities

is the following equation for the burnout flux:
amp 1/2
= .157h.p | ————— (7)
fg v - ’
BP0 )

WA p.

The Leidenfrost point is the minimum point in stable film boiling.
This point is extremely interesting because of the applicability of hydrodynamic
principles, and because this point corresponds to the transfer position from
film to nucleate boiling for power controlled heaters. Zuber has developed

the following formula for the heat flux at the Leidenfrost point:
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1/4
SELCN
(q/A)L“P. S TR p | ey . (8)
l-(‘01 F pv) -

The works of Chang and Zuber are mainly theovetical, relying primarily

upon mathematics of hydrodynamics to furnish relations between ¢/ A and
temperature difference. Several authors find fault with their work, because
of the simplifications made in developing an analytical model to represent

(11)

film boiling. With this in mind Hosler and Westwater bave investigated
film hoiling from a flat plate with the ohjcctive of determining the actual
validity of these different theories.

Hosler and Westwater present data for film beiling from a flat cight
by cight inch aluminum plate. Conventional q)A vs. temperature difference
plots arc presented, and photographic data is givean to support hydrodynamic
calculations for the two test fluids; water and Freon-11. Hosler and
Westwater state that significant edge effects will exist in film boiling in most
liquids with a heat transfer surface as small as 2 inches in diamcter, as used
by Berenson.

The authors present relations often used when discussing film hoiling,

that is the critical wave length and the most dangerous wave length:

1
[- g u" 2
C
A= 27 |- - and 9)
_é_
- o
3gc

27 |
d g(l)l V) .
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Also presented is a simpliflied relation attributed to Chang for stable

film boiling,

1/3
no- |k p,-p )'I/SWZM
v 1 v ° v % ’ (6a)
where
K AT
a = Y for saturated pool boiling.
c 2h. p
fg v BTU
Hosler and Westwater locate the Leidenfrost point at 11,000 ——
o BTU o ‘ hr. ft. 2
and 285 F, and 5700 —— _ and 160 F for water and Freon-11 respectively.
hr. ft.

In the investigation by llosler and Westwater, hydrodynamic measurements were
taken from high speed motion pictures of the boiling. This information is
presented in Table I. This photographic invesftigation shows that a square or
rectangular arvay of bubble release arcas does not exist in film boiling. A
very irregular array was observed. Of particular interest is the (act that
Hosler and Westwater observed that the average spacing between bubbles

of the same size was approximately equal to 'Ad, and the minimum spacing

was equal to ?nc. The ob served breakoff diameters were 73% of Ad.

ITosler and Westwater go on to state that the method of Chang for
predicting the film boiling curve is not veliable. Also, the method of
Berenson for predicting the film boiling curve is good, except the temperature
difference values at the Leidenfrost point are not generally reliable,

Class, ect al. (12) have publishcd data for film boiling from a flat
clectrically heated plate to lignuid hydrogen. An interesting observation

made by the authors concerns surface roughness. They observed that the



TABLE I

HYDRODYNAMIC RESULTS OF IHOSLER AND WESTWATER

Summary of Bubble Measurements at Minimum Point

for Freon-11

Diaraeter at Breakoff

observed: average ... ... iiiiiiennn. ... 0.38 in.
maximum ......... e . 0.47 in.
minimum ... ... . 00, 0.30 in.

Center to Center Spacing

observed: AVeTage «.v.veeeeeneenoennn .. 0.57 in
maximum ........ e .. 1.25 in.
minimum ....ceceeeen vee... 0.251n.

Bubble Period
~obhserved: average ........00000000.... 0,17 sec.
MAaximum «.eeeesees e 0.26 sec.

minimum .....ce0veceee.... 0.08 sec.
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burnout point could be raised 1009 in some insiances by covering the heat
transler surface with silicon grease. In the film region the curve was
displaced to the right slightly.

13)

Manson( expresses concern about the present theories of film

boiling and contends that present theorics, hydrodyhamic analysis included,
fail to consider the effect of surface n,laterial. This surface material effect
must be taken into account when heaters are coated with thermally noncon-
ducting materials such as Teflon. Manson obtained the following minimum
points for film hoiling in Nitrogen for coated and urcoated copper plates:

M

. - ry )
coated (.001 in. Teflon) . . . . . . ... . 6500 TR 300 R
hr. ft °
ancoated L L ... L L. L. ... . 2500 M , G0R
Manson offers an analog computer methed for prediction of a non-uniform
heat transfer coefficient which takes into account the surface material effect.
Gottfried, ILee and Bell( ) have investigated film boiling of liquid
droplets on a flat plate, which has peripheral importance to this investigation.
The authors conclude that the Leidenfrost point is independent of droplet
size, therefore suggesting its application to pool boiling. The authors define
the Leidenfrost point as the plate temperature at which the droplet evaporation
time is greatest.
, .. (14) e ibuti h
Brentari and Smith have made a significant contribution to the
literature with their paper on correlation of pool boiling data {or cryogenic
fluids., The authors have gathered together the works of many of the eminent

researchers in the field. The synthesis of ideas which results is miraculously
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not confusing. Corrclations are offered for the major cryogenie fluids
including nitrogen in nucleate and film boiling.

The buvrnout poiut is a favovite area for analytical investigators,

'

o
(o]
because of its prediction with fluid properties only. The authors offer

the following equation attributed to Kutatcladze;:

1/2 +1/4

(Q/A)B.P. c e hfg Py TPy - Py ’ (11)

The Leidenfrost point is represented by the following equation attri-

hited to Zuber,”

-
(17 A) = .177h. p . . S
L.DP. fg"v 2 (8a)

Of parvticular intcrest to this investigation are the predictive film
pool boiling correlations offered fornitrogen. This information can be seen
in Figure 4. The stable film region is given by correlations attributed to
Breen and Westwater, and the minimum points are attvibuted to Lienhard
and Wong, or Berenson.

Brentari and Smith have a section devoted to the discussion of scveral
variables which effcct boiling performance. They say that a major subcooling
effeet may oceur in normal film boiling, as a vesult of the increased rate of
condensation.

The elfcct of external force ficlds such as gravity arc expected to
have a large influence on the boiling phenomena in the film region. This
supports the change in heat transfer characteristics as reported by Lyon

for a horizonial surface facing downward.
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Of particular interest to this investigation are the authors' comments
concerning surface temperature variations. The authors stotle that, "It is
possible that suvface temperature differences may occur which may be at-
tributed to the heater surface and not to the bhoiling phenomena. Ilcaters
with a small mass per unit of heater surface, such as very thin materials,
may proauce sdch temperature variations and subsequently a lower peak
flux... The source of energy for the heater may also influence the surface
temperature variations. Kulateladze reports that cleetrically heated surfaces
have slightly different heat transfer chavacteristics than those heated by
vapor condensation..."

The authors further note that chemical composition of the heat transfer
surface, especially its wetling characteristics, may have a marked cffect
upon the boiling curve.

Cole(l5)l'13.s studicd pool boiling due to sudden large power surge with
a nickel ribbon, which was clectrically heated by a direct power surge of 3
millisecond duration. For heat generation rates above that required for
stable film boiling, the ribbon temperature could be predicted by assuming

it to be completely insulated.

Several informative heat transfer texts are available today which cover

. 16

film boiling in general. Good examples of this are the texts by E‘IcAdams,( )
3 18 19 20
Rohsenow and Choi, (17)Kreith,( )Holman,( )Jacob,( )P::trker and Boggs,( )

21
and Tong.( )



Nucleate Roiling, Flat Surfaces

1=9)

¢

Iouchin and Lienhard(zz)have conducted experiments with low therial
capacity flat plates to determine theiv hurnout points., Up to the publication
of this paper it was generally considered that the burnout point was predictable
using hydrodynamic considerations. The authors maintain that a thin ribbon
flat plate, thercfore one of low thernial capacity, constitutes a special case.
The autheors state that such heaters display a burnout point that is below the
hydrodynamic crisis point.

As previously stated, there is a povtion of the nucleate boiling region
where continuous columns of vapor exist. The burnout mechanism proposcd
by Houchin and Lienhard functions in this regime. Burnout, that is a {ransfer
into the film region, will occur locelly at isolated circular points at the base
of selected vapor columns when the power generated is at a level which will
generate the Leidenfrost temperature at these isolated poiats. Obscrvation
of the boiling curve indicates that, for heaters that function in this manner,
there should be little difference in the power level at which a heater goes into
film as compared to the level at which it drops back into nucleate.

Usiskin and Siegel(23)have reported data for boiling in reduced gravity
fields. They found that the critical heat flux in water varied approximately
with g to the one quarter power. Thercfore, the burnout flux decreases
with deereasing gravity as predicted by thcory. The authors also observed
that the bubbles ascended more slowly as gravity was decreased; the bubble

diameter increased as gravity'decreased; and at zero gravity film and nucleate



boiling take on a similar appearance,

21)

Chang presents a general wave theory for boiling. 1le prescents the
theory in detail for nucleate boiling and makes some general remarks con-
cerning film beiling.

Several of the authors, whose works have been previously mentioned,
have presented cxeellent data in the nucleate range. Trends or points of
interest to this investigation will be included here.

(GO .
Berenson® ‘discusses the effect of surface roughness on the nucleate
boiling region. It has long been assumed that a rough surface will produce

a smaller temperature difference for a given power setting than a smooth
surface of cqual size. DBut what does the word "roughness' mean when used
in relation to nucleate boiling? Surface A is rougher than surface B if it

has more likely nucleation sites. Thercfore, rms values of roughness are
not always a reliable indication of "roughness'. This can be verified by the
data presented by Berenson for nucleate boiling. Berenson also observed
that surface roughness does not effect the magnitude of the burnout flux.

Brentari and Smith(l4)present a great deal of information concerning
correlation cquations available today for predicting nucleate boiling curves at
rarious pressures in cryogenic fluids. The authors state that, in reviewing

the available literature and experimental data, correlation equations which

predict q/A as a function of temperature difference cubed arc the most reliable.
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Film Boiling, Olther Surfaces

(6)

Bromley' "has made significant theorctical and experiniental investi-
gaticns of stable film boiling. Bromley' s theory and experimental data
represent stable film beiling from a horizontal tube.

Bromley adinits in the development of his theory for stable film

boiling, that very different situations do occur around the periphery of a

S
horizontal tuke. He makes assumptions which seem to fit approximately
swvo-~thirds of the heat transfer area; leaving out the top and bottom of the
tube. Bromley justifies this procedure by assuming that the greatest part

of the heat transfer occuvrson the two-thirds of the tube previously mentioned.

(25)

DiCicco and Schoenhols have published works showing the effect of
pressure pulsation upon stable film boiling. They used a . 030 inch diameter
platinum wire, which was calibrated as a resistance thermometer, in
Freon- ‘11 for their boiling cxperiments.

The authors state that a substantial increase in heat flux at a particular
temperature in film boiliug is attained by applying a pulsating pressure to the
boiling liquid. Theoretically,in every boiling fluid, there is a certain pres-
sure which wiil completely collapse the vapor film. DiCicco and Schocnhals
applicd an approximately square pressure wave, with the peak pressure
being one-third of the value required for collapse of the film. The lower
limit was aimospheric pressure. Surprisingly the heat transfer rate for the

pulsating pressure was above the rate for the peak pressure at steady state,

The authors also offer data for film boiling at atmospheric pressure.
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Grassmann and Hauser have conducted film boiling experiments

with wires submerged in water.

(27)

Flynn, Draper and Roos have presented experimental data for

nucleate, transition and film boiling from a horizontal tube in liquid nitrogen.

(

Rhea 28)1135 rccently presented data for nucleate and filim boiling from
oscillating spheres to liauid nitrogen.‘ The author suggests the addition of

a vibrational Froude number to the film bhoiling corvelation of Frederking

and Clark to account for the effect of oscillation upon the heat (ransfer per-
formance.

There hnas been a great deal of work done on {ilm boiling from surfaces
other than flat plates. The authors and works discussed here therefore
represent only a cross scction of the literature available.

Other Surfaces

Nucleate Boiling

2

Nucleate boiling is a very cfficient method of transferring heat at
high heat fluxes and low temperatures. Bccause of this, very much attention
has been given to nucleate boiling. For the sake of brevity only a few works
will be cited.

Jcns(z)covers the known facts concerning boiling heat transfer to about
1954. Ile discusses the fact that sﬁch a wide range of nomenclature is used

in the literature to discuss a relatively small number of hmmportant ideas

e s . .
that confusion sometimes results. Jens makes an interesting comment in

conclusion. He suggests that the status of boiling in 1954 was at a stage

where the obvious variables had been sufficiently investigated, and the more
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subtle variables would now be defined and investigated.
(29) : . s
Levy has developed a generalized correlation for nucleate boiling.
"The derivation is based upon hubble growth rate close to the heated surface
and an cmpricial determination of the rclation hetween heat transfer rate
at the heated surface and that at the bubble surface."

o
30 . . . .
( ):md Greif have investigated the different mech-

Engelberg-TForster
anisms advocated in the literature for nucleate boiling and developced cor-
relations for each.

Many other authors have presented correlation equations for saturated
. - ) (31)
pool boiling; one of the most noteworthy being Rohscnow.

