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CHAPTIER I
INTRODUCTION

Particular emphasis has been placed on the study of nucleate (lo-
cal) boiling heat transfer to liquids in recent years. This is due to
its importance as a very efficient mode of heat dissipation in a number
of high performance heat transfer applications. Nuclear reactors, elec-
tronic power-~tube cooling coils, -and rocket engine cooling jackets are
examples of application where the high heat generation can be dissipat~
ed efficiently through this type of heat transfer. Water received moét
of the attention as a media to study this mode of heat transfer because
of its availability, and its desirable characteristics as a coolant. Re~
cently, attention has been focused on cryogenic (low temperature) liquids
and on rocket fuels because of their importance in the varying and ex~-
panding space applications.

It is impossible to understand and explain the different phenomena
associated with nucleate boiling without a comprehensive study of the
theory of bubble growth in particular, and bubble dynamics in general.
Considerable strides toward this goal have been made in the past ten
years. As a consequence, four different models of heat transfer during
nucleate boiling have been postulated as possible mechanisms through
which the high heat flux densities in nucleate boiling could be explain=-
ed., One of these mechanisms, together with the correlation equation
based on it, was suggested by Forster and Greif (10), and proved to

this writer to be particularly attractive., This correlation equation



showed promising agreement with experiment since its publication in 1959,
A discussion of the various mechanisms of nucleate boiling proposed so
far may be found in reference (10).

Aside from the differences in saturation temperatures between the
various fluids, the most important property affecting the behavior of a
liquid in nucieate beiling is the surface tension. This property, to-
gether with cvther adhesive and cohesive forces, determirnes the value of
the contact angle between a vapor bubble and the heéting surface, which
in turn controls the volume ¢f an average bubble as it breaks away from
the surface. The study of the behavior of water‘containing a volatile
additive like alcohol is then important insofar as it uncovers the de-
pendency of the relationship between the heat flux and the superheat on
the contact angle. Adding a small amount of volatile additive to water
has the effect of reducing the surface tension of water appreciably with-
cut causing any appreciable change in the other properties of water,

Although some work has been done on the study of the behavior of
liquid mixtures in pool boiling (11) (12) (13), very little has been dene
on forced convection nucleate boiling heat transfer to binary liquid mix-
tures. Leppert et al. (14), in their experiment on forced convection heat
transfer to water containing a velatile additive, reported an increase of
the heat transfer coefficient with some mixtures over that of pure water,
Their data were at small mass velocities, at low pressures, and for cross—
flow,

The purpose of this investigation was to continue the study of such
mixtures at higher pressures and higher mass velocities for flow in a tube.

The range of variables covered in this investigation was:

System Pressure: 30 to 230 psia



Heat Flux: 60,000 to 260,000 Btu/hr-»ft2
Mass Velocity: 190 to 400 lbm/ftzmsec

The concentrations of the additives used were:
Methyl - alcohol:  1.02%, 2.04% and 3.06% by weight.
Methyl Ethyl Ketone: 1.00%, 2.03% and 3.00% by weight.
n~Butyl alcohol:. 1.00%, 2.07% and 3.12% by weight.



CHAPTER 11
SUMMARY OF PREVIOUS INVESTIGATIONS

In this chapter the previous work in nucleate boiling which has a
bearing on the present investigation will be outlined. This includes
both pure fluids and mixtures and correlation of their experimental data

~during nucleate boiling, as well as the recent work published on bubbile
dynamics. |

Pure Fluids

Experimental work on nucleate boiling of pure fluids has been con=-
ducted by many investigators on a variety of liquids, uwatfh pressures
ranging from subatmospheric to 2465 psia, and at mass velocities up teo
mnﬂlbm/ftz-seco The following is a list of some references dealing with

pure liquids in nucleate boiling:

TABLE I

REFERENCES FOR PURE LIQUIDS IN NUCLEATE BOILING

Water (1) (2) @) 4 (G (28 (29)
Alcohols (270 (28) (31
Aniline  (31)
Mercury  (21)
Liquid Hy (33)
Liquid Ny & 0, (32)
Potassium Carbonate (28)
Carbon Tetrachloride (28)
4



Correlations

Three methods of correlating the heat transfer data of nucleate
boiling of liquids appeared in the literature during the last ten years.

Rohsenow (9) in 1952 gave the following equations:

¢ eATl = F ‘-c'i gc o 0:;33
1.7 - sf )
L - Px po L Vogle-m

where the coefficient Fgr is dependent on the heating-surface-fluid com-

bination. All properties of the fluid in this equation are to be evalu-
ated at the saturation temperature.

In 1959, Forster and Greif (10), and S. Levy (34) publiéhed simul-
taneously two correlation equations based on different models of heat
transfer during nucleate boiling.

Levy presented the following “"generalized equétion" for surface

boiling

3
7 = kepo®am
T ST

where the coefficient B, , “determined empirically, was found to be a
function only of the product ,o, L."

The Forster=Greif correlation, and the model for heat transfer dur-
ing nucleate boiling which the authors suggested, are described in Chap-

ter 1IV.
. _Bubble Dyﬁémics

Without considering the important factors which affect bubble forma-
tion, it is impossible to understand the different phenomena associated

with boiling.



The degree of superheat necessary for a bubble to be initiated is
controlled by the physical condition of the heating surface and by the
surface tension of the fluid. Bubbles form only at favorite spots on
the heating surface, and as the heat flux increases, the number of these
nucleation centers increases. In contrast, the number of bubbles in each
column issuing per second does not change as fast by an increase in the
heat flux. M. Jacob (35) reports that a linear relation exists between the
heat flux and the number of the bubble columns visible, and that "for
every increase of the heat flux by 700 Btu/hr-ft2, one more column was
formed on a polished horizontal surface."

The study of the growth of a vapor bubble in a superheated layer re-
ceived its due attention in recent years. Gunther and Kreith (30) studied
the lifetime of a steam bubble and found it largely dependent on the
heat flux. The degree of subcooling was found to control the maximum
size of an average bubble.

The studies of Forster and Zuber (7) in the growth of a vapor bubble
led to the establishment of “two distinct time domains™ in the bubble's
lifetime; “one is of the order of 10--4 sec. during which the effect of
the hydrodynamic forces may be an important factor in the growth, and an-
other during which this effect is unimportant." A solution of the second
domain of bubble lifetime was presented by the authors. The authors
showed also in another paper (24) that "the product of bubble radius and
radial velocity is constant, and independent of bubble radius."

The theoretical studies of Forster and Zuber (7) (24), of Plesset
and Zwick (23), and of Griffith (22), agree very well with the experi-
mental data of Dergarabedian (20) and of Ellion (19).

High speed photographic studies in boiling have been attempted by



Gunther (24), Gunther and Kreith (25) and by Siegel et al. (26) under

conditions of reduced gravity.
Fluid Mixtures

Heat transfer during nucleate pool boiling of binary mixtures has
been investigated by Bonilla and Perry (4). They studied mixtures of
ethanol-water, butancl-water, butancl-acetone, acetone~-water, and butancl-
ethanol, Their results for the ethanol-water mixtures are reproduced in
Figure 1 where 10913 was plotted against logz;Tl, The analysis c¢f their
data showed that the behavicr of the binary mixtures in nucleate boiling
“fell between the pure components in all cases.”

Van Wijk et al. (2), studied the heat transfer during nucleate pool
boiling of mixtures of water and MEK (Methyl-Ethyl-Ketone) at atmospheric
pressure. Their results reproduced in Figure 2 indicate that the nucle-
ate boiling heat transfer curves for the different water-MEK mixture
studied fell between those of the pure components. The authors reported
that "the size of the bubbles leaving the heating surface was definitely
smaller for 4.2 % by weight MEK than with the other mixtures or with the
pure components. It can be seen from Figure 2 that the value of the max-
imum nucleate boiling heat flux (g max.? for some mixtures is considerably
higher than that of the pure components, reaching a value of 2.5 times
that of pure water for 4.2 % by weight of MEK.

Nucleate boiling heat transfer tc water containing a volatile addi-
tive was investigated by Leppert et al. (5) for cross flow near atmospheric
pressure and at small flow rates. Their results for isopropyl alcchol
and methyl alcohol are reproduced in Figures 3 and 4. The authors re-

ported that "with about one per cent isopropyl alcohol or two per cent
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methyl alcochol by weight, the nucleate-boiling heat transfer coefficient
is either unaltered or slightly impreved, while the average and maximum

bubble sizes are very notably reduced.” The authors also predicted a de-

crease in the pressure drop during forced convection rucleate boiling of

such mixtures based on the smaller bubble size observed.



CHAPTER III
APPARATUS AND PROCEDURE
Experimental Apparatus

The heat transfer loop used in this investigation was constructed
in 1956 at the Mechanical Engineering Laboratory of Oklahoma State Uni~-
versity under a grant from the Atomic Energy Commission. In this chap-
ter a brief description of the loop will be presented, together with a
description of the modifications done on it for the purpose of this in=-
vestigation,

The original design of the apparatus is similar in principle to one
used by Mumm (2), Leppert (15), and Reynolds (16), with the following
outstanding changes:

1. The power available for the preheater was increased by 50 per

cent.

2. Provision was made to take heat-transfer and pressure-drop data

simultaneously.

3. A Moyno pump was used with a variable speed drive.

A schematic diagram of the heat transfer loop is shown in Figure 5.