The corrclation equations presented in the literature are collected

in Table II.
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TABLE 1I

BOILING CORRELATION EQUATIONS

Stable Filin

5 . 1/4
‘K°. h., p g, ~p)
fe Cvi®1
h = .42% Vi Ig gﬁmm——y‘ (3)
o ATgY = Berenson
Vf cg(pl - p )
A%
/3
Fok®p b glp - p )
. v v fg”"1 v
h = .234 AT & (Gb)
L viZe Chang
Leidenfrost Point
1/2 1/4
(o, - p.) g ¢
' 1 \'4 C
@/A) = .09p (1)
L.P. f + glp, -
voig Lo te glpy -~ py) Berenson
o 2/3 1/3
(AT) = 127 ——8 " v —.“”C*““ Y ] (2)
L. P. I\Vf S| Py é(pl B pv) bc(‘ol - pv) 3erenson
. - 1/4
@/ A) = .177h_ p TR (3)
L P, fg'v . +p ) Zuber
-1 ' v -
Lurnout Point
o mp, 1/2
(@/A). = ,157h. p | — (7
B.P. fg"v LPV(PI + pv) Zuber
r 1/2 1/4
@/ A) = 15.7h fo ] o -p J (11)
B.P. for v 1 A%
3 L Kutateladze




I, EXPERIMENTAL INVESTIGATION

A test plate, constructed from a resistance strip, was placed hori-
zontally in a pool of liquid, and was heated clectrically. Thermocouples
were spot welded to the unwetted side of the test plate, and the same side was
in turn cemented to transite as an inéulating backing. Thus, the fluid was
essentially heated from one side of the test plate only. Direct current power
was supplied to the test plate from a welding generator. For added power
control to the test plate a carbon-pile rheostat was used. A potenticmeter

measured the voltage dvop across the test plate, ¢nd a voltineter was used to

monitor the output voltage of the power supply. A potentiometer in conjunction

with a precision resistor was used to measure the current. An ammeter was
also used to indicate the current. The test plate temperatures and the bulk
temperature of the fluid were recorded on a multichannel recording potentio-
meter.

Equipment_

The main components of the boiling apparatus in the laboratory are
shown in Figure 5. The instrumentation is shown mounted in the console.
The dewar containing the heater and test fluid can be secn on the table. A
schematic of the apparatus is given as Figure 6. This schematic serves as
a listing of the equipment and shows the relationship of the components.

More detailed descriptions of the test sections, power supply and control,

. N 3 41 : 71 11 [
and insirumentation are presented in the following sections.
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FIGURE 5 - Experimental Apparatus

27.



: dn-38g 1801, J0 OVEWAYSS ~ 9 TUNDOLA

. e ONINOVE ZLISNVYL

: | -QINId ISAL HIIM WVMEQ — ] B

o vy U EIVId ISEL
i3 i

o . b |l j-——S¥VE NOIZOAONOD

IVISOZHY FT1d-NOTYEYD \ : HOLSISHY L N
NOISIDENA W
£fWi !rl
WALTARY

dd LWL 100
TYLININELIIA
Y099 AFTALITY

T NALEHOTINGLOA
ONIQNOOTY TENNVHD-TITOR

91 YINOYLOTIZ TIAMAINOH

d¥ 00

[sa’
e iR

GALIRLTIOA

VOLVIENTO

ONICQTEM




29.

Test Sections. The test sections were fabricated in three widths;

oné—half, one, and two inches. The thickness of the test plate was either
.005 or .010 inches depending on the material, and all test sections were
approximately four inches long when installed. The heater materials were
Kanthal A-1 and Inconel-600. The surfaces were roughened by sand blasting
in some tests.
The heater material was cut to a length of approximately five inches.

This allowed one-half inch on each side of the four inch heat transfer surface
to connect the test section into the conduction bars, as shown in Figure 7.

Six thirty-gage chromel-alumel thermocouples were spot welded to the back of
the heat transfer surface using the miniature solid state spot welder shown

in Figure 8. A piece of one-half inch thick transite insulation was grooved
cut to accommodate the thermocouples on the back side of the heater plate.
The transite backing was then cemented with high temperature epoxy to the
metal heat transfer surface. Using this method a heater was constructed
that would deliver heat to a boiling liguid from essentially one side. There
was, of course, heat loss out the insulated side. To account for this, two
thermocouples were placed in the backing perpendicular to the heater surface
and 3/16 of an inch apart. With the resulting temperature difference, and
the value of Kt for transite (.47 BTU/hr.ft.OF), the one-dimensional ’Fourier
Lawwas used to calculate the héat loss. The reference junctions of all
thermocouples were placed in an ice bath for the Refrigerant-11 tests, and

in a liquid nitrogen bath for the nitrogen tests.



FIGURE 7 - Heater Assembly
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FIGURE 8 - Thermocouple Spot Welder

31,
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Power Supply and Control. The power was suppliced to the heat transfer

surface by a Lincoln 300 ampere direct current welding generator, as scen in
Figure 9. Number 2 welding cable carried the power to the conduction Lars,
which held the test section. The power delivered to a typical heater is displayed
in Figure 10. The output of the welder was controllable at the welder by
adjusting a fine and a coarse setting. This power supply had sufficient capacily
to destroy all of the heaters tested. At the lowest setting, the welder would
deliver approximately 42 amperes to the test section. It was thercefore
desivable to add another source of power control in the line. This was
accomplished by adding a one thousand watt carbon-pile rheostat. The carbon-
pile rheostat was a satisfactory method of controlling the current delivered to

the heater, especially at low power secttings.

Instrumentation. As previously mentioned, the output of the power

supply was displayed on a Weston veltmeter and a Westonp ammeter.  The
voltage drop across the heater was measured with a Kceithley 6G0A diffcrential
voltmeter capable of measuring voltages to five significant figures. An
attenuated voltage signal was then fed into an Electronik-16 potentiometric
multichannel recorder. The voltage drop across a Weston precision resistor
was fed into the recorder to give a record of the current through the test
plate. Figure 11 shows a one-half inch heater in position in the dewar. The

thermocouple wires can be seen coming out the top of the dewar. The eight

thermocouples associated with each heater plus the bulk temperature thermo-

couple were fed into the recorder.
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JUuL . 67

FIGURE 9 - Power Supply
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FIGURE 11 - Heater in Dewar



Procedure

The heat transfer surface was cleaned with acetone, and ihe instrumoent-
ation was turned on to allow a sulficient warm-up prior to each test,  The heater
and conduction bar assembly was then placed into the {illed dewar,  All of the
clectrical and thermocouple circuits werce checked, and alter equilibiium had
been reached the welder was turned on at its lowest setlting. The welder was
turned up in small increments until the burnout point was passed ond the system
went into filim boiling. The system was obscrved, and when cquilibicum was
reached a data sot was taken. The welder output was decveascd in sian]l
incremaents, and a data set obtainad at cach stable point, until the minianun
point was reached. The welder cuiput was increased in small incremaents
until the test plate was at a predetermined maximum temperature or until
destruction of the heater occurred. The power was shut offl and the heater
assembly was inspceted for separation. If it was in good shape, the above
process was repeated.

The following itemms were token at each data point; the six plate
temperatures, the bulk temperature, temperatures in the backing for the
calculation of heat loss, and the current through and voltage drop across the
test plate. Figure 12 is a typical recorder output shect. All of the items
previously mentioned that were necessary in the caluulations can be scen

. . N Sete {1 ey 9
in this figure. Tuble I is a list of the tests that were run.

The reduced data can be found in Appendix B. The tests are
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e LABE NO,

(DATE)

529

704
706
711
17
718A
718B
719

721

TABLE 11

LLISTEING OF WESTS

| MATERIAL | _SUZE.

Relvigerant-11
Refrigerant-11
Refrigerant-11
Nitrogen
Nitrogen
Nitrogen
Nitrogen
Nitrogen
Nitrogen
Nitrogen
Nitrogen
Refrigerant-11
Nitrogen
Refrigerant-11
Nitrogen

Refrigerant-11

A

Kanthal A-1

Kanthal A-1

Kanthal A-1

Kanthal A-1

Tnconel- GO0

Inconcel-600

Kanthal A-1

Inconel-G00

Inconel-600

Kanthal A-1

Kanthal A-1

Kanthal A-1

Inconel-600

Inconel-600

Inconel-600

Inconel-G00

sk A tin < meva 4 aees L n e

1.0 inch

1.0 inch

1.0 inch

1.0 inch

2.0 inch

2.0 inch

1.0 innch

2.0 inch

2.0 inch

1.0 inch

0.5 inch

1.0 inch

0.5 inch

0.5 inch

1.0 inch

2.0 inch

e JJEATER

[95]
.

FINISH

5-8uin, rms.
rms,

5-&tin.

5-

Quin. rms.
5-8uin. rms,
Mirvore inish
Mivvor Finish
5-Cuin, rms,
Mivrvor Finish

Mivror Finish

sand blasted
40-£0uin. rms,

5-8uin. rms.

sand blasted
50-S0pin, Tms.

Mirror Finish
Mirror Finish
Mirror Finish

AMirvror IFinish




1-6 PLATE TEMPERATURES
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8,9 BACKING TEMPERATURES

BULK TEMPERATURE.

FIGURE 12 - Typical Recorder Output
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arranged in chronolegical order with the test number actually ceflecting the
date of the test. Important information concerning cach test, such s reference
junction fenipevature, fluid, heater material, size and surface {inish can be
found at the top of each page. The run numbers within cach test vun consce-
utively with each stable film boiling point obtained. -

The average of the six heater thermocouple cemi' s was obtained and

converted to the average heater temperature, T, using the National BDuicau

h’
of Standards Civcular No. 561. The average bulk temperature was obtained
in a similar manner. The millivolt outputs from the thermocouples in the
insulated backing were converted to temperatures and subtracted to get the

temperature drop in the backing.

The expression for the pcwer supplicd to the test scction is as [ollows;

1AV

(/A) supplied = A (3.4129) ,

The heat loss through the backing is calculated using,

(4/A) loss = K. AX ’

where X = .47 (BTU/hr,ft,oF). The heat flux associated with boiling from
K.=-

the flat plate was obtained by subtracting the heat lost out the backing from

the power delivered to the test scetion. The heat transfer coceificient, h,
was obtained using the standard relationship

_ @/
h o= =



IV, RESULTS.

General

Two test [luids were employed in the experiments, vefirgerant-11 ond
nitrogen. There are significant diffevcnces in the chavacteristics of these
fluids, therefore, the results of tests in cach fluid will be presented sepavately.

Refrigerant-11. Figures 13, 14 and 15 show the heat flux results of
the 0.5, 1.0 and 2.0 in. wide Inconel horizontal heated surfaces, vespectively.
In Figure 13 the data taken in vun 718B on a 0.5 inch mivrov [inished Inconel
surface is displayed. In Figuce 14 scveral runs arce displayed. Runs 529,
€03 and 605 are for smooth, 5-84 in. rms. 1.0 in. Kanthal hocizontol vuefoces,

Also included in Figure 14 is run 717 for a sand blasted; 5004 in. rms, 1.0

a

in. Kanthal horizontal su.fface, and heat flux data from Tlosler and Westwater,
In this figure as in several others presented different heated sueface materials
were used on different days and good reproducibility of the data was obtained,
The physical set-up of the experimental apparatus did not lend itself to inves-
tigation of the film boiling curve near the Leidenfrost point as presented by

Hosler and Westwater. But the trend indicated by the Ilosler and Westwater' s

i : , * the larger eratur
data agrecs very closely with the data pr esented over the larger temperature

. - . ot 4 als Jor
range in this investigation. The trend as suggested by the data of Iosler

and Westwater is slightly to the vight of the best fit curve for the data presented

. . A N o ~F NN a0
for the 1.0 in. heated surface. This is to he expectied, because of the larger

heated surface used by Hosler and Westwater. This will be discussed more

fully later. The data as presented in Figure 14 including the roughened test

1)
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has an average deviation of 5.28% from the best polynomial fit. Roepresontative
results from the application of the least squares method for the best poly-
nomial fit to the data can be found in Appendix C.

Figure 15 displays the heat flux results for a 2.0 in. wide Inconel
heated surface with a mirror-finish. The average deviation of the data from
the best fit polynemial curve is 0.35%.

Figure 16 is interesting for scveral reasons. Prescnted in FPigure 16
is the heat transfer coefficient results for 1.0 in. Kanthal horizontal suelaces.
Also included are the plots of the correlation equations of Chang and Berenson,
and the data of Hosler and Westwater., Again the data presented vevifies the
trend suggested by Hosler and Westwater. In considering this figure it should
be noted (hat the correlation equations of Chang and Berenson ave fov infinite
horizontal flat plates with the cffect of radiation not included. The cifcct of
radiation was not considered in the presentation of the data sct forth in Figure
16. But the offect could be qualitatively realized by rotating the best fit
curve clockwise about its left end slightly., With this in mind it can be scen
that the cquations as sct forth by Chang and Berenson, when applied to
refrigerant-11, form good upper and lower limits to the actual results. The
data presented has an average deviation of 5.26% from the best polynomial
fit curve.

Ficure 17 includes the data from runs 71813 and 721 for 0.5 in. and 2.0
igur )

in.wide mirror-finish Inconel surfaces. The heat transfer cocfficient results

are presented in this figure.
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The data in Figure 18 is presented somewhat differently than that
usually found in the literature. Included in the presentation is the heat transfer
cocfficient versus heat flux for 0.5, 1.0 and 2.0 in. wide heated surfaces.
This type of plot is significant when a power controlled heat transfer clement
is used, as was the case in this investigation. 7The best polynomial (it curves
are included for each of the threc widths presented. The average deviations
for the 0.5, 1.0 and 2.0 in. wide heated surface data are 2.06%, 3.32¢ and
0.23% respectively.

Nitrogen. Figures 19, 20, and 21 show the heat {lux covults of the
0.5, 1.0 and 2.0 wide Inconel horizontal heated surfaces, vespectively.

Tn Figure 19 the heat flux vesults for run 718A are presented. It can be scen
that the first three data points do not correspond with the general trend of the
bulk of the data. They were not included in the hest [it coleulations bececause

it is believed that air was entrained upon the heated surface during the

(1) . -
beginning of these runs, causing the high heat flux values. The other data

has an average deviation of 3.01% frem the be st polynomial fit cuarve. In

Ficure 20 the heat flux results for a 1.0 in. mirror-finish Inconel horizontal
=) . x -

surface are presented. Notice that the only difference between the heated

surfaces described in Figures 19 and 20 is the width. Again the first five

data points in Figure 20 do not correspond with the trend of the rest of the

data and were not included in the best fit calculations for the reason previously

mentioned. These points and the oncs discussed in Figure 19 suggest a trend.

: . ) . ) 3 ations the average deviation is
For the points included in the best fit calculations the ¢ ag



SFFER COEFFICIENT, H

HEAT TRAN

sQ FT °F

BTU/HR

100

T\‘

_ %7 RUN 718B (% IN. WIDTH; INCONZL;

MIRROR)

- (O RUN 529 (1 IN. WIDTH; KANTHAL; Z-00TH)
80;: ] RUF 803 (2 IN. WIDTH; KANTHAL; S#OUTH)

L/ RUN €05 (1 IN. WIDTE; XKARTEAL; SHOUTE)

L {3 RUN 717 (1 IN. WIDDH; KANTHAL; SAND DLASTED)

{,._ (O RUN 721 (2 IN. WIDTE; INCONZL; MIRROR)

|

60

L

VARIASLE

20

xrb—.—-

L MRS TR
- Aok AL

FIT CURVE

VERAGE OLVIATICN:

AXINUM DZVIATION: 7

— BEST
i
N

s

\
O \_pmst 17 comvn
AVERAGL DEVIATION:
MAXINUM DEVIATION:

CURYE

.
1

- TLUID:  BEPRIGERAND-L: AVEZACT DEVLIATION:  0,23%
¥ 3 . Y, 3 ) - . - - o
TEST ¥LUID: EZFRIGERANT=-11 BANINTHY DEVIATION: _0.30%
—  EEATED SURPACT:

——

. ~

3
-7¢%

HEAT

r ~,
2 S

-

FLUX, G/& - BTU/HR SQ FT x

! I

4 5 6 7 8
o4
vV

FIGURE 18 - H versus ¢/A for R-11 on Horizontal Suriace Showing Heated Surface Size Effect

W
O



100,000 —

— ’:‘ TEST FLUID: NITROGEN
L i —_—

80 ’ 000 E HEATED SURFACT:
:}:; ! MATERIAL - IKCONEL 600

50,000 — ¥ - 0.5 I P

FIRISE - KIRROR e

BTU/HR
r
&

40,000 — o

< & <& N BEST IFIT CURVE |

, o) AVERGE u“.u.A’“IO\I 3,018 |
a o UATIUM DEVIATI 5.86%

H ’/
e 20,000 — |
D §
— ?
' D ORI
— } & rgn pnla b . |
< i :
L | , |
= 10,000 b— L | S RN SRR R S N

20 £00 cCC 800 ;000 1200 1400
TEMPERATURE CIFFERENGE AT - V&

FIGURE 19 - Heat I'lux Resuits for \ on 0,5 in. wiuc Inconel Hiorizontal Surface

‘6



BTU/HR SQ FT

-

Q/A

HEAT FLUX,

100, OOO

80, OOO

60,000

[T [MTTFIT

40,000

.

20,000 —

< v [A PRV Forv
EX.TID SUDTACT:
.,““i::j: “uL I:’C\“a&‘d 6\1,\0
l:::l - .L.O .s
FIHISE - HIESOR /,
/ ©
o
o
009"
o /O/G
© o
S) Q/At,\
SN -~ ™\ -BEST FIT CURVE
AVERAGE DEVIATION: 2.45%
o) o MAXINUHM DEVIATION: 4.66%
-7
© o 719 (r

10,000
200

400 800 300 1000 1200
TEMPERATURE DIFFERENCE, AT - OF

FIGURE 20 - Heat Flux Results for N2 on 1.0 in. wide Inconel Horizontal Surface

‘04



2.45% in Wigure 20.

Figure 21 is a presentation of the heat flux results for 2.0 in. wide
mircvor-finished Inconel horizontal heated surfaces. One of the hedters tested
was cycled repeatedly from nucleate to film to nucleate ete..., with the
darkened points obta'med‘on the last return to film. It is belicved that the high
heat flux values observed for these three points were due to a small separation

of the heat transfer surface [rom the backing. The rest of the data has an
average deviation of 1,738% from the best polynomial fit.

Figure 22 gives a comparison of the hest polynominl fit cuvves for the
0.5, 1.0 and 2.¢ in. wide mirror-finish Inconcl horizontal heated suvfaces.,

Figure 23 and 24 present the results for 0.5 and 1.0 in. wide smooth
Kanthal horizontal heated surfaces.

Figure 25 contains the heat flux results for a 1.0 in. wide Kanthal,
sand blasted, 40-60p in. rms., horizontal heated surface.

In Figure 26 all of the heat flux results for the 1.0 in. heaters in
nitrogen are prescnted. The best polynomial fit was applicd to all points
excopt the ones representing the roughened surface. Theaverage deviation
of the points included from the best fit curve is 5.01%.

In Figure 27 the results with a 2.0 in. wide Inconel horizontal surface

with the heated surface facing downward, are prescnted. For coimparison

the best fit curve for a similar heater with the heated surface facing upward

is included.
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Figure 28 contzains the heat transfer cocefficient results for the 0.5,
1.0 and 2.0 in. wide Inconel horizontal heated surfaces. Included for comparison
are the predicted results as presented by Chang and Berenson. Devenson's
cquation scems to serve well as a lower limit to the heat transfer cocefficients
that can hbe experimentally cxpected.

Figure 29 presents the heat ti:ansfer cocfficient versus heat flux results
for the 1.0 in. wide heated surfaces. The results for the roughened surface
are included for comparison, but net in the best fit calculations.  The average
deviation of the points included from the best polynomial fitis 4.01%

Figure 30 shows the heat transfer cocfficient versus heat Tux results

for the 0.5, 1.0 and 2.0 in. wide Inconel heated surfaces.

Correlation With Modified Berenson Equation

Jxamination of Figures 16 and 28 display a favorable trend for the

Bevrenson correlation equation in two fluids of very different nature. The

\ te 3 1, . .
Jerenson cquation does not include the effect of radiation heat ta ansfer to
the vapor film. Brentari and Smith have published radiation heat transfer

rates for nitrogen. (14)Using these values, the 2.0 in. heat flux curve in

Figure 22 was adjusted for radiation loss. The heat transfer coctlicient

shown in Figure 31 results from this adjustment. Although this data still

sauation a slight ification of Berenson's
does not agrec with the Berenson cquation a slight modific H 1

- . 1 Qe INno
ici fOS o excellent correlation.  The resulting
coefficient from .425 to . 512 results in exceller

equation is therefore;
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- Modified Berenson Equation
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This is a justifiable modification, since the original value of Bercenson' s
coefficient was not obtained as part of his thcoretical derivation, but was
obtained from existing experimental data.

Effect of Surface Roughness

Several theoretical investigators have stated that sucface roughness
, , - (10), (14), her of
should not affect the stable film boiling curve. They further state
that the important reason that the roughness cannot hiave an coffcct is hecause
the liquid never touches the heated surface in stable film boiling.

The 1.0 in. heated surfaces used in this experimental investigation
have the width dimension only approximately twice the value calculated for
the most dangerous wavelength. Therefore, according to Taylor Instability
Criteria (see Appendix A) therc exists the possibility that the vapor film
Will not be uniformly supported in this direction, and the boiling liquid

£, vttt . Cioure © for
may occasionally touch the heated surface. Investigation of I'igure 26

1.0 in. wide heated surfaces suggests a possible roughness cifect. The trend
observed is oiaposite to that expected, if any was expected at all. It is sug-
gested that the roughness acts as a holding agent for the vapor film, and
actually helps support it in the width direction; therefore, accounting for the
reduction in heat flux as compared to a smooth surface in nitrogen.

Ficures 14 and 16 show that no surface roughness cffect is observed
Figu )
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in refrigerant-11. It was obscrved in all vefrigerant-11 tests thot a deposit
formed on the heated surface early in the test.  This deposit would cover the
roughened surface and make its outer appearance identicnl to a mooth
surface with deposits. Therefore, the boiling results are, as expected, the
same for roughened and unroughened surfaces in refrigerant-11.

Effect of Surface Size

In the literaturc it is generally accepted that a flat horizontal plate can
be assumed infinite for a particular fluid if its smallest dimension is greater
(Y -
than ten times the most dangerous wavelength fov the fluid, © “The 0.5 and
1.0 in. heated surfaces cmployed in this investigation are vwell below (his
lower limit, and therefore a surface size effect is expected similar to the
diameter effect which occurs with cylindrical heaters, Investigation of
TFigures 16, 17, and 18 for refrigerant-11 and Figure 22 {or nitrogen will
suggest a surface size cffcct. This cffect is possibly exaggerated by the
one~dimensional method of calculating heat losses out the insulated side of

the heated surface.

Lffect of Surface Material

ich i S Kanthal heated swrfaces
Figure 26, which includes Inconel and Canthal heated s ,

displays no surface material effect. Theoretical investigators have p redicted

‘ ol ¢ ilim boiling.
that such an effect should not appear i stable filin boiling

Effeet of Surface Ovicntation

\ rit vater turned face dovwnward
In Figure 27 the results of a test with the heate

¥ i : .imilar heater turned face upwards
are presented. The best fit curve for a sin ile
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is included for comparison. By turning the heatev upside down the gravity

L1 b O < s R . .
vector has been rotated 180 5 this figure therefore indicated a gravity effeet
also. There is a definite effect and no attempt is made here to explain it;
but only to observe that it did indeed occur, and indicate that more work is
needed is thisarea before a true understanding can be achieved.

Effect of I'luid Propertics

The density, viscosity, surface tension, heat of vaporization, and
thermal conductivity are all fluid propertics which affect boiling performance.
No theoretical analysis could be completed withont a proper vnde retonding of
the cffect of these properties on the hoiling phenvmenon. Investigation of
the thermophysical properties for refrigerant-11 and nitrogen in Appendix D
will justify the similarities and differences observed in the hoiling chavacteristics
sted that the mwodified

of the two fluids as presented in the results. It is sugge

Berenson cquation takes best account of the important boiling parameters.

Experimental Accuracy

Some crror must be tolerated in all experimental investigations.,  This

investigation was no exception.

is t ind > we dircet attachment of
One source of error is the induced emf due to tl

i 5) ; -
-3 2 Lyl ““ N \l. ]]l
”l ‘n our 1 ay )1 - 1 ],i :all:’ h(‘ﬂ.t(“d pl;)vte. NO Cr1Ior occ urs lf “l(_ th(, (@]

¥ s N 3 37t 1) ar inite 1 *iy‘e
couple junctions are points. However, the thermocouple junctions ave finite in's

. he i -as originall
and therefore a voltage drop is present across the junction. Itwis oris y

) wpoerimental investi-
planned to correct the data for the induced signal. An experimental

. M~ Q] e e qt a
i i i : ade by reversing the cuvrent ¢
gation of the magnitude of this emf was m y
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given equilibrium point and yielded a good indication of the ervor for a single
thermocouple. However, because of different orientations of the thermocouples
as they were spot welded to the heater, no single calibration or corvection
curve could be obtained. It was also obsecrved that the errors were somewhat
self-cancelling duc to random attachment of the thérmocouple junctions. It
was therefore decided that,for this investigation, any crror due to the induced

emf would be accepted and its maximum value veported. The resulting
. RPN I
average temperature of the test plate could be in evror by as muchas 50 F,
although this is neither known nor expected to have Leon the case. The expected
error is less than this value,
The "average" plate temperature usced was the simple avithemetic

average of the six thermocouples attached to the plate.  Beeause of the relatively

o ,
L L . v . - AT e neater
large temperature variation with position (on the order of 100 T7) on the

4y ‘s Thig : may ~oprese he imean value
under some boiling conditions this avcrage may not represent t :

of the surface temperature.

ite ins ion ! ing was detcrmined by
Ileat loss through the transite insulation backing was det y

; . : Sy et .ounles as a heat meter. The accuvacy
instrumenting the backing with thermocouples as a het

. s ihrouo king decreases as
of this method of determining the heat loss through the backing decree

. . . srature locations (essen-
the width of the heater decreases. Using three temperatu (

: ‘adicate : * the 1.0 an
tially two heat meters in series) in the backing indicated that for the and

i - > (434 1.‘01“
. . . T snts weve accurate to 10%.
2.0 inch wide heaters. heat loss measuremen

te threoo-dimensionol temperature
future work with half-inch heaters a complete three dimensionel temy

o swminati his
i it : i ~de - accurate determination of t}
profile within the backing will be needed for accu

heat loss.



68.

Precision instruments were used for measuring the current, voltage
drop across the test section, and thermocouple emfs., Errors introduced
because of the limitation on accuracy and readability of these instruments were
small compared to the errors introduced by other factors as mentioned

above.
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CONCLUSIONS AND RECOMMENDATIONS

It is concluded that:

1. There may bé a surface size and roughness cffect in stable filin Loiling
for horizontal heated surfaces with one dimension near the most dangerous
wavelength.

2.  The heated surface material does not affect the stable {ilm boiling vegion,

2.  The orientation of the heated surface with respect lo the g vector does
affect boiling performance in the stable film region.

4.  Film hoiling performance for horizontal heated swrfaces coa he pecurately
predicted using the modified Bercnson cauation (12.

5. The heat transfer cocfficients predicted by Chang' s cquation =erve as an
upper liwit to the data observed in refrigerant-11.

It is recommended that:

1. TFurther work be performed with soveral fluids in all arcas reporvted lo

further verify ihc data, especially with the heated surface facing downwa rd.

with the pre=cnt apparatus

")

A drop test apparatus be designed in conjunction

to test the coffect of reduced gravity fields on stable film boiling.