Modifications done on the apparatus for the purpose of this inves-
tigation comprise the following:

1. Method of thermocouple attachment to the test section.

2. Insulation of the test section and addition of a thermal guard

12
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which provided the surface thermocouples with an isothermal re-
gion.

3. Pressure control system.

4, Pressure tap connections to the manometers and piping system of

the manometers.

(&1 ]

Temperature reading instruments.
6. Piping system between the water supply tank and the holdup tank.
7

. Provisions for degassing the system fluid.
Flow Cycle

Starting from the holdup tank, the system fluid was transferred to
the supply tank by the transfer pump (see Figure 3), A "Moyno" pump of
the positive displacement type was used to circulate the system fluid
under pressure through the loop. From the main circulating pump, the
fluid was passed into a network of metering orifices and through the pre-
heater where it was heated before it entered the test section.

The fluid was then allowed to boil in the test section by raising
the test section wall temperature above the saturation temperature of
the system fluido‘ Heating of the test section was achieved by electricall
energyvdissipatidn in the test section walls.

The boiling fluid was then passed throygh an exhaust header and in-
to a shell and tube heat exchanger (condenser) where it was cooled down
to the room temperature. From the condenser, the system fluid was al-

lowed to return to the holdup tank.
Test Section

- Details of the test section and its attachments are shown in Figures
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6, 7, 8, and Plates I, II, III, IV,

The test section material was AISI type 304 stainless steel with a
0.502 inch 0.D, and a 0.399 inch 1I.D. The cverall length of the test
section was seven feet between the inlet and outlet flanges. The heated
length between the electrical lugs was six feet. Seven iron-constantan
JU-gauge thermocouple wires were attached to the test section in the
boiling region (last two feet of test secticn). A sheet of mica 0,0065
inches thick was provided between the outer surface of the test section
and the thermocouple junctions to insulate them électriéally from the
‘test section, The junctions were then clamped to the test section as
shown in Figure 7. In addition to these seven thermocouples, ancther
thermocouple was attached in the nonboiling region.

Thermal insulation was provided the test section by wrapping it with
three layers of asbestos strips covered with a l-inch thick layer of 85
per cent maghesia.

The thermal guard, Figure 8, surrounded the insulation in the boiling
region and was heated by resistance wire coiled arcund the entire 2,25~
feet length of the ceramic tube. A Gereral Radic Company variac (115 V,
input, 20A4) was used to regulate the a.c. power tc the resistance wire,
Three thermocouple jumctions were placed inside the ceramic tube and the
tube was covered with a thick layer of asbestos to minimize the heat loss
to the atmosphere from the resistance wire,

A Pyrex glass sight tube installed downstream of the test section
allowed visual observation of the flow.

Uther attachments to the test section which comprised the pressure
taps, the voltage taps and the inlet and outlet thermocouple junctions

are shown in Figure 6.
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PIATE T

View of Test Section srith Insulation

PIATE II

Viewr of Test Section Showing the Pressure Taps
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PIATE TIII

Clrse-up of Boiling Region of Test Section
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Components

The main pump was a stainless steel Robbins and Meyers "Moyno" pump,.
frame 6M, type SSQ, which was a six-stage progressing-cavity pump. The
volumetric displacement of this pump was almost independent of the dis-
charge pressure, as can be seen from Figure (H-1), Appendix (H).

The two auxiliary pumps, one for the ion exchanger and the other
for the fluid transfer from the holdup tank to the supply tank, were
identical Yeomans Brothers centrifugal pumps driven by 1/3 HP General
Electric motors, and had cast-iron housings. The housings of these two
pumps which were the main source of rust withinm the entire loop were care=~
fully coated with a plastic (Epoxy Resin).

Rohm and Haas “Amberlite™ resin was used with the ion exchanger to
remove iron ions from the system fluid. The system fluid was continu-
ously pumped from the supply tank through the column of the resin in the
ion exchanger and returned to the supply tamnk,

Piping and fittings which»came in contact with ihe system fluid were
either stainless steel type 304 or non-ferrous metal.

The orifice plates used in conjunction with the flow-metering net-
work wére 0,333 inches and 0.433 inches in diameter. They were supplied
by the Daniel Orifice Fitiing Company. Only the smaller orifice was cali~-
brated and used in this investigation. A valve mounted on the shell side
of the heat exchanger allowed the discharge of air and vapor (but not amy
1iquid) to the atmosphere, This valve was used for the degassing of the .
systém'fluid {see Appendix €.

For detailed description of the loop, see reference (17).
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Electrical Energy

Electrical energy was supplied to the test section by three Lincoln
400 "Fleetwelder Special™ transformers connected in parallel. Output
rating of each transformer is 400 amps at 40 volts., (See Plate V).

Preheating of the system fiuid was accomplished with six Cromalox
MI-201, 240 velt, 10,000 watt, two-element heaters. Six of the single
heaters were connected through individual switches on the control panmel,
and six were connected by individual switches on the control panel and .
operated by a 45 KW Powerstat variable transformer supplied by the Super-

ior Electric Company.
Instrumentation and Control

The emf. of the thermocouples was measured by a Leeds and Northrup
portable precision potentiometer, No. 8663, The ice point was used as
the reference. The smallest division was 0.01 mv. which corresponded to
about 0.33°F. The thermocouple leads were connected to a multi-position
selector switch which was in turn comnected to the potentiometer. For
calibration of the thermocouples, see Appendix C.

A Two-mode TEL-0-SET pneumatic balance controller was used to con=
trol the system pressure. This was supplied by the Minneapolis-Honeywell
Regulator Company. The signal from the pneumatic controller was trans-
mitted to a valve located at the outlet of the exhaust manifold. This
valve is shown in Plate (VI). System pressure was measured by a Heise
calibrated gauge, 0=-750 psi, 16-inch diameter dial, graduated in l-psi
increments.

Flow was measured by connecting the orifice flange pressure taps to



PIATE V

Transformers

PIATE VI

Rear View of Test Apparatus

€2



24

a Meriam, Model 30, flow manometer with a 60=inch scale graduated in in- |
ches and tenths of an inch. Meriam blue manometer fluid with specific
gravity 1.70 was used. For orifice calibration see Appendix D.

Flow control was achieved with the Moyno pump and the associated
drive system.,

Power to the test section was measured with a single-phase General
Electric P-3 wattmeter with a range of 0-200/400C watts and an accuracy
of 0.2 per cent of full scale. Voltage drop along the test section was
measured with a General Electric P=3 voltimeter with a range of 0-15/30
volts and an accuracy of 0.2 per cent of full scale. s General Electric
JKR=-2 current transformer with a ratio of 5:1500 was used to supply cur-
rent to the wattmeter. A brown multipoint Electronik Strip Chart Record=
er, type J, 0-600°F, was used to match the emf. of the test-section ther=
mocouples with that of the guard heatexr thermocouples.

All instrumentation which was used to control the operation of the
loop or to read the experimental data was mounted on the control panel

shown in Plate (VII) and illustrated in Figure 90
Procedure

All previous work in local boiling heat transfer has emphasized
the importance of the effect of the heat transfer surface condition on
the superheat, and thereby on the heat transfer coefficient. This was
especially important in the present investigation, becauée changing sur—
face conditions made it hard to compare data of the different mixtures
used. Therefore a considerable effort and a number of precautions were
taken throughout the experimental work to render a reproducible heat

transfer surface. For details of the different steps taken to that end,
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reference should be made to Appendix F,

Before data‘was taken for a specific additiueg the test section
was cleaned, treated with.a dilute solution_of_nitrio acid, and flushed
thoroughly with'distllled water. The system Wasvthen filled‘with.dis-
tilledeater.'and the flow started at a moderately high rate to allow de-
gassing, whlch was achieved by venting the valve on top of the condenser
to the atmospherec Dega551ng@ when the system conta1ned mlxtures rather
than dlstllled waterv was ach1eved by ventlng thls valve to the hold-up
tank 50 that no add1t1ve vapor would escape from the system° The system v
was allowed to degass at all tlmes dur1ng the exper1mental runs.

Durlng the dega551ng time (l to 1% hours) the.thermal guard‘power»
‘was started and allowed to warm up :The‘flOW manometervtand the‘pressure ;
'manometers were then bled to remove any air bubbles;that were noticed to
collect'in the manometer tubeso These manometers Were'working on a sys=-
tem—fluld over manometer-fluid principle w1th a relatlve den51ty of the‘
manometer f1u1d of O 75 .The manometers were'bled-by dlstllled water from
~an outside SOurce-so that-the'system“fluld’.when i"t.;’co?nta_ihed‘additivesv
’would not contamlnate the manometer fluid. . | .v |

The system was then sealed and the add1t1ve 1ntroduced to the holdm
“up tank through an asplrator located ‘in- the return l1ne between the sup_l;
ply tank and the holduup tanh Suff101ent t1me was allowed for the addla
vt1ve to mlx w1th “the d1st111ed water and to flow 1n the test sectwno The~“
v adoltlves were welched before 1ntroduet10n to the known amount of dlstllled

waterv1n~the systemq 50 that the’ concentratlons of these add1t1ves were

v about'l%w’Z%'or'a%sbe” fxl
A large dlameter vent 11ne connectlng the holdmup tank and ‘the sup~
ply tank above the fluld surface 1n both tanks was 1ntroduced Thls

kept the pressure in both tanks atmospher1c when the transfer pump ‘was
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pumping the system fluid from the hold-up tank into the supply tank, and
thus kept the vapor leak at the seals‘to a minimum,

When the loop was ready, the flow, the system pressure, and the test
section power were adjusted at their predetermined values, and the system
was then allowed to reach a steady state. About one half hour was suffi-
cient time for this purpose. During that time, the thermal guard heater
power was adjusted so that the outside temperature of the test section
in the boiling region matched the temperature of the guard. Once the

steady state was reached, the data were read twice, and recorded.