3.  The apparatus be modified to study the effect of oscillation upon the

stable (ilm region.
strumented to study burnout phenomeron of

4. The present apparatus be in

low thermal capacity flat plates.
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APPENDIX A

DISCUSSION OF APPLIED HYDRODYNAMICS

Hydrodynamics is a branch of physics which deals with the problems

iy . Cx . 10
associated with fluids in motion. Several authors, such as Bm‘onson,( )

RO ) B 8 .
Chang' “and Auber,< )have drawn upon different phases of hydrodynamic theory

to arrive at models to represent film boiling from a tlat plate.  The fact

that solid-vapor and vapor-liquid interfaces coexist in {ilm boiling makes

“)

the problem very interesting. Berenson’ 'and Zuber have also investigated

the application of hydrodynamic theory to the transition hoiling region, where

(H

a triple solid-vapor-liquid interface has becn proven to exist.
The following is a brief presentation of the ideas, assumpticns, and

to 2 lesser degree the mathematics set forth in the literature concerning the

he huripout point and in the stable

(h)
will draw upon the works of Berenson,

application of hydrodynamics to boiling at t

filim region. This presentation

(8) (7

Zuber, " "and Chang.

Taylor ~ Helmholtz Instability

V(3 X
(32) ()G)WRS the first t

Taylor o study the problem of a liguaid vapor inter-

face subjected to small sinusoidal perturbations. Taylor visualizes a {luid

: ‘p : of - avier id is above the lighter
of density pl cxisting at an interface. The heavier fluid is abo 4

Tai . .3 ine ¢ oravity and also an
fiuid (,92> p.). DBoth fluids arc expel iencing the pull ov gray ity and
1

e 1
. . . N (5 < H - IR N ay ~''s
added ncceleration in the opposite divection. perenson interprets Taylor

the acceleration 1s it ccted from ihe lighter to

resulis to state that, when

. . . ; face will periodically
the heavier fluid, an instability will exist, thatis, the inter face will peric i



rupture with time. Hosler and West\vater(ll)say that Taylor' s results show
that, when the acceleration is directed from the heavier to the lighter fluid,

an instability will arise. There seems to he some question on the interpretation
of Taylor's results. The present interpretation is that there are two acceler-
ation facters of importance, the acceleration due to gravity and an aceceleration
resulting from the buoyancy effect of the lower fluid.

In the literature scveral terms associated with a discussion of film
boiling, such as critical wavelength, most dangerous wavelength and criteria
for stability, are at best not universally or uniformally applicd rnd under=tood,
Possibly it is unfortunate that the name Taylor Instability has come into wide
use, hecause this instability must exist in order for a system to operate in
stable film boijling. That is to say that stable film boiling is characterized by
the mathematics of Taylor Instability.

The basic mathematics of hydrodynamics for two phase interfaces

Do 91
(.).i) s (-) t

Subjected to small perturbations can be found in scveral texts. The

. . B . arp iQ oot h
usual assumption is made that the liquid-vapor interface is subjected to the

following small perturhation:

N = N e_mtcos mx (A-1)
0

where the wave number is defined as follows:

(A-2)

L 2
m 7\

By making the appropriate simplifications applicable to a two phase interface

. . . i equation yields
above a flat horizontal plate, the irrotational flow kinematic equationy

- ] Li11ati " the interface:
the following frequency equation describing the oscillation of the intei



-3
o )
-

W T e - e — (A-55)

This equation assumes that the effect of vapor velocity and depth are nedigible,
The condition for stability is that w be real. Inspection of the interface

cquation shows that when wis imaginary the oscillation will grow with time

and the interface must rupture. Therefore, the left hand side of equation

(A-3) is set equal to zero to find the range of instability.

3
8o gl mem
PytP, P+ by
1/2
[g by Py 2
m == — =
o A, and
gc
therefore the critical wavelength,
2
2 “c . g )
A oz Vi ——“—_:-“—_ ("\~‘1
C g (pl pv) .

. e dig tween the antincdes of
The term wavelength as used here means the distance hetween thic

i ; py ’ > ! ~elease arcas.,
vibration of the interface or the distance between the hubble release

Examination of the above criteria for stability yiclds the fact that wavelengths

~lenei i iling fr a flat
longer than A cannot exist in a system experiencing film boiling from
c

. serease. and the
plate. Tn stable film boiling the W velength and amplitude decrease, an

. . . . e riscs. There is a continuum
frequency increases as the surface temperature T1S¢

: i ] v wavelength
of wavelengths that can exist in stable film boiling, but only one sth,

has the maximum growth rate. fhus, the

the most dangerous wavelength,

derivative of w2 with respect to m is taken which gives



3g 1/2
A, =2 | —2 T ; (A-5)
d _ 9 AT
g (pl PV)
therefore,
NG
}\d V3 }\c .

Hosler and Westwater have shown experimentally that the minimum
wavelength present at the Leidenfrost point is )\C, and the average wavelength
present is )\d. With this in mind an experimentor could design a flat strip
heater to have a minimum point in stable film boiling at any desired position along
the film boiling curve fbr an infinite plate.

Fluid properties have a significant etfect upon )\d' Property velues

used for Refirgerant-11 and Nitrogen are listed below:

Nitrogen Refrigerant-11

Py 50. 44 #m/cu.ft. Py 91.3 5#m/cu. ft.
pv = 0.225 #m/cu,ft, pv - 0.307 :"fm/cn. {t.
o =5.67" 10—4#f/ft v :1.30 " 10_3#f/ft
Ad = .439 in. ?\d = ,491 in,

The density and surface tension of the liquid were taken at saturation
S w »valuate sing th
temperature for the liquid and the vapor density was & aluated using the

. 4. -
perfect gas law at the average film temperature.

Berenson has greatly expanded this Taylor Instability theory to develop

equations (1) and (3).

. . . SNt K S\ € m
It is interesting to think about what is actually happening to a syste

in film boiling at the Leidenfrost point. At this point the surface temperature



is just sufficient to generate enough vapor to support the interface =t the
existing wavelength. An understanding o f the transition region can be
developed with this simple model. If the temperature is lowered to <lightly
below the Leidenfrost point, hydrodynamic cffects demand the breali-up of the
vapor film, but the temperature is too high to allow stable nucleate Hoiling and
transition boiling occurs. In the {ransition region the vapor generoted is too
large for stable film boeiling to exist and too small for nucleate boiling to
exist continnously at any given point.

In conclusion, a brief discussion of the physical hoiling phenomena
governed by Helmholtz Instability will be included. Zuber has extensively
discussed the floodirg effect which takes place at the burnout point. This
flooding effect is mathematically described with the application of 1L-linholtz

Instability Criteria. In the nucleate region at high heat fluxes colvimns of

e . . Ve O ! valer roes up
vapor form in the boiling liquid. As the temperaturc of the heater D

£ -
H 2 ¥ Y3l -1.7, ).I“v\s\
more and more vapor is being carried away from the heater surface; therciore

. ) o b eninet o
the columns of vapor become larger in diameter and begin to rub agninst one

: - d wi apor columns
another, At the burnout point the surface becomes flooded with vapo ,

i > the columns cause
and the relative velocity and surface tension effects of the col

N s { OO Am
i 7 - blank If the system were tempel
them to coalesce into a continuous vapol blanket. he sy

aad film boiling as the
ture controlled it would oscillate hetween nucleate aad tibm o A

point. It is with the

o ‘nout
temperature was increased slightly past the bur

: 1t 7uber has developed caquation
mathematics associated with these ideas that Zuber has pe

(7).
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ECILING RESTARCH DATA AND

TAILIE IV

Ri5S

CLTS TABULATION SHEET

TEST NO. (Date) 529

FLUID Refrigerant - 11

AVBIENT TLMPERATURE

82°F

REFERENCE JUNCTION

Om

I

Kanthal A-1

Room Temperature, 82

HEATER Material: Size: 1.0x4.125%0.010 Surface Condition: Smooth;5-844in. rms.
‘? 't ‘ i 3 g
‘ ’ 5 f | 5 3 |
i ? | 5 ; i : ,
‘ Current ?: zi ; | j | |
i ampercs P118.1 1 144.4 1 131.8 116.4 ! 105.5 ° j |
b . % E J | f ; !
SVo;tage Drop across Heater i ! ‘ ! : ! ‘
] : ! ‘ { t : |
{ volts ;3,13 . 4,19 1 4.03 3.60 | 3,28 | ! | !
: : \ : } T H
1 : : | | i | |
| Average Heater Temperature, Ty : ; ' | t ; %
o : i ‘ PR ; ¢ !
i ‘ © 1106 ! 1452 | 1276 1106 948 | i ;
| i | | |
: Average Bulk Temperature, TB : { { % i i !
T j 75 75 | 75 15 75 . ;
| ? | ? | ; ; ;
i Temperature Drop in Backing ; 2 ; i ; | ;
. — 4 ) - t P i ’ |
Lo (g4 4 2e2 i 179 126 i 103 ! | ;
! : 3 E : ! | z :
: Power Supplicd to Test Section ] 5 § ; i . g E |
- R S 1 ! : : : i { i i
Btu/ar sq ft { 44,100 | 72,000 63,100 49,900 . 41,200 ! | !
EHeat Loss through Dacking : . | i ; ;
. Btu/br sq It {3,730 | 6,678 . 5,38 3,790 3,098 5 ;
k ' ‘ | l % 3
. Temperature Diffcrence, AT : ! i
LoF Ty - Tyl 1,031 + 1,377 1,201 1,031 $73 i
! . — —— ‘ ‘
| Boiling Heat Flux, Q/A ; | |
| Btu/hr sq It L 40.370 65,322 57,716 45,110 33,102 : |
) . e : I
' Heat Transfer Coefficient, h | 5
[} N . - -
' Btuw/nr sq It °F 2615 A 43,05 L4 T2 L3, 54 :
‘ —— - —a & ————— . i v o ————— e - - .- — e —— e e —— 4 — ——

62



1 A\lkl.l‘yi\

B I AR Y 2

BOILING RESEARCH DATA AND RISULDS CASULATION

o

TEST NO. {Date) 603 AMBIENT TEMPERATURE  80°F REFERENCE JUNCTION  32°F

FLUID Refrigerant ~ 11

HEATER Material: Kanthal A-1 Size: 1.0 x 4.17 % 0,010 Surface Condition: Smooth: 5-8 4 in. rms.

g ‘ | i | : i }
i i | i ! ! i
Run No. ; o ; | . ; : :
1 2 i 3 b ! 5 ;
Current : 3 i ; 5 j i
amperes ; i i : f i !
i_125.4 ! 112.3 ! 102,0 ' 95,6 ! % !
g B i : i i '
Voltage Droy across Heater : ; | % ; | |
| 1 H : : ‘ ! ! ‘
VoitTls 3 H i : H j
g i 3.36_ 1 3,03 | 2,771 2,61 | ? ! ] !
J ~ f T ; f Y > 8
- : : - ' : | i
%Average ficater Temperature, T, 3 ? § i | : g
o Iey A ! H | H I
£ H : i 7~ : H P
{ i 1000 878 | 765 693 | i
! 4 [ ) i ; :
H o N v . { A
i Average Bulk Temperature, T ; ' 5 : | : ?
L oew B | ‘ | f - E
Pt ! 75 75 | 75 ¢ 75 | : L f
; : { | j ! ! : ; i
i Teaperature Drop in Backing : | i ! i i ' f ;
L op ] =. | o I | ;
| ) 289 | 285 | 223 . 166 | : :
) ' B i i } . e
| - . 1 ! ] ; i t : :
iPower Supplicd to Test Section ; | i ; 3 ; ; ; §
Ly [ . Ea3% 3 ! : - ) . i ' !
i Btu/hr sq It 149,100 | 39,700 . 32,800 : 29,100 i ; : :
| . , ; ' : ' | | | |
| Ecat Loss through Backing i § ‘ , ‘ : ;
N -~ A L4 , - H - v 1 i
| Btu/nr sq I3 9,260 | 9,140 ' 7,150 . 5.320 : ;
: * ! '
! s on m ! . {
| Temperature Dificrence, LU _ ; i
A N - ~ ~ . - ~ i
foex (2, - Dy 925 805 KON 018 : ;
. 9 | '
" Boiling Heat riux, /A i : .
b Bitu/nr sy it 39,540 30,550 25,5650 25.7a0 '
| Heat Transfer Coefficient, h . S
[ -~ -~ s~ o7 <A PPN A
| Sow/or og ST % 43.1 35,9 37.2 0 3o.d . :




TEST NO. (Date) 605

Z2OILING

RESEARCH

PR N RN

DATA AND

\l‘

RIBESULTS TABULATION SHERT

rms.

it e B e

302

AMBIENT TEMPERATURE 80°F REFERENCE JUNCTION 32°F
FLUID Refrigerant ~ 11
HEATER Material: Kanthal A-1 Size: 1.0 x 4.17 x 0,010 Surface Condition: Swooth; 5-8 4in.
; : ; ‘ i | : 7 (
! 2un No : % % é | | |
| nn No. § 1 ; 2 { 3 : 4 5 % 2 |
¢ ¢ i : | : !
! Current : ; | | : { ;
| ampercs i ! i | ! 3 {
g Slpels i 125,0 ¢ 120.0 1 109.0 :__100,0: 93,0 ' ! !
| 4 i ; ; ; ; !
iVoltage Drop across Heater : 1 i : § !
1 - L ! E : 1 i
| volts . 3.36 1 3.21 | 3,00 2.70 _ 2.50 ! ;
4 i : % { |
iAverage Heater Temperature, T, ; % ! § % i
oo s K ; i - J {
P ;1019 ! 990 | 878 ! 756 705 ; ;
{ ; | : : | ;
iAverage Bulk Temperature, TB ; ; & » i i
§ i i i
P CF : 75 | 75 | 75 | 75 75 | !
- { 5 i ' i !
| } ; '
i ' :
| |

s

1
H
H
i 245 185 165 ‘ |
5 : G é i ]
' Power Supplicd to Test Section ] ; § : :
2tu/nr £ : f ! . : ' ! !
| Btu/nr sq £t ! 48,900 | 44,300 ; 38,100 . 31,400 27,100 | ;
“' 4 i : i i ’
%Heat Losc through Backing : ; § g ! i
{ Bww/ar sg Tt ¢ 10,100 | 9,680 & 7,850 5,040 5,290 | | :
: ’ ' . ; 1
1 E H . ' , ‘
4 N N H ' '
| Temperature Diffcrenci, T : ' | , : :
i n ] 3 . o e - ! i
| ez (7. - 75) S 915 503 651 530
. ad -~
| Deiling Heat flux, /A 3
{ Bou/hr oq §3 37,800 33,800 : 28,450 23,220 . 19,340
i teatr Transfer Coefficlent, n : |
! : s 07 . ' .
1 Biw/ar sc It °X 4 L - ' . :
! / i 0 39.9 37.0 35.5 35,1 31.0 :
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DATA
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BARCI
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1o
Lnal.
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4