CHAPTER IV
REDUCTION AND CORRELATION OF EXPERIMENTAL DATA
Experimental Measurements

Experimental measurements for each run were comprised of the follow-
ing:

1. The emf. of the outside wall thermocouples of the test section
at seven different locations in the boiling region and in one location
in the non=boiling region. See Figure 6,

2, Inlet and outlet bulk temperature of the fluid in the test sec-

tion,
3. Temperature of the fluid before entering the preheater.
4. System pressure at the downstream end of the test section.
5. Pressure drop across the flow orifice.
6. Wattmeter reading of the electrical energy dissipation in the

test section wall.

7. Ammeter reading of the a. ¢. current flowing in‘the test sec-
tion wall.

8. Voltage drop at four different locations along the entire
length of the test section.

All experimental data wefe read twice and averaged after the steady

state was reached.

29
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Reduction of the Experimental Measurements

The thermocouple wires were calibrated, and it was found that an
emf. correction of 0.049 mv. should be added to the emf. readings of all
thermocouples. In addition, the seven surface thermocouples used to
read the outside wall temperature of the test section were calibrated in
place against the inlet bulk temperature thermocouple. For the calibra-
tion and correction of the thermocouples, see Appendix C.

The electrical energy dissipation in the boiling region of the test
section was calculated according to the following example for Water Rum

#5 o

Example: Wattmeter reading = 153
Ammeter reading = 79
The ammeter reading was the percentage of 1500 amps.; and since the

ratio of the current transformer was 1:300,

The power input to test sectiom P = 153 x 300 x 3.413

H

1.565 x 106 Btu/ hr., and
The test section current I = 0,79 x 1500 = 1185 amps.
This value of the test section current was checked for each run
against the value calculated from the following equation
I = \P/R

the electrical resistance of the test section between

t

where R
the center lines of the lugs.
In order to calculate the resistance of the test section R, Figure

10 and the following equation were used:

- 1 Ak (L - Ly +2b x L
R = - 2 . b
@ (rodwriz) [-' ;7



Figure 10, Heat Flux Calculation

Cutside wall temperature in boiling region was
. —_ o ¢ O
Ty, = 368.6 °F
Mean outside temperature in non-boiling region was

T Ae o
TO% = 313.2 °F

Therefore /P = 2,808 x 10’6 - ft

fouy = 2.733 x 1070 o - £t

The resistance in the boiling region was
. Zon ¥y 2808 1070 5 2

-2
= 1.110 x 107
b ? - r12> 5,062 x 10=4

The resistance in the non-beoiling region was

P = Lp) 9 733 & 16 x 4 = 2.16 x 1072 o

R - =
nb 7r(r02 - riQ) 5,062 x 1074

Total resistance of test section was

2

R=1.11 x 1072 + 2.16 x 1072 = 3.27 x 16™°% -

i

1= \’P/H = \=~l§§—§fggg— = 1185 Amps



The values of the current checked as above, came within 0.6% of the

measured values for all 160 runms.,
Heat dissipation in boiling region was

- I (ﬂ'b/2>

H

where A is the inside area of the test section/unit length

(11852 x (1,11 x 1072/2) x 3.413
7 % 0.03325

2

& = 2.550 x 107 Utu/hrmfc

The average power dissipation in the test section was

— 2 . >
- (1185 x (3,27 x 107%/6) x 3.413 - =0 . 2
Yavg, = 7% 003355 = 2,500 x 10 ~ Btu/hr-ft

In order to find the inside wall temperatures from the cutside wall
temperatures of the test section, a solution of the heat conduction equa-
tion, giving the temperature distribution inside the wall of an electri=-
cally heated tube, was required. The following Kreith-Summerfield solu-

tion (4-6a) was used.

2 4
AT = Ax ﬂX L o+ IM%+3ﬁ+4¢ﬁ§)1 Ay 4+ . oo%
W 2 dr 2 12(1 +<g) (1 + g&) | o

A simplified soclution was deduced and found helpful in rough calcu=
lations; this equation is

AT = 4 r 2 In (r /r) - ~j£LEF;Ei-]
Both these sclutions are derived in Appendix A.

The inside wall temperature at the seven different locations shown
in Figure 6, in addition to the inlet and outlet bulk temperatures for

each run, are listed in Table III,



The flow-measuring orrifice was calibrated according to Appendix D.
Representative Temperature Profiles

In Figure 11, the inside wall temperature of the iest section, and
the bulk temperature of the fluid, are plotted against the test section
length, measured from the cenier line of the downstream lug, for some
experimental runs. These experimental runs are: BRun # 10 for water,
Run # 10 for 3.06 % methancl, Bun ¥ 10 for 3.00 % MEK, and Run # 10 for
9.12 % n-Butancl. The behavior of the temperature profile in the case

of mixtures will be discussed in Chapter VI.
Forster-Creif Correlation

This correlation equation will be used to correlate some of the ex~
perimental data of this investigation; therefore a brief description of
it, as well as of the mechanism of nucleate boiling, which the authors
suggested, is in order.

Forster and Greif, in their recent paper {(10), suggested a "vapor-
liguid" exchange mechanism of heat transfer during subcooled nucleate
boiling described in the following paragraph.

When surface boiling occurs, the bubbles, in growth and collapse,
act as highly efficient piston pumps working at about 1000 cycles per
second, which pump mechanically the hot liquid from the heating strip to
the bulk and the cold liquid from the bulk tc the heating surface,

Based on this mechanism ¢f heat transfer during nucleate boiling,
the authors alsou suggested the manner through which the mechanism re=
mains unaffecied by the degree of subcooling of the liquid bulk. They
used Ellion’s experimental data (19) on the effect of liquid temperature

on bubble dynamics, in conjunction with the following equation (IV=1),
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to show that the product (lsTl + Ang) Riax/Qf) in this equation re-
mains virtually constant while subcocoling is changed by more than 400
per cent, This equation is

-3 -y A -
qec ¢ /9 Rnlax(AT1+‘A'12)" % (Iv-1)

where ¢ = heat transfer by each bubble per second

T

it

the period of growthwcollapse.cycle of a bubble

Rmax

1

radius of the maximum size of an average bubble

The authors also argued that "once this high;y effective mode of
heat transfer is operative (yielding a heat flux 10 to 100 times that
arising from e&dy diffusion), the contribution stemming from convective
heat transfer loses its importance.”

In their correlation equation for nucleate boiling which théy repre-
- sented as cofrelatiun I, the authors defined three dimensionless groups
in which the liquid properties are to be evaluated at the wall tempera~
ture, One of these is the PRANDIL group

Pr = néi.l;(.:'.,_ (IV-2)
<

Another parameter which we shall call a REYNOLDS modulus is "repre-—
sentative of cycle frequencies and of the dynamics of bubble growth in
general.,” This modulus can be defined as

Re = ﬁlﬂw A2
A

B, - ap/ 4L
1 /a1

H

Where A

The coefficient Bl have been previcusly calculated by the authors

and was shoewn to be euqal to
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c AL (Ta)]

dp
's Tur

where the Clausius-Clapeyron's equation was used for (L ).

The Reynolds modulus, then, can be put in the form

2 -
Re = W;L(”L;“P) gg) ! (1V-3)

 where AP is the excess pressure corresponding to the superheat AT,

(7). This excess pressure is given in terms of the superheat stl by
P L &P a1+ (1V-4)
= AT, + o o o -
AP dT 1 2 dTE 1

The derivatives in equation (IV-4) are to be evaluated at the satu-
ration temperature Tso As a first approximation, the excess pressure
AP could be regarded as proportional to the superhéato where the factor
of proportionality is the slope of the vapor-pressure curve at the satu-

ration temperature Ts' i.e.:

dp . . 4y
T ATl (IV~-4a)

AP =

The slope of the vapor-pressure curve can be evaluated by use of the
Clausius-Clapyron equation (see Appendix B).

The third dimensionless group introduced is a NUSSELT modulus "using

the critical radius of a bubble (Rc = 2067/ AaP) (38), as the characteristic

length." This parameter is then defined by

Y Y Cav-5)

Forster and Greif then represented their correlation equation in



the form
Nu =C - Re" . Prl/J
oY Nu - Prul/3 = C ReP (IV=-6)

They gave for the exponent n at low pressures the value of
1

= e

5
They compared their correlation equation with the expeiimental data
for water of Cichelli and Bonilla (27) and of Gunther and Kreith (30).
This showed that for water |

C=7.0x 107

Representation of the Experimental Data

The experimental data of this investigation are shown in Table III
which lists the inside wall temperature of the test-section at seven dif-
ferent locations (see Figure 6), the inlet and outlet bulk temperatures,
and the superheat A Ty for each run. In case of the mixture runs, the
superheat A Ty reached a maximum value near the start of local boiling
and then decreased downstream. The values of A'Tl for the mixture runs
listed in Table III are the maximum values attained near the start of lo-

cal boiling. For further discussion on A.Tl for the mixtures see Chapter
1/3

il

VI. Table III alsd lists the values of the two parameters Nu°Pr Y,
and Re = x defined by equaticns (IV-3) and (IV-3).

The eXperimental data for water anishown in Figure 12 where the heat
flux‘ﬁ is plotted against the superheat AaTl on a log=log graph for dif=-
ferent pressures.

In order to compare the results of this investigation for water with

other experimental data, the data of Gunther and Kreith (30) for water
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at atmospheric pressure are reproduced in Figure 12°

At low values of the heat fluxqaq the present data at 50 psia were
compared to non-boiling heat transfer by including in Figure 12 the Col-
burn line c¢-c. This line represents the non-boiling heat transfer to

saturated water at 50 psia, and was calculated from the equation

/5 , } 2/3
(&)

- _ B
3= 0.02 aty 6 ¢, (A=),
B DG /NFCB

where F indicates that the property is evaluated at the average

film temperature
and B indicates that the property is evaluated at the bulk tem-
perature.

Figures 13 through 24 show the effect of the concentration of the
additives and the effect of the system pressure on the super-heat sti
at different heat flux levels for all the mixtures studied in this in=-
vestigation, Figureé 25 through 27 show the effect of the convective

velocity (mass velocity) on the superheat ASTio

Correlation of the Experimental Data in the
Fully Developed Nucleate Boiling Region
The experimental data in the fully developed nucleate boiling region

for water, the Methanol mixtures and the n~Butanol mixtures were correlated
by means of the Forster-Greif equation (IV-6). The four points represent-
ing the data at the highest heat  flux used (2.37 x 105 Htu/hrwftg) for
four pressures were utilized for the correlation of each mixture. The
parameters Nu . Pral/gvand Re were calculated for each of these points

as defined by equations (IV-3) and (IV-5), and plotted in Figure 28 for

the Methonal mixtures and in Figure 29 for the n-Butancl mixtures. The
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two paremeters Nu ° Pr and Be were also calculated for all other runs
and listed in Table IXI. The same two parameters were calculated for the
Gunther and Kreith data (30) and plotted in Figures 20 and 29 along with
the data of the present investigation for water.

N¢ attempt has been made to show a correlaticon for thé data of the
MEK mixtures which were believed io be all in the transition region (the
region between non-boiling and the fully developed nucleate boiling re~
gions) . This may be seen also from Figure 2 which represents the results
of Van'wijk et al. (2) on the lEK-water mixtures. The heat transfer line
in Figure 2 for 4.2 % by weight MEK between the non=boiling and the nu-
cleate bwiling_regians shows more curvature than that of either pure
components, The heat flux range of the fully developed nucleate hoiling
region for 4.2 % by weight MEE is much higher than those for the pure

components,
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CHAPTER V
EXPERIMENTAL DATA

All the relevant experimental data are listed in Table II and Table
11I. The first column of each table contains the number of the run.

RBuns of the different mixtures having the same numerical number as
listed in the first column were conducted at the same system pressure P,
the same mass velocity G, and the same heat flux Q. These are listed in
Table II.

Table IITI lists the inlet and cutlet bulk temperatures, the inside
wall temperature df the test-section at seven different locations, and
the superheat A Ty for each run. In the case of the mixture runs ATy
is the maximum value of the superheat attained just after the start of
local boiling. For the locations of the different thermocouples along
the test section, see Figure 6.

All temperatures are in degrees Fahrenheit.

Table III also lists, for each run, the following calculated para-

meters in the last two columns
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TABLE 11

VARIAELES FOR EXPERIMENTAL DATA

Run | P G qox 10;5
Number psia lbm/ft2-sec, Btu/hr-ft@
1 50 299 0.620
2 50 299 1.057
3 50 299 1.584
4 50 299 2.075
5 50 299 2,572
6 100 , 299 1.057
7 100 299 1.584
8 100 299 2.075
9 100 | 299 2,572
10 150 299 1.584
11 150 . 299 2,572
12 250 | 299 2.572
13 100 168 2.075
14 100 | 232 2.075

15 100 353 2,075
16 100 401 2.075



. TABLE III

3563 .8

Water
” In:]f:%k Z$€§ét 1 5 Ingside Wall;‘i'émperagure . ” AT, x ¥
I 233.9 275.5 291.9 294.7 296.6 298.5 299.9 301.0 501.6 18.0 317 2410
2 .202.8 272.3 300.6 304.4 506.4 ~ 307.8 . 308.7 309.8 309.6 27.2 825 1690
3 164.3 '_266}6 309.3  313.3 312.6 313.5 313.6 313.9 312.0 2.4 1260 1720
4 133.6 267.4 317,7-v 314.7 314.2 314.8 314.3 313.9 311.1 33.4 1350 2110
5  98.1 262.7 516.9 313.3 317.0 317.2 316.3 316.5 315.9 35.7 1590 2250
6 249.7 311.2 244.2 347.6 348.5 349.1 349.3 350.2 350.7 21.1 142 1600
7  212.0 311.2 351.5 353.9 354.0 354.6 354.7 355.2 355.8 26.6 240 1470
8 178.3 305.2 355.8 357.2 357.5 358.2 357.7 357.8 357.4 29.9 315 1500
9 139.6 302.4 358.4 359.6 360.4 361.2 360.6 360.5 358.5 32.5 383 1450
10 242.9 341.3 381.3 385.0 385.5 385.9 386.1 386.6 386.5 27.6 132 9530
11 175.3 335.9 385.4 388.7 388.5 388.8 387.7 387.6 385.3 29.1 149 1380
12 217.8  335.5 425.2 425.6 426.1  426.2 425.4 425.9 425.1 24.8 43.3 1220
13 98.2 311.8 359.0 359.7 .360.5 361.3 360.2 359.4 356.1 33.5 412 1160
14  141.1 316.5 359.4 - 360.0 359.8 360.0 358.0 356.7 355.6 32.2 375 1270
15 195.6 308.6 B350.6 355.2 5355.9 355.5 554.1 355.6 352.0 28.2 275 1700
16 207.5 307.1 348.2 352.6 353.9 350.4 351.0 350.9 26.2 232 1990

w



TABLE III (cont.)
1.02% by wt. Methanol

~Bulk Temp.

. 562.0

) . : | :Inside Wa_il Temperature ' AT ¥
Inlet Outlet 1 2 3 4 5 6 7 '
1 234.4  277.5 292.9 295.7 207.0 299.5 500.9 502.5  305.5 20.0 415 1490
2 202.2  275.0 300.5 304.5 508.4 510.9 515.0 514.3 313.2 32,0 1220 948
5 161.8  266.7 : 508.2 5314.5 516.9 517.2 316.9 516.0 313.1 36.2 1640 1080
4 130.1 267.0 B517.8 515.5 316.5 517.4 316.4 314;7 310.3 36.4 1660 1390
5  89.3 256.5 318.35 518.0 519.4 520.5 520.5 310.6 315.8 39.5 2030 1440
6 240.0 519.4 343.5 547.7 35l.3  354.0  355.7 556.0 354.5 28.2 277 686
7 213.5 318.0 554.8  360.3 559.4 559.0  358.1 357.1 856.1 32.5 383 761
8 178.2 51562 561.2 361.2 361.3 361.8 B36l.2 360.5 357.7 34.0 425 904
9 156.4 303.9 562.5 363.1 365.5. 564.1 365.7 362.7 350.7  36.3 496 973
10 240.7 343.6 377.4 383.9 388.3 537}3 385.9 385.1 383.4 29.9 160 632
11 173.0 340.4 391.4 390.9 391.3 591.5 390.5 3590.0 387.2 33.0 120 834
12 218.1 382.9 429.7 429.4 429.6 428.8 427.7 426.8 424.3 928.6 60.1 706
13 89.7 297.6 356.8 360.0 562.8 565.7 365.5 562.0 557.9 35.9 483 799
14 152.8  B07.6 361.4 362.6 564.4 364.8 563.7 361.7 358.0 37.0 518 751
15 197.7 311.9 355.6 360.7 361.8 362.3 362.1 361.9 360.3 34.5 440 873
16 213.0 313.8 352.6 358.4 361.7 361.5 361.3 359.1 34.2 431

887



TABLE I8 (cont.)
2.,04% by wt. Methanol

-(m'
Bulk Temp.