EOILING
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621

Nitrogen

TEST NO. (Date)
LUID

™

Py

] 5 e L~
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TEST NO. (Date)

BOLLING RiCSHARCH DATA

AND Il

ULy

U LATTON

(SRS PN

~
L

623A AMBIENT TEMPERATURE  85°F

FLUID Nitrogen

HEATER Material:

Inconel = 600

Size: 2.0 x 4,09 x 0.005

RETEZRENCE JUNCTION

Surface Conditi

-320°F

Mirror Finish

iRun O

S B RTPvYY

-
[aV]

i . ;
{ i J !
| ’ i ! 8
l : ' ’ § { :
| Current i : | 5 | e ?
| ampere H i ' _ _ Lo i :
L amperes i 160.1 ; 174.5 | 186.7 : 161.8 | 147.0 | 138.7 | 129,0 | 117.5
i ", s : N . ; ‘,‘
| - { : : |
1 Voltage Drop across Heater ] z 2 ; § 3 :
t - 4 i . ‘ ! ;
v ts ;‘. : . { i '
| o :3.10 1 3.40 3.65 1 3.15 | 2.87 : 2.72 | 2.50 | 2.31
o v i : H { i '
3 | i : ! !
&Averu"e Heater Temperature, 'I‘11 : i ; i ! i f
i o . '\ I - 1 \ - i | i
v i 532 ! 634 | g24 530 433 '+ 367 . 267 : 176 |
l ; z ] i ! | : |
iAvcrage Bulk Temperature, Ty ; f g ; { ; ‘ i
o ¢ i ; e ; . g ' i :
v . =320 ' =320 . -320 -320 =320 | =320 | =320 ! =320 |
. ] i ' ! ! e
l’ m 4 - v, e " | : f ' ‘
i;cmpcrazurc Drop in Backing ; ~ } ; & 3
o1 X i . | . : _ i
- c 177 . 191 | 209 176 150 i 118 105 &0
i : ! : ) : : i
! Pouer Suppliicd to Test Scctiom ; ' i { i :
| Sou/arosq Tt .29,800 35,600 40,750 50,560 ' 25,300 22,600 19,350 (16,300 |
D Heat LoSo tarough backing
voStw/ar oo Ju 5316 530 027 L300 4500 5 540 5100 .
i
! Teaperature widiuronce, LT ;
Loew (2 =2 > 1.0 R P N e VT g
: :u."..;.i.n_, alav :':.s.l:\’ '/;/I.\
! Diu/ar S R o AR e . I J"t [hid ! Z Y z . o 3 *'.\ O . v B
! ~ o~ . .
L llzat Tranoiors Doelficient, o
roSiw/ar oo v °F = - N S - - T - .
& —-




BOTLING RIESIARCI] DATA AND RIESULDS UALULATION SIImIT

TEST NO. (Date) 623B

AMBIENT TEMPERATURE  85°F REFERENCE JUNCTION  .320°%

yat

FLUID Nitrogen

HEATER Material: Inconel -~ 600

ize: 2.0 x 4,09 x 0.005 Surface Condition: Miwrror Tinish
i . |
mun N { ! ' )
Run No 3 : ; . |
Current ! ; | i i
. { : . i
! amperes ‘ a : . i
; Smperes 168,71 171.7 1750 ' 180.5 | 1937 | 162.5 132.6 1 127
i j * i I ' ' , !
| Voltage Drop across Heater ) % a t | |
' 3 o ) ! }
! 3 { ‘ 3 _ |
! volts ! 3.32 | 3.38 | 3.45 . 3.57 3.85 3,20 § 2,71 1
{ ] [ i . ' i {
i Average Heater Temperature, T, i | } ' | | |
i o™ ? Jol ¥ (i ; | i
3 G H : _ {
. g 626 ! 680 | 744 | 786 938 619 | 376
1 , 1 ; 1 g ; :
¢ Average Bulk Temperature, TB i l i i ‘ § j ;
o 3 ¢ ; i ! ! | !
! : ‘=320 | 320 | -320  -320 | 320 | =320 | =320 g
r ; : i ; ' j t : '
. . ! ! : ' ' ‘ ! ! }
‘Temperature Orop in Backing i : P . | ] f : |
b0 ) i - ' - - ! ! ! ]
{ °F 3 135 | i54 ¢ 164 . 159 1 195 | 140 ! 107 !
: i ‘ ' ! | : : [
- ~ . ¢ i ] \ H
1 Power Supplicd to Test Section ! | ! : ! | ; i
S - § ! i Cme : {oan ! -
| Btu/hr sq It ! 33,500 ' 34,800 |3¢,200 35,700 44,700 | 31,200 | 22,400 : 19,200 i
| . : z : - : | : l ;
| Heat Loss trrough 2acking ; ; ; ‘ i f | ,
toBiu/hr oq I3 ! 4,060 . 4,700 4,940 5,080 ¢ 5,850 . 4,200 ! 3,220 . 2,400
! .
‘ : |
Uomperature Dificrence, AT : _ ‘ , ' i
poow (2. - 7.0 { 944 1,000 1,004 1,100 1.255 939 G0
| Doiling feat riux, A o S
i E;T,u/‘&.r 54 I . 2()“')('0 30'10\\' 31’300 55, 20 37,.\\»‘,0 27 .O'\’ ) 19,100 .
{ eat Trancicr Coceflicient, &
) s an 'nw e < o‘!‘ _ -
1 Bvu/.u LAV - 31 3 5\,[. A 2\' . ,,‘.: . P o) 2 S

s




TEST NO. (Date) 623B (cont'd)

BOILING RESISARCH DATA

SrAanUL

LATTON SHEET

AMBIENT TEMPERATURE  85°F

FLUID Nitrogen
HEATER Material: 1Inconel = 600

Size: 2.0 x 4.09 x 0.005

B
FySviy

T T

Ll

NCZ JUNCTION .320°F

Surface Condition:

Mirrar Finish

H i | ; i } {
3 | i j i
Run No. i i { « ;
g 9 10 | 11 ! i | 1 ;
: ] | | s | : z
Current Z { ; 2 ; i
¢ : ) :
amperes i ‘ ; = ! ;
- 1_158.0 145.0 1_132.0 ! | q
a . i ' .
- - : t } { ‘ I
iVoLtage Drop across Heater i | ; ! ; | |
H = u N H ! ¢ . )
VOoliTS 3 . . ! !
L 3,10 2,85 ' 2,58 . : ‘
{ ) : R f !
5 ’ f
| hverage Heater Temperature, T, ; 5 % 3 ]
{ om . ] 1 ; ; |
' & { ( i i
{ 1368 248 ! 142 ! ;
f i i i ; ] :
| Average Bulk Temperature, Tj ! i i g |
H [ 1 ¢ i " g
| °F |_=-320 ! =320 |\ -32p !
i N H ] i ) i
; , . . ; ! : ! : s
iTemperature Drop in Backing ] z 3 1 ! i
boep i , ! ! ;
T i 113 E 12 ! 97 ! ;
M Pl . N H !
! I . i ! ; ; ; -
i Power Supplicd to Test Scctiion : ! ‘ 1 ; J !
\ RSV A £ou 3 ‘ ' ‘ : ( ‘ !
| stw/br sq It 129,400 ' 24,800 120,400 e % ; ~ i
| . . i i ; y ] i !
| Heat Loss througn Backing ; ; : | | | : |
| 3tu/br sq fv {3,400 2,370 ' 2,920 ' - 3 !
l, - i ' | i i
! Pomperature Sillcrence, & ‘ ; i
oo Y s sop o2 |
| Boiling lleat Flux, VA ; f :
L Bu/ar oq % 25,050 21,050 17,600
! Tcar Transcicr Coeliiclient, 4 !
I stu/or sg It °F 27 - o 47 -
L

Gs



BOILING RIESIARCIH DATA AN'D RESULTS TABULATION SHELRET

TEST NO. (Date) 629 AMBIENT TEMPERATURE  80°F

REFERENCE JUNCTION _ ~320°F

FLUID Nitrogen

HEATER Material: Kanthal A-1 Size: 1.0 x 4,09 x 0.010 Surface Condition: Smooth; 5«8,41in. rms.

\ H ' i i ] {
f in No 5 L % ! o é
Ra * : 1 P2 \ 3 4 ; 5 6 7 ; 8
] i ! i ! H
%Current ; § | ﬁ ‘ ;
i amperes : i ? ? [ |
{ . ;95,0 ¢ 100.0 { 102.0 : 99,2 | 93,0 t 89,5 1 84,7 i+ 81.7
] 3 B | v ‘ i K
H : i : 1 H
EVoltawe Drop across Heater 4 | ! : ! |
3 i i 5
| volts ;. 2.50 2.63 2.72 | 2.63 | 2.51 2.41 2.29 | 2.20
i :‘.; : !
{AV erage Heater Temperature, '.I.‘}r 3 g 1
1 °F i 383 510 425 1 409 328 275 230 ! 189
1 § ; i
iAverage Bulk Temperature, Ty i i § i
\ °F i -320 | =320 | -320 ! -320 | -320 | 320 i 320 | -320
B i } } { t
Fl i
iTemperature Drop in Backing : % % | .
L °F {209 | 228 | 235 . 225 197 180 | 164 141
. . ; | - : | § ‘ *
\Power Supplied to Test Section g 3 % ! i ? ? ;
§ Biu/nr sq It {28,540 ; 31,605 33,340 31,351 28,051 [25,919 (23,308 !'21,599
] 3 | ' ! ; 5 ‘ ;
\ Eecat Loas trrough 2acking é ; ! ‘ ; : { : :
{ Btu/ar sg ft { 5,287 | 6,858 | 7,069 : 6,768 5,956 . 5,414 | 4,933 . 4,241 !
l ' : ' ! = : ;
| Temperature Differcnce, & T 5 : . ‘ : : | : |
boep (T.. = 22) : 703 830 745 729 G458 595 . 550 509
i Boiling Heav riux, A ‘ | | ‘
| Bwu/ar sq It 22 253 24,747 206,235 SL.5¢3 22,095 120,505 '1s.375 0 17.350
iﬁcat Trancicr Cceificient, o
i Btu/ar sq Iv °F 31.05 29.87 . 35.16 32,72 34.09 SLL46 33,400 34010
L  31.0° ¢ ,

9N



BOILING RIESIARCIH DATA AND RIESULTS WAls

TEST NO. (Date) 630 AMBIENT TEMPERATURE  85°F REFERENCE JUNCTION  .320°F

FLUID Nitrogen

{EATER Materiel: Inconel - 600 Size: 2.0 x 4,09 % 0.005 Surface Condition: Mirror Finish

i : | | | | !
- R ; ! ; i : i
Run No. ! ‘ i ; i '
o i1 o2 ; 3 4 ! 5 i 6 L7 i 8
i f ! ' ]
Curreat ; { i
» z , s !
ampere . r : ‘ .
| aamperes | 1825 181.7 1 183,7 ' 182,5 | 188.2 ! 174.0 | 167.5 161.7
3 A R \ ] i
: i : !
. 1 4
%Voltage Drop across Heater ! i }
volts E | i
H i

3.61 L 3.60 3.72 3.41 3.16

PRSI

| 3.30

W
(@)
b
w
(@)
(@)

-320 . =320 | -320 -320 -320 -320

]
W
N
o

]
(%)
0o
o

128

IR PR L S i

151 ¢ 143 135

39
(¢}
=
®
H
142
| &)
ral
el
}_l
(0]
[e¥
ct
(]
<
]
9]
pars
wn
o
O
prs
F).
(&}
13

;
E
|
813 878 719 | 551 | 582
|
i
i
t

|

% :

i Fpil , z = . ;
| Bitu/or sq It 139,585 39,303 39,845 39,476 42,065 35,651 33,212 30,701
2( . ; !