Inside Wall Temperature

#  Inlet Outlet 1 2 3 4 5 6 7 AL, X Y
T 235.1  275.3 B9l.1  995.0 296.0 297.8 299.4 300.3 299.8 18.0 540 1690
o  187.1 268.9 205.3 299.6 303.7 306.4 308.9 311.2 312.6 32.0 1230 882
3 157.6 261.1 305.9 310.0 515.6 318.2 318.6 317.5 514.6 57.6 1800 931
4 122.3 257.6 314.8 319.6 320.0 320.1 319.6 318.9 315.3 39.1 1980 1120
5  90.0 255.8 B323.5 323.2 324.1 325.0 324.5 324.3 321.6 44,0 2650 1070
6 249.4 319.4 B44,1 B347.9 351.7 354.4 356.7 357.7 354.8 30.0 325 560
7 209.1 B312.7 350.2 356.3 361.6 363.7 362.9 362.7 360.8 35.9 486 572
8 178.5 Bl4.2 361.6 364.4 363.5 363.8 363.1 362.3 350.5 56.0 489 474
9 137.1 504.6 365.5 B366.5 366.2 366.6 365.8 364.3 360.4 B38.8 585 785
10  240.5 342.4 377.4 384,1 389.4 390.6 389.8 389.1 386.,1 52.2 194 493
11 173.7 340.2 393.9 394.8 B394.0 393.7 392.3 391.3 385.7 36.4 955 625
12 221.3 384.7 431.0 432.2 431.2 430.6 429.5 420.7 428.4 31.2 73.4 547
15 92.4 305.6 565.7 366.2 565.8 365.2 5635.8 361.6 356.7 58.4 569 647
14  137.2 310.8 364.3 364.8 364.4 364.7 B363,1 361.5 B556.5 56.9 518 705
15 199.9 B314.3 357.0 365.6 365.2 364.6 565.6 362.9 362.8 37.4 535 + 685
16  213.0 312.0 353.0 357.8 363.0 365.5 363.5 363.2 561.8 37.7 545 677



. TABLEIH (cont.)

'3.06% by wt. Methanol

Bulk Temp.

Inside Wall Temperature

7 Inlet Outlet 1 2 3 4 5 6 7 AT X X
I~ 231.5 275.5 289.6 202.1 294.3 206.1 207.6 299.0 299.5  16.0 B340 1688
2 197.5 268.0 297.0 301.0 304.8 307.4  309.9 312.3 512.9 32.0 1230 882
3  156.5 261.0 '50505 311.1 316.8 319.9 321.9 322.2 316.8  41.2 1800 931
4 128.1 264.1  320.0 320.1 319.7 320.4 319.6 B317.4 B312.0 39.4 1980 1120
5 93,7 260.2 326.4 327.0 326.9 325.8 326.4 325.3 317.5 46.0 2650 1070
6 246.3 316.3 341.4 345.5 349.0 351.8 354.2 356.2 356.0 28.4 325 560
7 205.9 309.5 348.4 354.1 559.5 562.5 365.8 363.9 362.0 36.1 486 572
8 175.6 308.0 358.4 365.2 566.4 366.2 565.6 564.5 560.9 38.6 489 744
9 137.8 304.4 366.7 368.9 368.3 367.6 365.9 363.7 -359.5 41.1 = 583 785

10 240.7 344.3 379.1 385.0 390.7 393.7 592.3 391.0 389.1 35.3 194 493

11 172.0  337.0 592.9  395.6  395.6 395.5 394.1 392.8 390.8 37.2 255 625

12 210.7 372.9 423.3  430.5 433.4 431.7 431.1 431.2 429.0 32.4 73.4 547

13 89.7 301.8 365.0 B67.1 B67.5 566.4 564.7 362.5 557.7 39.7 569 647

14  120.5 302.5 360.6 368.1 370.9 570.1 368.0 565.4 360.6 42.3 518 705

15 195.9 309.7 355.0 361.5 366.4 B366.4 365.8 364.9 362.2 39.0 535 685

16  209.1 309.4 349.9 355.9 361.2 564.6 566.0 565.4 362.5 38.2 545 677

o
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TABLE Gii{cont.)
1.00% by wt. MEK

'.Bulk Temp . Inside Wall Temperature AT X ¥
Inlet Qutlet 1 2 3 4 S 6 7 !
1 228.0 270.7 286.2 288.7 291.0 202.9 294 .5 296.1 297.6 13.5 162 3210
2 197.2 268.6 294.8 298.9 301.7 505.2 308.6 511.5 312.4 352.0 1160. 877
3 159.0 263 .2 301 .4 302 .2 308.5 313 .7 517.9 319 .2 316.5 38.2 1790 830
4 125.0 259 .7 304.6 309.8 315.6 318.9 519.8 320 .4 517.0 39.4 1930 1080
5} 90.3 257.0 308.9 314.1 518.1 320.5 521.2 321.4 318.6 40.4 2060 1270
6 247 .5 317.9 340.6 346.3 249.9 353 .1 355.9 :358.1 359.1 32.0 352 493
7 208.8 sl2.7 346.9 354.7 561.1  365.95 368.2 369.5 567 .7 42.0 672 401
8 172.5 308.6 ©53.5 564.1 371.6 374.7 375 .2 371.9 568.6 47.0 885 410
9 142.2 308 .9 368 .7 372 .9 373 .4 >575.1 569.6 367.5 363 .0 46 .5 862 518
10 242.9 345.7 375.6 385.4  392.3 396.4 399.1 399.6 396.1 41 .2 320 293
11 176 .0 341.8 380.9 401.9 405.5 406.3 403 .1 402.0 598.9 47.9 460 v540
12 221 .1 585.6 4350.5 441.8 446.5 446.8 444 .6 442.5 438.8 46.0 169 232
13 93.5 304.6 368.1 375.9 278.0 378.3 375.2 372.8 367;4 50.5 1060 347
14 130.8 304.5 562.2 373.1 &77.4 379.0 377.0 575°6 371.0 51.2 1090 528
15 200.2 314,53 354.9 563 .8 370.8 374 .5 377.0 575.9 &70.2 49.2 291 370
16 213.9 215.4 352.4 360.4 56675 370.5 373 .4 &75.9 568.3 46.5 862 421



TABLE IO (cont. )
2.03% by wt. MEK

Inside Wall Tempera:ture‘

# In?gék'gigfét 1 2 5 4 5 6 7 an X ¥
1 523.5 266.3 2Bl.0 2B4.5 287.0 288.9 290.5 291.6 295.5 10.0 B0.Z 5460
2 101.5 261.9 290.5 204.9 298.8 301.0 304.6 307.0 309.3 29.0 849 998
3 154.1 258.1 300.2 306.6 312.7 317.1 320.8 322.9 316.6 42.0 2090 660
4  118.1 253.9 309.5 B517.8 325.3 328.5 327.8 324.9 320.7 47.5 2850 655
5 85.3 249.4 519.4 B527.5 329.4 331.0 528.5 526.3 322.1 50.0 3260 721
6 244.1 314.3  336.2 341.6 346.6 349.7 352.6 B355.1 557.0 50.0 281 513
7 206.0 309.1 342.2 350.4 358.1 562.8 B67.0 360.4 365.5 42.0 621 369
8 170.9 305.6 348.2 359.2 369.5 374.1 375.7 375.7 369.2 47.9 856 361
9 136.9 305.5 356.5 370.5 379.8  380.7 375.4 373.2 367.9 53.5 1120 346
10 257.2 340.1 370.2 379.4 - 387.2 391.5 395.3 397.8 395.3 40.0 277 288
11 168.7 333.5 385.7 398.7 407.7 410.6 408.7 407.4 405.0 52.2 523 255
12 218.5  382.3 430.6 441.7 448.7 449.7 447.6 445.7 441.1 49.0 18l 185
13 85,5 298.4 B367.5 375.0 379.0 B78.5 376.7 375.2 369.3 51.2 1010 309
14 127.4 300.4 360.9 370.4 376.8 378.6 376.1 575.5 369.9 51.0 999 313
15 194.1 508.9 353.8 36l.1 367.2 371.6 374.6 374.6 369.5 48.0 860 557
16 208.9. 309.7 350.6 357.0 362.8 366.6 369.9 371.6 366.9 44.0 695 433



TABLE 1ii(cont.)
3.00% by wt. MEK

Bulk Temp.

Inside Wall Temperature

340

7 Inlet Outlet 1 2 3 4 5 6 7 AT, X X
T 518.9  261.3  278.1 280.8 B2B2.9 284.5 586.4 287.9 889.4 5.0 19.8 18700
2 186.7 258.0 286.7 290.5 294.3  297.7 300.6 302.9  305.0 25.0 565 1280
5 146.0 250.4 293.2 299.6 304.8 308.7 3l2.2 513.9 311.3 32.9 1080 1050
4 114.5 250.2 304.0 511.3 316.1 518.0 316.4 515.9  512.8 37.0 1430 1070
5 83.8 250.6 5l4.4 518.8 519.1 319.7 317.8 516.5 5l12.1 38.7 1600 1200
6 238.8 309.4 320.1 334.1  339.5 344.0 547;8 550.7  352.2 25.0 175 709
7 202.0 305.5 334.5 340.9 348.8 855.6 562.1 565.1 560.1 58.0 459 429
& 185.6 300.7 556;5. 344.5  254.4 363.5 371.2 371.2  367.1 45.0 887 390
9 134.8 301.2 544.1 354.2 367.0 576.8 576.4 572.9 567.6  50.0  BE9 377
10 233.4  335.5 ”558;3 . 365.1 573.5 582.5 390.0. #93.7 393.1  36.0 203
11 169.0 334.5 37L.7  382.6 397.8  407.7 | 406.4 405.3 399.1  50.0 441 = 264
12 215.1 379.3 415.3  428.2  443.6  448.3  447.1 445.0  441.1 48.0 162 182
13 88.2 . 301.7 353.1 368.0 379.1 377.3 373.8 370.5 364.2 52.0 980 281
14 125.5 300.0 346.4 360.0 374.9 378.3 374.6 = 372.1 367.2 50.0 911 300
15 188.9 302.9 539.3 548.6 359.9 565.7 370.0 372.1 367.6 44.3 662 402
16 204.9 305.5 338.5 346.8 356.9 362.2 366.5 368.8 365.2 41.0 543 477



TABLE i:i (cont . )

1.00% by wt. n-Butanol

Bulk Temp.

Inside W21l Temper=ture

#  Inlet Outlet 1 2 3 4 5 6 7 sy A b
1T 535.5  278.0 289.5 991.7 595.8 895.7 597.5 298.6 599.5 15.0 208 2700
2 197.7 265.1 294.4 298.9 302.4 305.0 307.7 310.0 311.8 31.0 1110 964
3 158.8 259.0 302.8 308.3 313.4 317.3 318.3 318.5 317.1 38.0 1840 924
4 127.6 258.7 313.7 317.8 323.0 322.2 317.5 316.3 315.8 42.7 2470 931
5 87.1 247.7 315.7 313.8 315.7 316.7 317.0 316.5 316.5 36.0 1610 1690
6 248.2 316.7 343.4 347.8 351.3 353.9 356.3 358.1 358.0 30.3 321 561
7 214.9 319.9 356.2 361.6 361.5 360.8 361.1 360.1 359.4 34.2 427 652
8 177.6 312.1 362.0 364.4 362.3 362.3 362.8 B362.1 361.5 36.6 502 732
9 148.3 316.1 366.2 362.9 361.3 361.4 361.0 360.1 358.3 39.0 585 802
10 245.7 348.3 382.5 384.2 384.3 385.5 386.5 385.9 385.2 28.1 136 699
11 182.9 348.1 390.7 389.8 388.8 389.2 389.7 388.9 387.9 32.0 184 850
12 227.5 393.5 428.0 426.9 427.0 427.0 426.9 425.9 425.4 27.0 51.8 767
13 98.6 310.6 368.6 367.8 363.9 363.0 362.6 362.0 360.1 41.0 660 568
14 141.5 318.2 368.7 367.3 363.4 363.0 362.3 360.7 357.9 41.0 660 568
15 194.7 308.2 354.4 360.9 364.7 364.7 364.9 364.5 365.9 37.1 519 710
16 206.7 307.0 349.6 355.7 360.6 264.3 364.4 364.2 364.1 37.0 515 716



TABLE 111 {cont.)

2707% by wt. n-Butanol

Bulk Temp. . Inside Wall Temperature o
Inlet Outlet 1 2 3 4 5 6 7 - AT X

© ® 3 o ;g o K’ o e

[t e T N o N = B R
LS ¥ B B R O B N ©

227.0  268.6  287.1  269.5  £91.8  893.7 £§5.27 296.7 208.1 15.0 150
193.3 262.6 293.1 297.53 B301.0 303.6 306.3 507.7  307.3  27.0 791
154.1 257.2 303.5 309.2 314.4 317.5 319.4 317.5 B313.2 38.4 1870
119.2 253.1 313.2 320.7 326.8 329.8 330.8 325.4 3519.0 50.4 3740
82.3 246.8 323.9 330.9 332.4 333.1 329.5 (325.8 322.3 52.5 4160
245.5 316.1 341.4 346.0 349.7 352.3 355.0 357.1 359.2 33.0 389
213.5 318.8 ,554;9 ~ 36l.8 367.1 370.4 370.0 365.5 360.1 43.0 735

174.1  309.5 360.4 368.1 374.1 376.0 369.4 368.1 361.0 48,5 989
135.6 301.6 367.1 374.3 371.2 367.4 364.4 364.1 362.0 46.5 891
240.4 543.9 380.2 386.7 391.9 595.4 397.1 395.8 392.1 38.7 285
175.6 340.4 398.1 401.0 398.6 395.5 394.4 393.5 392.5 42.6 358

)

219.8 386.4 434.3 435 .7 432.9 43
A &75.0  373.0 ‘566.9 48.6 994

o .
(o)}

80.9 291.8 364.1 375 .1 376.1 7

134.3 307.8 568.1 372.2 570.1 367.9 564.3  361.9 359.8 44.5 799
184.7 508.2 3564 .4 561,

¢A

567.1 368.8  364.5 560.4 360.6 41.0 654

211.% 311.4  353.7 359.6 Z64.4 . 307.7 - 368.1 367.7 362.2 40.5 655>

R



TARLE ;31 (conﬁ o)

3.12% by wt. n-Butanol

Bulk Temp.

Inside Wall Temperature

”  Inlet Outlet 1 2 3 4 5 6 7 AT, X Y

TTREY .5 269.1  £87.1  889.7  592.0  895.7  B95.4  806.7 898.8 12.5 135 8950
2 197.1 266.6 296.8 300.7 304.3 307.0 310.0 312.2 314.9 35.0 1450 556
%  158.5 259.2 306.4 311.9 317.2 320.4 324.8 327.6 326.3 47.0 3080 428
4 115.9 250.5 312.9 319.6 325.1 328.2 325.9 321.1 321.5 47.2 3080 555
5  82.8 247.2 326.2 332.0 320.6 33%2.2 322.4 318.0 318.8 51.0 3790 570
6 244.1 312.7 340.6 344.6 348.1 351.2 353.8 356.2 358.2 31.0 330 404
7  204.5 307.4 348.9 354.7 359.6 363.6 367.4 B366.0 361.6 39.6 591 353
& 175.5 309.1 361.4 368.2 374.3 376.5 365.7 361.8 355.5 49.0 998 284
9 140.2 306.8 372.1 378.8 367.0 363.6 359.1 358.3 356.7 51.0 1100 320
10 £239.86 342.7 378.7 384.8 390.6  394.5 397.8 398.6 395.1 40.5 312 233
11 176.5 343.6 398.8 406.6 402.8 399.9 393.3 391.7 390.3 48.2 475 256
12 223.4 391.2 438.3 442.4  439.5 437.5 434.1 432.4 430.0 41.4 134 225
13  8l.2 290.8 365.5 371.5 371.1 370.1 362.9 362.6 361.6 44.0 764 363
14 118.3 £90.8 355.7 364.7 370.3 370.6 365.2 364.7 362.8 42.8 714 388
15 188.6 301.6 350.2 356.1 361.5 365.8 368.9 365.7 365.9 41.0 643 425
16 204.6 304.5 348.2 354.1 359.0 362.3 364.2 358.9 359.4 36.4 482 553



CHAPTER VI
ANALYBIS OF THE EXPERIMENTAL RESULTS
Temperature profile

The temperature profiles of some experimental runs for water and for
the mixtures were shown in Figure 11,

In the case of water, the heating surface had nearly a constant tem=
perature throughout the boiling region. This wall temperature, during
nucleate boiling of water, was observed in this investigation tc increase
slightly as the subcooling A'Fm decreased for low heat flux values, At
the higher values of the heat flux G, the wall temperature was observed
to decrease slightly as the subcooling decreased. This can be secen in
Figure 30,

The wall temperature in the boiling region of the test section, in
the case ¢f the mixture runs, increased to a maximum and then decreased
steadily along the boiling length of the tube. This decrease of the wall
temperature can be seen in Figure 11 for the mixture runs. The tempera-
ture profiles of the experimental runs for water and some mixtures are
also shown in Figure 31 where the temperature difference (TW - TB) is
plotted against the bulk temperature of the fluid Tp. It is believed
that this decrease of the wall temperature (i.e. the decrecase of the super~
heat AE@) along the beiling length of the tube is due to one or botﬁ of

the following two reasons:
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1. A possible depletion of the volatile component from the mixture at
the wall as the flow progresses downstream. It was cbserved that the
decrease in A.Tl along the boiling length for the mixtures is more
pronounced on the average for the higher heat flux values.

2. A possible influence of the degree of subcooling on the bubble life-

time, on the average maximum bubble radius R and especially on

max’
the bubble population (bubbles/ftzusec,), The heat flux during sub-
cooled nucleate boiling of water is insensitive to the degree of sub-
cooling and is usually expressed as a function only of the supefheat
A Tl' In the case of mixtures, the subcooling may enter the picture
resulting in a lower value of the superheat for lower values ¢f the
subcooling.
In the case of the mixtures, the maximum value of the wall tempera-
ture near the start of local boiling was used to evaluate the superheat
A'Tl . The average value of the superheat in the case of the mixture
runs is somewhat lower than the maximum value listed in Table III, If
it is assumed that there is no depletion of the volatile component at the
wall, and if this average value is used to compare the mixture superheat
with that of pure water, then the curves shown in Figures 13 through 27
for the mixtures will be lower., This will have nc effect on the conclu~
sions drawn from the qualitative behavior of these mixtures as represented
in Figures 13 through 27.
The decrease of the superheat AT, for all mixtures was found to be

1
about 10 °F per foot length in the boiling region on the average.

Effect of Concentration of the Additive on the Superheat

Figures 13 through 24 show that for very low heat flux values (around



66
0.62 x 105 Btu/hr-fta) the superheat A’Il decreased in general as the
concentration of the additive in the water increased.

For the higher values of the heat flux and for the Methanol additi-
ves, the superheat A'fl in general increased steadily as the concentra-
tion increased. In the case of the n-Butanol and MEK additives, the
superheat first increased until the concentration of the additives reach-
ed about 2% by weight and then decreased. Figures 17 through 19 indicate
that in the case of the MEK additives the superheat will actually show
a decrease over that of pure water for concentrations higher than 3% by

weight, and especially at low pressures.
Effect of Pressure on the Superheat

The relationship between the superheat and the system pressure for

the water data of this investigation at a constant heat flux of 2.57 x

5

16 Btu/ft2uhrq was found to agree very well with the relation given by

Bonilla et al. (13) (21}, This relationship is

Ed(log ATl} ] = -k
d(log P) q = const.