\

&

oq T 4,061 4,542 4,783 - 4.783 4,933 | 4,542 | 4,301 1 4,061

L Sttt e LT PR SONINPOMENUUI PREPUDI,

iTcmpcraturb Diffcrence, &T : ‘ f % ?
poeoF Y 1,10% 1.109 1,139 1,133 1,198 . 1,039 ¢ 971 902
t . ‘
L , :
‘i BO...A:...X(; Hoat F_Lu“‘ \</n : . ;
I Stu/ar sg Iv 35,524 54,701 ¢ 35,052 74,693 37,132 031,109 20,911 25,640
H
i Hoat Transcfer Ceefficient, a
Biu/nr sg It °7

V]
(@S]




EOILING

RESITARCEH

DATA AND

RESULTE TABULATION SHEET

TEST NO. (Date)

FLUID Nitrogen

HEATER Material: Inccnel - 600

630 (cont'd) AMBIENT TEMPERATURE

Size:

2.0 x 4,09 x 0.005

85°F

REFERENCE JUNCTION

~-320°F

Surface Condition:

Mirror Finish

? i ‘ | | | %’
un No i | i ; ; ; :
: 9 L1011 ' . | | | |
{ : | ! i ] ; ;
gCurrent H i : } ; |
k) H
! amperes : | ‘ ; ,
: . 1 156.0 1150.0 150.0 ¢ | i
t 3 ] | ‘ ' | Y
%Voltage Drop across Heater § j § i :
V 3 » : : i
| voits {3.05 1 2.90 2.90 ! !
1 3 % i l !
iAverage Heater Temperature, 'I?,_I 3 ; , w | |
o™ I 3 { ! H ]
H Iy 4 - I i H
; {521 | 459 457 | | g
Vo ' 3 | t i '
iAverage Bulk Temperature, TB : | i | !
HE o 5 I : i
Pl { -320 ' =320 =320 J @ f
i Y It i 4
| , :
Temperature Drop in Backing ; 5 ; !
S ‘127 126 125 , ‘
h : H : ) |
! . ] . ) t ‘
i Power Supplied to Test Section H § i : ; |
¢ | { '
Dy /fTAw o £ t Y I ' ' i
| 2tu/nr sq It 123,588 126,137 126,137 ! § :
N 1 i
¢ y ) ; ; : ' i
- “ . | ! B \
i Heat Loss through Backing | } | : f !
T+ /] £ \'. 1 - i p i !
; Btu/ar sq T i 3,320 3,790 | 3,760 | : ; : i
' . : : ; i ‘:
% Temperature Differcnce, &T : ; : | 5 ; i
— SR N ; : : i , :
R (T, - T5) bosul /79 L 777 a ! | |
‘ : : :
i ! X ; . 3 . ,
' Boiling Heat Tlux, /A ) i | ; :
{oBuw/ar osg % 26,768 22,347 22,377 ; ; ;
L . : ; - ]
i “ . ! | X ‘
i ~ oA i . ! t i
§ Heat Transfer Ccelficient, & | ; 5 |
3Lu/nr sc i< OF K ~ 2 7 i 3 [}
Lb.,h/r o4y 4 ; 5G. 45 25.638 . 28.79 % ' :.

88



EOILING RIESFEARCH DATA AND RESULTS TABULATION SHEET

TEST NO, (Date) 704

AMBIENT TEMPERATURE  83°F REFERENCE JUNCTION  -320°F

FLUID Nitrogen

HEATER Material: Inconel - 600 Size: 2.0 x 4,16 x 0.005 Surface Condition: Mjirror Finish
¥ : : i : i ‘. ' s
. { 2 ’ ! i i
N : ! i
xun No. 1 i 3 & 5 | z
. ' ' : fl ( !
" | ! ’ | ; !
Current : | ; | i 3 |
pafe fg ! ': - g .‘
amperes :_108,5 | 110.0 112.7 ©116.5 | 169.7 | i
3 ! | ! !
Voltage Drop across Heater ] g ' | ‘
; i ; i : : i
| volts v 2,13 ¢ 2,15 | 2.26 ' 2.30 3.40 i |
{ . Y i : i i
| hverage Heater Temperature, Ty ] | S f : i
“ ° Y A H { l ) i H ‘:
L °F ' 217 | 246 | 306 . 327 | 985 | g
; E } : i |
\ Average Bulk Temperature, TB 3 i | g | %
—_ L] ! | ' . H |
| °f i =320 | =320 . =320 |_-320 =320 | i
i i ‘1 f, 5 : |
- ~ M 1 N H i
%Tcmperature Drop in Backing : { i ; |
-4 : . H _ . \ ‘ )
‘i °F : 85 85 | 95 3 84 : ! :
3 | : i { i H
i - : l ' : i : !
y Power Supplied to Test Section i ? i ; § i ;
S : . ‘ e | z :
| 2ou/ar sq It (27,385 128,025 130,180 31,752 68,372 | ; : i
‘ = | i ' z | i g :
5 tecat Loss thrcuzgn Dacking ! % : : i ? i i
t K ! . -~ =a= i : :
| Bew/nr sq It i 2,537 2,557 2,888 2,797 ' 2.527 | g |
! . : . i ‘ i
‘ : ' z i i
1 Temperature Jifiference, &0 : i : | §
poer (T, - 7)) 537 566 52 047 1305 ;
i i ‘ :
y Roiling ilcat Flux, A - R T |
i btu/ar 5§ it 20,793 25,40 27,292 S G5 535,845 ' :
!
? feat Transfer Cceifiicient, o :
i Zuu/ar sy I °F 45 AT 3.5 LR 52,43

‘6N




BOILING RES

SZARCH DATA AND

RIESULTS ‘PADUCLATICON SHERT

TEST NO. (Date) 706 AMBIENT TEMPERATURE _ 85°F REFERENCE JUNCTION ~320°F
FLUID Nitrogen
EEATEL arerial: Kanthal A-~1 Size: 1.0 x 4£.09 x 0.010 Surface Condition: Sapd hlasted: 40-50.4in.
; | | ; 3 5 ! z
l i 1 H :
Run Yo 5 r: | z | i | |
1 | 2 | 3 i 4 : 3 i 6 - i 8
} i : / i
Current : E g i | §
anperes ; 5 i : _ : 3
b { 100,0 | 92,5 . 88.0 . 850 ' 83.7 87.5 912 | 95°
i d ! ! ; ;
| Voltage Drop across Heater 1 | 3 g {
i o ¥ ! ! |
| volts L 2.44 | 2,27 2.17 ¢ 2.08! =2.05 | 2.15 | z.24 ;i 2.38 |
l ,"( i R B z
| Average Heater Temperature, Ty : | : ;
1 °F Poosta boare |ose 0 sea | 3u9 394 440 | 507
: ' ; |
Ly Average Bulk Temperature, TB : - | ‘ : % : z
\ °F % ~320 i -320 \ -320 | -320 | =320 -320 -320 !} =320
! H i | ‘ i ;
iTempcra»urg Drop in Backing % ! } | | !
i °F i 108 | 95 | 84 | 73 | 68 73 80 | 89
‘ 2 | ) !, : i
| Power Supplied to Test Section §! % : | ;
% Biu/nr sq It . 29,321 ‘ 25,232 122,948 | 21,246 !20,619 122,606 124,548 127,513
1 , : | s | :
‘ Eeat Loss through BDacking i i ; E ! |
| Btu/hr sq ft {3,249 | 2,853 | 2,527 2,196 ' 2,045 . 2,196 | 2,406 . 2.677
| ' | '. ’f : ]
i'l‘ef*. erature Differcnce, &T : s 2 i : |
S T.. - T ! 394 792 73/ 584 659 714, 700 27
| Soiling Head Flux, /A j |
. Btu/hr sg I3 20,072 22,374 120,42 19,056 18,574 120,410 22,142 24,03
| Heat Trancfer Ccefficient, b , B
| Stu/hr sq It 08 29,1, 28.25 0 2r.e2 5eLis 27T 23.55  Ze.l3 50.0% o
{ L

rm



EOILING RIESISARCH DATA AND RIESULDS PTABULANITION SHCET

TEST NO., (Date) 706 (con't) AMBIENT TEMPERATURE

85°F REFERENCE JUNCTION .320°F

FLUID Nitrogen

HEATER Material: Kanthel A-1 Size: 1.0 x 4.09 x 0.010 Surface Condition: Sand hlasted: 40-6044in.rms.
| é ; | ‘ r;
fun No } ! _ i : ~ | !
. i 9 410 11 io4p 13 4 15
3 : ! i ] { ¢
Current 1 g ; ' l % !
| &mperes i_97.5 100.0 | 92,5 . 85.0 81.2 £0.0 | 75.5
3 5 l : i |
Voltage Drop across Heater f ! | "i i ]
i ] i ; !
volts i 2,40 | 2.44 | 2,30 1 2,11 2.01 1,99 | 1.89
- | | = |
!Averawe Heater Temperature, Ty 2 } i : | ;
°F } 529 | 559 | 452 | 366 | 314 285 | 23 |
3 | { . !
P i : ; i i
{Average Bulk Temperature, TB % ; i ; : ! ;
: i ,
| o3 i -320 | -320 | =320 ! -320 | =320 i =320 | =320 |
3 i ‘ x ! |
% Temperature Drop in Backing i § } | i ; 2
| °F 97 96 84 | 73 64 | 52 52
‘ : % : | i
iPo* er Supplied to Test Section b ! v ; { ; |
! ! i ! : !
; Btu/ar sq £t 28,120 129,321 | 25,506 21,552 19,613 | 19,131 {17,147
i 1 * i | : !
‘Heat Loss through Backing i | i ; I i
| Dru/br sq It 2,918 | 2,888 | 2,527 . 2,195 1,925 ; 1,865 ! 1,564 |
| ‘ . 1 1 .
'l Temperature Diffcrence, & 7T : ; : ' f
| °F (1., = 2,) 349 S79 772 586 | 634 605 | 554 ;
| i - !
' Boiling ileat Fiux, /A : : ‘ ,
| Biuw/ar =g it 25,202 20,433 25,039 16,350 17,086 © 17,260 15,903 :
' jicar Trancfer Coellicient, o =
.:1 BVL‘/“’K. C’q ir’ °: 2C Al )0 Or O IO 2 l} BO 33 < [ !




BOILING RESIEARCIH DATA AND RESULLS CABULATION SHELT

TEST NO. (Date) 711

|
a
3
!

AMBIENT TEMPERATURE 91°F EFERENCE JUNCTION -320°F
FLUID Nitrogen
HEATER Materiszl: Kanthal A-1 Size: 0.5 x 4.09 x 0,010 Surface Condition: Smooth: 5-8 A4 in. rms.
|
in N ; ‘ ] ! § ! : i
Run No. P - | 3 4 ] 5 1 5 I 8
: ? ! ' ‘ | |
Current % i ! | i i i
amperes ! 59,2 | 89,5 62.5 1 __57.5 560 ' 505 | soQ | 46.0
H i : i |
Voltage Drop across Heater i 3 _ | |
volts { 3.17 | 3.70 3.33 | 3.05 2.90 | 2.71 | 2.61 { 2.48
", B ! 1!
H ) i
lAverage Heater Temperature, TH : % ;
| °F {157 | 429 254 | 158 108 48 10 | -35
; 1 : | | |
%Average Bulk Temperature, TB ; l ; é ‘ f
| °F {2320 | -320 | -320 | -320 -320 -320 -320 | =320
H * - : ! H { |
! i i { : ! ' i
| Temperature Drop in Backing ; | i ; ; !
| °F i 42 | 88 | 73 | 9 9 i o 54 1 37
| . i i 1 @ w | , :
kPower Supplied to Test Section { | : 3 | ] 2 |
. 1) : ' - ]
i Btu/hr sq ft {45,057 161,742 49,970 - 42,1056 | 37,600 (32,858 {30,706 [27,391 |
' e Bacld ! | ‘% ‘ ! | E 1 t
| Leat Loss through Backing : i : t | | '
| 2tu/hr sq fx 1,263 2,647 2,195 2,737 § 2,707 ! 2,828 | 1,624 | 1,113
| e - t : z !
l‘ Temperature Differcnce, & T : ? ) | ‘ §
poer (7, - TB) 47T 749 ST4 Lis 428 ! 365 330 285
| Boiling leat Fiux, /A ‘ | . o
{ Ztu/nr sq It 43,795 59,095 47,774 390300 34LRO5 ; 30,030 29.0-2 25,274 -
! Heabt Trancier Coefficient, o ~
| Biw/or og I °F Cot.al Tela9 s%ED <DL, sLT2 T alled <2 o5
L PR




BOILING RIESIEARCH DATA AND

RESULDS

LVABULATION SHEET

TEST NO. (Date) 717

FLUID Refrigerant =~ 11

AMEIENT TEMPERATURE

HEATER Material: Kanthal A-1

Size:

85°F

1.0 x 4,06 x 0,010

REFERENCE JUNCTION 32°w

Surface Condition:

Sand blagted; 50-90 44 in, rms.

| ! ! , 2 i t
Run N i ? ; 5 : i |
in . 4 \ ' X H
n Mo {1 2 i3y 5 6 | 7. I 8
: | | é ; : i
Current : | ! i ' 5 | |
= ;’ i : ( : ! -
amperes v 148.2 ;1 137.0 128.7 : 121.0 112.5 ' 132.5 ; 140,5 | 145.5
5 | ; i : E
i Voltage Drop across Heater : i ; ﬁ ; /
i i H - ) i '{ )
| volts ! 4,06 ! 3.83 3,64 1 344 3.20 | 3.90 | 4,30 | 4.60 |
b K i : 1 t v i
i “ ! { \ } |
gAverage teater Temperature, TH i | ! ; | g ! g
i hn M i P i § H }
! °F ; 1,378 1,279 1 1,180 . 1,089 957 { 1,258 { 1,268 | 1,449 !
' B 0 j ; ! ]
' ' F ! ! ‘ i i
! Average Bulk Temperature, TB i i i ; g i : f
{ hnl ', : i . + - f
| CF i 75 ! 15 75 75 75 ! 75| 75 75 ‘
i . i : . ! : ]
{ : Voo b | | : : {
iTemperature Drop in Backing ; ; g | | | , |
L oF 221 ) 240 | 217 192 159 | 258 | 237 ; 268 |
i . i z ? % : E ? ! |
| Power Supplied to Test Section i i : : E } ; : ‘
i - i -G : . oo g ! e ~
| Btu/hr sq {t 172,786 163,474 ' 56,670 - 50,352 | 43,549 62,511 |73,084 50,965 |
| . ; , 7 : |
i LT LU L PR U, ¢ i | ! l ‘ ' .
; neat Loss tiox ouShn DaCking { : i ) i ) ;
| Btu/nr osq It 16,047 7,219 1 6,527 5,775 ' 4,783 7,761 . 7.129 &.954 f
5 : i 3 ;
chmpcraturc Diffcrence, AT : f f
boep 7. -7 1,303 1,204 1,105 ORI 382 1,183 0 1,193 1.374
. - '
L Boiling ieal Fiux, /A 4 I
[T Aot ol TR Go, 139 50,255 50,143 Lo h 7 37,700 0 540750 oh, un 2,000 ¢
l‘ UG T.‘a..s:u;‘ \/\/\Jfflc..chv' O . :k.
1 Diu/ar oq fu °F 5.5 LaL T2 AL W5 a2, =1 452 GLEs szl
H