The same relaticnship was found to hold for all Methanol mixtures

as can be seen from Figures 32 which show the data of Figure 16 plotted
on a log-log graph. This relationship did not hold for the n-Butanol and
for the MEK mixtures.

It can be seen from Figure 32 that the straight line representing
the water and the different Methanol mixtures are parallel. They have a

slope of

[ d (leg A)Tl)-] - = 0.92

d (log P) 5 = const
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For the MEE mixtures and for 1% and 3% n-Butanol mixtures, the sﬁperm
heat Ale increased first as the pressure was increased to about 100 psia,
and then decreased for higher pressures. Figure 20 shows that the super-
heat in the case of the MEK mixtures increased as the concentration of
the additive increased to about 2% by weight, and then decreased for the
d% by weight MEK mixture at the same heat flux,

This behavicr of the MEK and n~Butancl mixtures at low pressures
suggests that the interplay of bubble dynamics, bubble growth, and fluid=
heating-surface combination for these mixtures is more complicated than
for pure fluids, but none~the-less extremely interesting to study further
by high speed photography.

Correlation of Data in the Fully Developed
Nucleate Boiling Region

Correlation of the experimental data of this investigation in the
fully developed nucleate boiling regions of water, the NMethanol mixtures,
and the n=Butanol mixtures were shown in Figures 28 and 29. The slope
of the Forster=Greif line aa for the water data of this investigation
and of Gunther and Kreith (30) at 1 atmosphere was found to agree very

well with the value given by Forster and Greif, namely

n:“"l“’"
3

The slope of the line a a in Figures 28 and 29, which is equal to

1/3

the exponent n in Forster and Grief equation Nu - Pr ® = C Rre" was
found to be equal to 0.19. This value of the exponent n was found to
agree also with the slopes of the lines representing the Forster-Greif

correlation for the different mixtures of Methancl and n=Butanol.

The values of the constant C in the Forster~Greif equation, which
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are equal to the intercepts of the lines in Figures 28 and 29 with the
ordinate axis (log Be = 0 or Re = 1.0), were measured from these two Fige
ures and tabulated in Table IV for water and for the different n-Butanol

and Metharol mixtures.

TABLE IV

Experimentally Determined Values of the Constant C in
Forster~Greif Correlation for Water, Methanol,
and n-Butancl Mixtures

Fluid ‘ Cx 103
Water 6.0
1.02% HMethanol 3.3
2.04% Methanol 2.9
3.06% Methanol 2.1
loUU%.nmﬂutanal 3.9

- 2.07% n-Butanol 1.5
2.12% n-Butancl 0.9

The Relation Between the Heat Flux and the
Superheat in the Transition Region

The transition region of the nucleate boiling is the portion of the
heat transfer curve where the nucleate boiling mechanism starts, and
where the convection heat transfer mechanism (eddy diffusion) is still
operative to a greater or lesser extent.

In subcooled nucleate boiling, the heat flux ¢ is generally reported
by different inVestigators to depend on the superheat A T_ raised tc =

1
power beiween 2 and 4, i.e.
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- I
q « ATy (2 <m<4)

Bonilla (39) reported that in forced convection beiling and for
moderately high velccities "non-boiling heat transfer passes directly
into saturated boiling without the appearance of local boiling," and
this phenomena "“can occur at low pressures, but has not been observed
at high pressures.”

The heat flux q in satura;ed forced convection boiling is generally
reported to depend on A?ﬁﬁ if the velocity is low and on Aﬂhl°u if the
velocity is high, This is tc say that at high convective velocities in
saturated boiling, the eddy diffusion mechanism of heat transfer will
prevail and Colburn equation could be uses as a relationship between the
heat flux q and the superheat ATy. The Colburn line ¢ - ¢ and the heat
transfer line of water at 50 psia shown in Figure 12 are for a mass ven
locity of 299 Ihm/ftgmseco (V=5.2 ft/sec.). At higher velocities,
it is expected that the Colburn line and the heat transfer line at low
and moderate values of the heat flux may coincide. Therefore at low
pressures and at higher flow velocities than were used in this investi-
gation, it is expected that § may be proporticnal to AsTl indicating
that saturated boiling rather than local boiling will take place. The
Colburn equation could be applied also at moderate velocities and small
values of the superheat ATl i.e. at the beginning of the transition
region.

Near the end of the transition region, the heat flux q varies strong-
ly with the superheat Aiflas can be seen in Figure 33, and in some cases
the superheat actually decreased when the heat flux was increased. This
over shooting of the heat transfer curve at the last part of the transi-

tion region has been observed with some data of other investigators.
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Figure 34 is a reproduction of the nucleate pool boiling data of Haselden
and Peters (32} for liquid nitrogen and oxygen. The dotted lines in Fig-
ure 34 which were fared between the experimental points were given by
Haselden and Peters to represent the heat transfer line for boiling Nj
and Uo on the outside of different size tubes. The experimental data of
Haselden and Peters shown in Figure 34 are for Nitrogen boiling on 5/8
inch O, D, horizontal tube, and for Oxygen boiling on % inch C. D, hori-
zontal tube. In joining these experimental points by a solid line as
shown in Figure 34, this author ignored the two points on either side of

the N2 line.,
Effect of Flow Velocity on the Superheat

Figures 25 through 27 shows the effect of the fluid flow velocity
(mass velocity) on the superheat for water and for the different mixtures
studied in this investigation., For each mixture and for water all points
except the point representing the data at 299 lbm/ft2~sec° were taken
consecutively and therefore were relyed upon to draw the curves in Fig-
ures 25 through 27. The point representing the data at 299 lbm/ft2~sec,
for each mixture and for water was read about seven or eight hours before

the other four points and was ignored in Figures 25 through 27.
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CHAPTER VII

ANALYSIS OF EXPERIMENTAL ERRORS

The experimental errors and losses which affect the accuracy of the

experimental measurements of this investigation can be categorized as

follows:

19

Errors
Errors
Errors
Errcrs

Errors

in temperature measurements.

in the power measurements.

in reading the system pressure.
due to heat losses.

in the flow measurement.

The measurement of the ocutside wall temperature of the test section

was estimated to be within + 1.50 °F,

temperature comprise the following:

Error in the wire calibration

Error from applying corrections in Figure (C-1) (Estimated)

Error due to calculating the inside wall temperature

Error due to fluctuation of wall temperature

From Kreith~Summerfield equation (4-6)

4

i+

4

o

The uncertainties in measuring this

0.25 °F

0.50%F

0.50 °F

.25 “F

s

1.50 OF

All temperature measurements were read twice and the variation in these

readings was within 1.0% of the highest value of the superheat.

The wattmeter used to measure the electrical power input to the test

section allowed power measurements of an accuracy within a maximum error
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of + 1.3% at low power and an error of + 0.5% at the higher levels of the
power input.

Within the range of the system pressures used in this investigation,
the system pressure measurements were believed to be read accurate to
within + psi.

The smallest division of the system pressure gage was 1 psia and the
calibratiocn curve furnished by the manufacturer indicated zeroc correction
for the range of pressures used in this investigation,

The heat losses from the test section to the surroundings, through
the test-section insulation in the non-boiling region, were calculated
and found very small and negligible. No heat loss to the surroundings
occurred in the boiling region because of the addition of the thermal
guard., Heat conduction in the test-section wall along its axis, was al=-
most nil, and so were the heat losses from the electrical lugs.

The accuracy of the flow measurements, as estimated from the ori-
fice calibration and from the readability of the flow manometer, was be=-
lieved to be within a maximum error of + 2% for the flow rate at which

most of the experimental runs were conducted.



CHAPTER VIII

CONCLUSIONS AND RECOMMENDATIUNS

From the analysis of the experimental data of this investigaticn

it wds concluded that

lﬂ

Whereas the superheat Aifl for water remained virtually constant
throughout the boiling length of the tube, the value of the super-
heat for water when it contained a volatile additive reached a maxi-
wmum near the start of local boiling and then decreased steadily as
the flow progressed downstream,

Generally, the additives studied in this investigation and at very
low values of the heat flux, the superheat AT, near the start of
local beiling decreased in comparison with that of pure water as

the concentration of the additive in water was increased. At higher
values of the heat flux, the superheat first increased to a maximum
at a constant heat flux and then decreased as the concentration in-

creased. This maximum value of AT, (at g = constant) was noticed

1
to occur at higher values of the concentration as the heat flux level
increased.,

The relationship between the superbeat A Tl and the system pressure

P for the experimental data of water and water-Methanol mixtures of

this investigation agreed very well with the relation

d (log P) —
q = const.
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For the water-MEK mixtures, and for the water-Butancgl mixtures,
the superheat A'El at constant G was found to increase with the pres-—

sure, to reach a maximum at about 100 psia, and then to decrease.

5

The Forster-Greif correlation equation  Nu prl/3 = ¢ Hel/
correlated satisfactorily the experimental data of this investigation
for the water, the water-methanol mixtures, and the water-Butanol
mixtures in the fully developed nucleate boiling region,

From the analysis of the heat transfer cruves in the transition
region between the convective heat transfer and the nucleate boiling
regions, it was concluded that there are two portions of this transi-
tion region which were found tc have different characteristics. In
the first portion, the heat flux q had low values, was proporticnal

to the superheat AT, and followed a mcderate exponential increase

1
as the superheat increased. The second portion of the transition
region cccurred just before the fully developed nucleate boiling
region. In this second portion the heat flux q varied strongly with
the superheat ATln and in some cases, the heat flux actually increas-

ed when the superheat decreased.