EOILING RIESIHEARCH DATA AND RESULLDS

LNALZULATION SHIIET

TEST NO. (Date) 717 (con' t)

AMBIENT TEMPERATURE 85°F REFERENCE JUNCTION 32°F

FLUID Refrigerant - 11

g

{EATER Material: Kanthal A-1 Size: 1.0 x 4.06 x 0.010 Surface Concition: Sand blasted:

50-~90 4in, rms.

i ; ; ; . T ;
I ; ! ! } ! i
S N i ] ! i j !
l Ru.u 1O : 9 i i I ! ; ;
: ' i | | i !
¢ ; i i : ) "
: ; : : | i ]
}Current : : ‘ j ! !
. 3 \ N
! amperes : - l » ., ;
i + 1_155.5 1 3 ! !
' ! i | : : i
| Volzage Drop across Heater ! i : -
I volts i s
! olts A 5.29 “ ! , | 1
| . | s |
! Average lieater Temperature, TF z § : ;
1 o A 1, ! : !
P oF L 1,665 | | | |
4 4 J } } 1 b
1 K v B
} N i ‘
| Average Bulk Temperature, TB g i ; | ;
i o H 1 ! !
| F 75 | g | | .
; . . | 3 ; ‘ ‘ i
iTemperature Drop in Backing j i | ; g
o K \ 1 X !
- {327 | ; :
) b i : ' !
| Power Supplied to Test Section ) E | : ! f
AR S 4 . ' ' !
& 2tu/nx sq iv ’99’ 509 ) ' ; ? ’3 : i
i \ 1 H \ |
[ - T + A ~~ T2 1 K \ { N .
{ Heat Loss through Backing ‘ ! ; i )
i Biu/ar cq 3 9,835 1 : ; . : ;
! ' ; ;
! m NS S R AL M i ' ;
i ~emperaviure Jal ACTCNCC,y s s :
- \ ‘ - ' '
03 (2. =20 1570 :
) A ) R .
! . |
[ - N . ~ /0 ) H ,
{DOLAIn] Cal Al \Jr\ ) | | ‘
LoDiu/ar oq I3 39,073

. B .
neat Yransier wocLiiicCienv, o

N A
sww/nxr sg I °0

6




TEST NO. (Date) 718A AMBIENT

FLUID Nitrogen

TEMPERATURE 87°F REFERENCE JUNCTION

320°F

HEATER Material: 1iInconel = 600 Size: 0.5 x 3,91 x 0,005 Surface Condition: Mirror Finish
\ R e R E B
\T ; . ! ; : ;
Run No,. ; 1 2 | 5 ! 4 5 " ; ; | :
! ! ! ! ; [
Current ; { i f g E
_ i ! 1 ; i
smperes 392 | 45,8 | 520 - 57,0 | 59,2 | 62.0 i 65.0 ! 55.5
Voltage Drop across Heater ; ; | : § i
| volts i 2.68 | 3.15 t 3.63  4.05 | 4.22 4. bt 4.73 | 4.00
i : ! ' ; g
i Averave Heater Temperature, TH 3 t ‘ '; :
4 : \ ‘r
} v -25 | 103 | 304 i 598 684 793 937 | 655
‘ Average Bulk Temperature, Ty ; ‘ -; i
- | | ; :
°F { 320 | -320 | =320 . =320 | 320 | =320 i =320 | -320
! : : \ ‘ : ; ! |
’l N N 3 1 ! X ! t !
%Te mperature Drop in Backing i | ; { i I
L oF | 107 | 20 | 223 399 428 | 476 | 523 - 353
i i | : ! 5
Power Supplied to Test Section : ‘ : | ; ! |
3tu/nr sq It 126,436 136,303 67,498 58,089 | 62,862 169,269 177,363 155,562
\ icat Loss througn Backing ’ | : f . !
1 B:u/hr sq It L 3,422 7,821 9,866 12,002 12,874 14,318 15,732 10,518
; !
‘i Pemperature Dificrcnce, &T .
boer (2. = 20 267 423 e 9la 1,004 0 1,113 0 1,257 75
.x Solliin WAt Al an | - V |
oatu/ar Lo St 1<,010 ORNG o s Wl v /YA Vs A
Dleat Tranofer coeffiicient, o
: 3tu/nr og v 9




BOILING RESFARCH DATA AND RESULTS TABULATION SHEET

oA

TEST NO, (Date) 718A(cont'd)  AMBIEZNT TEMPEZRATURE 87°F REFERENCE JUNCTION =~320°F

FLUID Nitrogen

BATER Material: Inconel - 600 Size: 0.5 x 3.91 x 0.005 Surface Condition: Mirror Finish
j ! | ; ! !
H 1 } ! i |
N § ! i : : 5
aun No. i 9 i 10 | 11 | 12 13 ] 14 |
! z ! ! ' |
Current ; i i . ; :
\ faleet § 1 ! : _ ]
| amperes 51,5 | 49,5 | 46,7 45,0 | 42,0 | 41.5 | -,
4 f f . H |
.- y i ! ‘ i |
EVoltage Drop across ieater 1 i i ; ! ;
' volts ! ‘ 5 S i !
' y 3.68 ¢+ 3,51 ' 3.31 ° 3.19 2.96 | 2.89 i
; : i : g | ; :
| Average Heater Temperature, T, : ! f | ; ! '
! o (&) Py ) 11 N ' : ) 1] ;
Po°r ‘ : | ; » : - ; : :
e i 546 1 483 1 417 377 } 299 i 274 | ,
| J a | ‘ '§
i average Julk Temperature, TB : 5 | ‘ ' ! ;
b°F : L ! : : i !
_ i =320 | =320 . -320 2320 © =320 i =320 | .
! { ; ? 1 ‘ ; :
| Temperature Drop in Backing i § ‘ ! ‘ : !
' °r ] % X 7 Q ! !
i |28y 251 228 225 1178 i 142
P Power Suppiind to Test Section : ' ‘ E ? ‘
E‘tu/;"AA“ \JC‘ f.\' '

47,059 43,718 35,89 35,121 31,252 30,178

'
* - T - .. Ty At d - .
AL WOSS LATOUJa oalking ; !
- . -~ ' N
s S v - . !
u\-u/l.. LS 1N A v : N . o} ] o i N 1z : [ i} §
' 5,093 7,851 0,354 v, THaA 5,354 4,271
' 1
' N TRt .M ¢
[P R S o S N N S ' .
(Al <r‘w o \/ : . 3 . B H . . .
N .. .. R . Y < .
5Tt Do By 73 5 19 594
R P " - .
L N R S S N "
BN ) DR s P -y - - [l liie 5 <. WO RS o7
Sen/aT L e j2,000 535,007 32,030 L0573 29.98n 025,90
Tt ek M [ T Y ;
GV Lansieds \:\;L‘.AA.\...C.A.' I
.
Toas. - P - R '
i vlafana Oy s a
! . ~ Ceo s ’ -
. _ . \ - . [} . e 2. a .. e .t




TABLE XVII

BOILING RESEARCH DATA AND RESULTS TABULATION SHERT

TEST NC. (Date) 7183 AVBIENT TEMPERATURE  op°r REFERENCE JUNCTION 32°F

FLUID Refrigerant - 11

HEATER Yeterial: Inconel=-600 Size: 0.5 x 3.91 x 0,005 Surface Condition: Mirror Finish
/ i i : ! { !
N ! ! ! ! :
Run Yo. P12 3 4 5 0 6 i 7 i 8
| Current § 3 ; g ;
m : { , ] ’
amperes i_57.0 | 53.5 | 50.0 ! 48,0 45.0 52.5 | 57.0 | 61.0
i 5 | E i i
Voltage Drop across Heater g § : ;
volts Y oa,12 | 3.85 | 3.62 3.47 3.13 3.84 4,12 | 4.45
1] i i !
Average Heater Temperature, T : E g
: : | s
e . 867 | 801 701 668 568 715 872 | 980
Average Bulk Temperature, TB % i i
°F 75 75 75 175 75 75 |75 i 75
i K : | :
;Temperature Drop in Backing | ; | 2
°F i 336 247 | 209 | 186 166 230 274 346
éPower Supplied to Test Section é | | §
Btu/hr sq It {59,093 {51,828 45,545 41,912 {35,442 [50,729 {59,093 {68,305
Heat Loss through Backing z . E E
| Btu/hr sq 110,107 | 7,430 {6,287 {5,595 | 4,993 6,918 ! 8,242 {10,408
4 | ! ' !
Temperature Difference, AT B ! ; '
| oF (T - Tg) ©o792 726 626 | 593 | 493 640 797 905
; : ! : ;
| Boiling Heat Flux, Q/A ; | E 3 ! | |
| Btu/br sq £t 48,096 144,398 39,258 36,317 30,449 |43,811 {50,851 157,897
i R : ; . ; !
! Heat Transfer Coefficient, h : : : | a i |
| Btu/or sq £t °F : e | | ! ‘ |
L o ) 61,85 | 61.15 | 62,71 . 61,24 | 61.76 68.45 | 63.80  63.97

‘LG
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TABULATION SHEET

Tu5T NO. (Date)

FLUID Refricerant -~ 11

718B(cont'd) AFMBIENT TEMPERATURE ¢0°F

REFZRENCE JUNCTION  ao°p

dZATER Material: Inconel - 600 Size: 0.5 x 3.91 = 0.005 Surface Conditicn: Mirror Finish
} no. P9 10 11 12 1 13 | 14 {15 | 16
¢ 3 ' ! : ! X
ICurren+ ! i } i % g P
4 : | . i i

; amperes i 63.0 1 65.0 ! 59.5 ¢ 54.0 58.0 | 62.0 |55.2 | 67,0
? ‘ ; | ! |
{ Voltage Drop across Heater : E i : i ! | i
| volts Y462 | 4.80 | 4.43 ' 4.00 4.33 1 4.60 1 4.99 | s5.09
‘ ¢ i ; j ‘ :
gAverage Heater Temperature, T, i é E ! % !
1 op a ¢ | ! ! i i :
e {1,010 {1,036 : 926 | 779 894 | 971 {1,064 | 1,073
I i1 . ' i i !
iAverage Bulk Temperature, TB 2 ! | g { |
P i 75 175 |75 75 75 175 75 175
%Temper ure Drop in Backing g % f % ! } ‘
| °F ! 369 | 390 | 335 1 271 i 320 364 420 431 |
: ; ' ] | : '
| Power Supplied to Test Section i 5 g | ! f

Riyy [ & i ’ H ‘ !
1 Btu/hr sq ft 173,239 178,509 166,325 54,352 163,194 |71,765 183,121 (85,813
| ' ; : ¢ i }
| Heat Loss through Backing : 1 ; @ g
| Btu/br sq iv 111,100 [i1,731 {10,077 8,152 | 9,626 |10,949 (12,634 ;12,965
iTcmperatLre Difference, & 17 é ; Z | r i ; i
| °F (7, - T,) © 935 | 961 | 851 . 704 819 896 1 989 | 998 !
j ¢ ‘ : ; : ; :
Z Boiling Heat TFlux, QA f | ; ; i ; | %
% Biu/ar sq £t 162,139 (66,778 (56,248 46,200 53,568 60,816 (70,487 72,848 ;
h : ; g ) : Z
| Heat Transfer Coefficient, h : | g : g ; g {
I Btu/bkr sg £t °F P . ; : | | . :
} { 65.45 | 09.48 | 66.09 165,62 |65.40 [67.87 | 71.27 [72.99

‘86
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BOILING RESEARCH DATA AND RESULTS TABULATION SHEET

1l

TEST NO. (Date) 719 AMBIEZNT TEMPERATURE 85°F REFERENCE JUNCTION  .320°F

FLUID Nitrogen

HEATER Material: Inconel - 600 Size: 1.0 x 4.03 x 0.005 Surface Condition: Miv=ar Fipish
i | | j | | :
Tun Yo, L1 I s 1 6 73
.Current % | § % § E
peres }_83.0 84.0 | 87.5 | 91.2 | 93.7 | 98.0 | 100.8 | 105.5
Voltage Drop across Heater % | E g | § !
| voits i 03,17 | 3.22 | 3,34 f 3.51 3.62 | 3.83 | 3,99 i 4,20
Average Heater Temperature, ‘I‘}I § | 2 é % %
s ‘ {251 233 | 278 | 399 463 | 605 i 685 | 790
Average Bulk Temperature, TB % i é ; % %
y °F |30 | -320 | -320 | 320 | -320 | -320 | 320 | -320
%Tiﬁperature Drop in Backing § % : ; %
. i 228 | 223 224 136 146 256 256 283
‘Power Supplied to Test Section g 1 } ? !
Stu/hr sq £t £32,076 132,974 | 35,628 39,025 | 41,351 [45,758 149,031 54,018
Heat Loss through Backing % i % ; | |
| Btu/hr sq It i 6,858 | 6,708 § 6,738 - 7,099 | 7,400 | 7,700 } 7,700 8,513
)Temperaturc Difference, & 17T § | % § } | ‘ !
°F T - Tg) ©os;1 | oss3 0 ses L 719 | 788 926 | 1,005 | 1,110 %
| Boiling Heat Flux, Q/A ; | | : | | i i |
| Bu/hr sg It 125,218 {26,256 @28,890 131,926 133,951 38,058 141,331 [45,505
EHeat ?ransfe? Cgefficient, h ) E % ; ; i § %
L,Btu nr sq it °F 5 44,16 i 47.49 | 48.31 | 44,40 i 43.08 | 41,09 i 41,12 | 40.99

‘001




BOILING RESEARCH DATA AND RESULTS TABU

ATION SHEET

TEST NO. (Date) 719(cont'd)
FLUID Nitrogen
HEATER Material: Inconel = 600

AMBIENT TEMPERATURE _85°F

Size: 1.0 x 4.03 x 0,005

REFERENCE JUNCTION

-320°F

Surlace Conditicn:

Mirror Finish

§ : | j ! g |
on N t i : ; { . i
Ran o, 9 {10 0 11 ¢ 12 13 | 14 P15 ] 16
Current E ' | E % | §
3 : . i
amperes i 110.8 97.5 | 93.0 | 905 | s7.5 | 3.2 | 79.5 | 742
; i ! ; ?
Voltage Drop across Heater g | { i ! g
volis ‘442 0 3.88 | 3.69 ¢ 3.54 | 3.42 | 3.25 | 3.09 | 2.87
; i i ! '
Average deater Temperature, T. ; ! ; g ! %
°F i o4z | 603 | 606 . 552 | 512 | 429 366 | 275
3 ! : : |
Average Bulk Temperature, TB ) i ; !
°F P -320 1 =320 =320 | =320 | =320 1 =320 -320 | -320
i | i i |
Temperature Drop in Backing § i 5 : ;
F i 309 | 240 ! 207 @ 195 177 158 143 1 119 |
i 3 : > e
| Power Supplied to Test Section ! § % i i
Stu/nr sq ft { 59,703 | 46,119 | 41,836 39,056 (36,482 132,964 | 29,947 {25,961 |
B | H ; § ; i
Heat Loss through Backing i i i ! § i |
Btu/hr sq fu {9,295 | 7,219 | 6,227 @ 5,866 | 5,324 4,753 4,301 | 3,580 |
| Teaparature Differcnce, &0 § } | i { g | g
| o (7. - Tp) i 1,262 0 1,013 1 926 872 | 832 749 1 686 | 595
gBoiling Heat Flux, Q/A ; | ; é . | f g
| Btu/nr sq fT . 50,408 | 38,900 | 25,609 33,190 131,158 28,211 @ 25,646 122,381
{ B i : i i | |
| Heat Transfer Coefficient, h . E : i ’ | ! :
I Btu/nr sq ft °F # ‘ ' i ' SN |
; . 39.9% 38,40 | 38.45 38,10 | 37.44 | 37.66 , 37.38 | 37.61 |

“T01



BOILING RESEARCE DATA AND RESULTS TABULATION SHERT

TBST NO. (Date) 719(cont'd)  AMBIENT TEMPERATURE 85°F REFERENCE JUNCTION -320°F

FLUIDNitrogen

BHEATER Material: Inconel ~ 600

Size: 1,0 x 4,03 x 0.005 Surface Condition: Mirror Finish
: ! ‘ ! |
Run No. 5 i ; |
g Y i
! : ; ! é |
Current ! | ! :
~aav i !
{ amperes Lo71.7 ; '
E ! i
Voltage Drop across Heater é | ?
volts 3 ! :
o277 | ;
3 ‘; !
Azgrage Heater Temperature, Ty § } %
L ey | %
Average Bulk Temperature, T i ! | ‘ i
{ oy B 3 { ! ! { ! I
] i =320 | ! ; i i | i
5 l i ! ‘ ! ’
iTemperature Drop in Backing § | i | i i i
T i 106 | | | | ; |
t ! | ] & | 3 :'
! Power Supplied to Test Section i | | | ! } ;
i Biu/br sq ft ! i | s i
.: i 24,211 | , , ‘ ‘ .
P \.‘. ! | s ‘ | i .; |
i Reat Loss through Backing : ‘ | | . 5 ! |
| Btw/ir sq ft {3,188 | ‘. '~l ! | !
i . ; ; ‘ . | { ‘
i Temperature Difference, &T . ; { ; i E §
hw] m m d | ; ' ! l
\, °F Ty = Tp) 557 | : ‘; { \ !
f 4 ! I j | ! ' !
| Boiling Heat Flux, Q/A 1 | ! ; , } !
! Btu/hr sg It ¢ 21,023 | i ! E ! I i |
1 K ! | \ . | H
! P £i s : \ ! i { | -
‘Heat Transfer Coefficient, h ‘ ' 5 : i i : S
. o i x :
| Btu/or sq £t °F i g ! f ! ‘ ! .
L { _37.74 | i ! ‘ ! | ;
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BOILING RESZARCH DATA AND RESULTS TABULATICN SHEET
AMBIENT TEMPERATURE 86°F REFLRENCE JUNCTION

TEST NO, .(Date) 721

Refrigerant - 11

32°F

FLUID
HEATER Material: Inconel - 600 Size: 2.0 x 4.12 x 0,005 Surface Condition: Mirror Finish
%Qu* No % § E : !
L i1 i 2 L3 4 ;
§Current § ; % 5 i
| ZTpeTes 176,71 170.5 3 163,5 15,5 ?
‘Voltage Drop across Heater % ? 2 i
volts 3.5 1 335 | 320 | 3.0 |
Azara*e Heater Temperature, TH i i ; % 5
: ¢ 960 | 915 | 857 | 801 ‘
Lverage Bulk Temperature, Ty % % | E ? : ‘ %
| 7s 4 7s L 7s L35 § |
iTcE erature Drop in Backing 3 % ; ; ? E !
S 102 98i 82 i 68 | | | ? !
iPowc; Supplied to Test Section 3 E é ; % i g g
| Btu/sr sq I §36,400 | 34,000 | 31,200 27,300 | ! |
2 Heat Loss through Backing | | ; % ‘ ! ;
S Bt“/‘f sq It 3,350 | 2,950 | 2,470 | 2,045 | § | |
%Tc:p raturumjiffircnce,ékT % % é i § ; i
| °F T - Tg) . 885 840! 782 | 726 | | ; | |
iBoiling leat Flux, Q/A g é : § ; § % ;
| Bou/nr sq I% 133,050 | 31,050 | 28,730 25,755 | § é §
EHcat Transfer Coefficient, h i § E : § E ; § i
LﬁBtu/hr sg It °F ; | : ) | ] ? g g ! !
, 37,6 | 37.0 i 35.7 . 35.4 | g | l

‘€0T
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APPENDIX C

STATISTICAL DATA ANALYSIS




NDELTA T
0.91700970F
0.1N030n00%
,.111?°°°PV

N 12560G0NF
nN,074C0QTNF
A.ag5acaTne
De0?CONTOF
0.73500070F
N.6GHSADT(OF
N,A190970F
1.59390070F

N3
N4
06
04
N3
13
3
93
n3
02
N3

LEAST SOQUARES
l\( ()):
AL )=
HEAT FLUX

0.LA090000E
0.40000007f
4G5 00NNF
A1 A20NNAE
Z,

DD

e & s o @

YC;’)/,H)/,’\"'
LONANNONE
357 700008
S A20450008
N0.293935G005

a.58a380008

0.2521000A¢

DD D

AVFRAGF DFVIATION =

NITROGEN 0.

POLY CODFFF. ARF:
-0.,94957770E 04
0.574418005 08

CALC.
0= N.4238723N0%
ne aLnara1210"
05 AT IS ELE
nsy NeA230324NE
ne "\«./H"/')/q»? C,‘i{']f:
ng NL4N10L R50E
ng O, \f,\7’~"’)" (938

05 n,.\/'\cs? H707
09 «A0NB2H230E
ng ﬁ TRONILADE
0s Qe 2464087H0F

3.01041100 %

TABLE XX

5

ns
nNe
(R
n&
08
o
=
neg
G5
0s
0

M
H

HEAT FLHX

% DEVIATINN

59441
00,0532
-3.1030
-7.'1»7'72
-2.63173
0.1101
5.7940

NEGRFE = 1

Statistical Data for 0.5 in. Inconel in Nitrogen

H

A0.2070
49,7909
/’Q ° “4 7]. ?
LS, N2
L4 HNDD
LG0T
4{¢~ /A - ;'; 7 XJ ”Aj
LY KT
l"? . .1 O() 0
41 8902
43.6195

‘60T



NITROGEN 1.0 T

LEAST SQUARES PAOLY CNEFF, ARFE:

Ad )= —-0.378AN8ANE 04
AL 1= 0433744408 05
NELTA T HEAT FLUX CALC. HEAT FLIX % DEVIATION H
0.09‘“0070F 03 N.320ANNONE O/ D.AE2R6640F 05 hoh50L 41,1015
N.10040000F n4 N.41320000F 08 N.ROT7427207° 05 3 8405 41,1244
n.:!ﬂOOOQOF 04 ND.45510000F NE No443R2440F AR 24T7A 41,0000
N.12519990F 04 0.5041000NC 06 0.51192330F A5 -1.5519 19,0445
6.10120000F 04 0.2320CN00T 04 06004380 05 -3.07934 32,4054
0.Q?7590070F 03 0.26AINNANT N5 N.36IR6LLDE N5 -1.a002 3R 45857
0.R7LCCATOE 03 N.33160NNNE (5 N.2334616410F N5 =2+2640 22, NA10
N,/ CAQ70E N3 0.3TANANNE N8 N,22212175F N5 -3.3790% 27.4519
0.74392970F 03 N.27210000F D5 0,728651480F 75 -1.5650 37.HA3A
0.623500270F 03 0.28A80NNDF 08 Ne25970010E 925 -1.24754 37.%907
0.524¢0270F N3 0.2232R800008 0OF N.22130250% 05 1.1159 27,6134
0.5569Q970€ 03 0.210206000F 05 0.705385505 05 2.2904 37.737¢9
AVFRAGE DEVIATION = 2406688600 F NDFGRFF = 1

TABLE XXI

Statistical Data for 1.0 in Inconel in Nitrogen

901
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R=11 0.5 1

LFAST SQUARES PNOLY CNEFF, ARF:

AL 0)= 0.55492R80F 07
A D)= D.1603878NF 00
HEAT FLUX H CALC. H 2 DFEVIATINN
N.420R09R0F 05 0.61°50000S 02 0.640TNN5NE 02 -2,5804
0.443000°00F 05 N0.61149290c N2 N.633G0670F D) -3.6647
0.35250000F 05 NLE2TI0N00E N2 NLAPTHANINE N -0.0893
N.36310020F 05 0.612400007 D2 N AP4TI3T0F N2 -2.,0140
N.3N440090F 05 0.A1759090C 02 N.620729870% 02 -0.4370
0.432090005 05 0.6R640000F 0D N.6321]14K0F Q2 7.5067
0.509400a0F 05 0.63200000F (07 N.ALITRONNE 02 -N.2060
N.57290G00F 05 0.620700008 09 0 ARTIA2QNT 02 -2.7260
N.5?130000F 0§ 0L.6AK4400007 02 NLAGASTASDE DD -0.,3032
0.ALTTONOINE A8 N AALTAAANE 0D N.ATTRTOLAF 072 24366
0.567500N0F OS (.ARNRNQCHE () N.AGITAALOE 0D 1.0761
D Ahh1Q00Q0F NS N.A56K1G9Q0F 0?2 Ge6R6463410% 02 2A,N122
N.53560020C 0§ 0,4653999a00F () N.ALRA2IANE 02 N.8222
0.608109R0F 05 0.64R39Q00C (72 N 65348208 02 -2.328%
AVFRAGE DEVIATINN = 2.20822600 % DEGRFF = 1

TABLE XXilI

Statistical Data for 0.5 in. Inconel in Reirigerant-11

‘801
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0.33040080F
0.310490R0F
0.?28729920¢
042575%990F

AVERAGE DEVIATINN =

Statistical Data for 2.0 in. Inconel in Refrigerant-11
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Q0.R7309090F (02
0.37000000GF 02
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0.35399990E 02
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APPENDIX D

THERMOPHYSICAL PROPERTIES

Refrigerant-11

Density in ( lbs.m/cu.ft.)
P~ 91.3

P
P RT where P is pressure in (lbs.t/sq.ft.), and R = 11.21

o}
(ft. Ibs. /lbs. F). The temperature, T, is the mecan temperature
m p

of the vapor film. (OR)

11
Latent Heat of Vaporization in (BTU/lbs.m). (11)

=

= 178.3
2
h, =78, 3[1 - (310, A T/78.3)] .
h_ includes the sensible heat added to vapor due to the fact that

the average temperature of the vapor is above the saturation

*
temperature,.

o, (11)
Vapor Thermal Conductivity in (BTU/hr.ft. °F)

K .= 0.0048 +1.14 - 10_5T where T is the average temperature

v

0
of the vapor film in F.

Vapor Viscosity in (lbs.fhr./SQ-ft-)
37)

(See Perry's Handbook(

*

Chang' s equation for the prediction of h
include the scnsible heat added to the vap o
to add a degree of reality to Chang's equation i

and used instead of the simple latent heat of vap

cfficients does not

or film in his? value. Thercfore,
values were calculated
jzation,A, that he suggests.

eat transfer co




Surface Tension in ( lbs.f/ft.)
¢ =1.3.107°
Vapor Specific Heat in (BTU/lbs.moF)
(Sec Perry's Handbook)(37)
Nitrogen

Density in (Ibs. m/cu. ft.)

= 50.47
P1
P, =Ry » Where P ispressure in (lbs.i/sq.ft.), and R = 55.2
ft. lbs,i/lbs. OF). The temperature T, is the mcan temperature
m

o
the vapor film. ( R)

: (38)
Latent Heat of Vaporization in (BTU/1bs. ).
h, = 86.0
fg
h' = 86.0 + .224(T + 320), where T is the average tempcerature
fo . .

o)
of the vapor film. ( F)

o
Vapor Thermal Conductivity in (BTU/hr. ft. F) 19

T
-6
K .= (241.9) (6.15) 10 T/1+ (235.5/T) 10 )
\%
. 0
where T is in K.

Vapor Viscosity in (lbs.fhr./sq. ft.)
(37)

See Perry's llandbook

Surface Tension in (lbs.t/ft.)

4

o=5.67 - 10
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