As a result of this investigation, the following recommendations are

made:

L.

A photographic study cof the bubble growth, and study of the parameters
affecting the bubble population and the average maximum radius of the
bubbles B .. for the MEK and the n-Butanol additives, should help
explain their behavior in nucleate boiling.

A photographic study of the bubble population just hefore the start

of the fully developed nucleate boiling region for water at small



and moderate pressures should help clarify the immediate relationship
between the bubble growth and the characteristics of the heating-
surface-fluid combinations.

An extension of the present study in the higher flux density region
would be valuable especially near the bufnouto If the apparatus

used in this investigation is used for such abstudy, profisions must

be made to increase the power to the test section,



9.

10,

il.
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APPENDIX A
INSIDE WALL TEMPERATURE

The differential equation describing the temperature distribution
inside the wall of an electrically heated tube follows and the solution
of this differential equation, which was given by Kreith and Summerfield
(5), is presented, together with a simplified solution, which was found
~ to be very helpful in rough calculations.

1. Derivation of the heat equation:

In the derivation of the heat conduction equation for the electri-
cally heated tube, it was assumed that there was no temperature gradient
along the length of the tube; that is, any heat conduction along the axis
of the tube was neglected. It wa§ also assumed that there was no change
of temperature eircumferentially. Thetefore, the thermal conductivity
and the electrical resistivity of the isotropic material of the tube are
functions only of the radius r. |

Consider an element of the tube at radius r, ‘thickness dr and unit
length, Figure (A-1).

The energy- -balance equation for this tube element is:

(-q;,) + qg = (-qput? (A=1)

where qg is the time rate of heat generation within the &lement.
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Figure A-1. Segment of Heated Tube

Let q be the rate of energy dissipated electrically in the tube

material per unit volume; therefore

E2
q =3
E2
and i©“ = g5 rd@ dr
where E = voltage drop per unit length of the tube (Volts/ft)
»~ = volume resistivity of the tube wall material (Jt/ft3)

The volume resistivity in (JL/fta) is equal numerically to the
resistivity in (n--ft).

The time rate of heat inflow to the element is

dT
dr

= =k (r+dr) d @



= ~k—ﬂ—rd¢-k-ﬂ—drd¢
dr dr

and the time rate of heat outflow from the element is

Gout = -[k - dk d?] == [T - dr] rdg
T dk_ _dT
= = k el dp+k . rdrd g + o ar ° dr d ¢

Substituting these relations in the energy balance equation
(A- 1) and dividing each term by rkdrdd gives

[1 +/‘”‘ ar ] dr 4+ _E°

: -0 (&2
dr dr Jk

dr2
where k = k1 (1 + g o). [see Appendix (E)/

dk_
and i = ,Bkl

2. Solution of the heat equation:
The solution of the differential equation (A-2) is given for

the case of an adiabatic outer'wall of the tube;
dé

Let §=1r -r, therefore 42 = -1
0 . r
AL o 4T gg 4T - &1

, 88 = 4Aax

where Ax = Ty =T

On changing the variables in equation (A-2), this equation becoines

s -.,[“1 - _EK dT] a0, E2 _o a3
d &2 ro- § k d€J d€ Ik

The Taylor's series expansion of the temperature T at radius r about
xp

r = r or &= 0 is
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— 2 __3 4
v Ax w Aax “we A x Ax iv A BbLx
= + + + + +. . (A=4)
T=h o T R e T T
where T' = dl_
: d§

For the adiabatic outer wall, the boundary conditions are

T=T0

_Q_L:_.__dT =T =0
dr d§

Equation (A-3) could be rearranged in the form

]

' k 2 2
eI -2 g% _E (A-5)
r,~ § k Jk ~
and T" = -
0
2
where m = —~E
Jko/ao

On differentiating equation (A-5) and substituting the boundary con-

dition T'o = 0, the third and fourth derivatives become

T " = - m

To

iV o , % +3B +42 B0 ]
and T =-m {ro" 2 [(1+eae)(1+,ee) f7

Substituting in equation (A-4) and rearranging, the temperature T

at radius r becomes

4

» 3
ST | B e .3._+[1 + ML 3B+ 4« R0) | T3 +,,§
T=1-"2 {“" =% 2 12076 (1+£0) X Jla-oa)
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At the inside wall and for the test section used in this investiga=-
tion, this equation becomes

-4
o +] - f -
10_6 M, {33091 + { 2°2515+1-1507x10” "0 < 10 6 Mo} (A-6)

AT
T (1+5-16x10™%e) (1+43-373x10~ %)

| 2
where M = _E
Ko 0

3. Simplified solution:
Assuming both the electrical resistivity and the thermal conductiv-

ity of the test section wall to be constant, equation (A-2) reduces to:

g1 , 1 4T . E> =0
dr? T 4r Jkp
with a solution of
2 2
. —..m_. 2 1’0 —ri.
T = T - ero lu (r /r) - -—-Er———;7
or AT, [ 21u (x,/ry) - -r1 ]
(A-T)
and for the system used in this investigatign
AT, = 33:97 x 107° M (A-8)

It was found that the mean electrical resistivity of the test section

22
/Jm-(ro-rw)/f_/gi_

is very nearly equal to the resistivity evaluated at the outside wall

wall

temperature ,,. BY using this value of the resistivity, together with
the thermal conductivity evaluated at the mean wall temperature

aT,
m o 2

almost identical results to the Kreith and Summerfield solution are found.

Table (A-I) shows the values of the temperature drop across the wall of
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the test section at different levels of the voltage drop E, as calculated

from equation (A-7) and from the Kreith and Summerfield solution.

CONMPARISON OF HEAT CONDUCTION EQUATION SOLUTI(NS

TABLE (A-I)

AT, (oF)

# Run T, Current E K. S. Simplified

Of Amps Volt/ft Equation Equation,
S5=Water 371.1 1165 6.56 53.9 53.9
4-Water 3584 1069 5,92 43,7 43,7
3~-Water 347.0 937.5 3.15 33.4 33.4
2-Water 331.1 769 4,19 22,4 22,4
l-Water 313.1 593 3.2 13.2 13.2

This Equation (A-7) is recommended for rough calculations for thick-

walled tubes and as a substitute for Kreith and Summerfield equation for

thin-walled tubes.



APPENDIX B
PROPERTIES OF THE MIXTURES AND THE PURE COMPCNENTS

In order to correlate and analyze the>éxperimental data, it was
necessary to determine the physical andvtransport properties of the mix-
tures used. The liquid properties needed were the density, the thermal
conductivity, the specific heat, the viscosity, and the surface tension,
The first and second derivatives of the vapour-pressure curves of the wa-
ter and the mixtures, were alsoc needed for the Forster-Greif correlation.
In addition, the thermodynamic equilibria of the mixtures were calculated
in order tu determine the boiling points of the different mixtures at the
system pressures used., The surface tension and the viscosity of the spe-
cific mixtures were measured experimentally at one temperature and then
estimated at other temperatures.

The density, the thermal conductivity and the specific heat ¢f satu-
rated water are shown in Figures (B-1), (B-2), (B=3). The values of
these properties for the water were also used for all the mixtures. The
changes in these three properties of water due to the presence of small
additives used in this investigation were calpulated‘amd found regligi-
‘ble and within the range of experimental uncertainties of determining
these properties for water.

The vapor-pressure curves of the pure components used are shown in
Figure (B-4). Table (B-1) lists the critical constants of the pure com-

ponents,
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TABLE (B-I)

CRITICAL CONSTANTS OF PURE COMPONENTS

M Te P, g

Op atm, b,/ ft

Hy0 18.02 705.4 218 19.9
Methanol 32.04 464 98.7 17.0
MEK 72.10 499.5 43.3 -
n=Butanol 74.08 948 48.4 cmn

Property values were taken from References (36), (40), (41), (42),
).

Viscosity

In Figure (B-5), the fluidity of the pure components is plotted

L

A
as a function of the temperature.

The kinematic viscosity of the mixtures was measured experimental-
ly at 140°F usiﬁg an Osiwald viscosimeter with a capillary diameter of
0.4 mm. The viscosimeter was calibrated with distilled water, and the
dynamic viscosity m was then calculated knowing the density o[ at
140°F. Table (B=II) lists the experimental values of the viscosity of
the mixtures at 140°F,

To estimate the viscosity of the mixtures at other temperatures,

and the

L

use was made of the linear relation between the fluidity
temperature above 200°F as can be seen from Figure (B-5). The follow-

ing equation was used to estimate the viscosity of the mixtures at a



TABLE (B-IX)

Experimentally Determined Mixture Properties

Viscosity lbm/hr,ft2 a® Surface Tension b*
at 1400F - ibe/ft) at 810°F

Water 1.137 — 4,61 x lﬂmg ——
1.02% Methanol 1.165 0.021 4,19 x 1073 0.853
2.04% Wethanol 1.175 0.028 4.09 x 103 0.633
3,068 Methanol 1.205 6.050 4.01 x 1079 0.816
1.00% MEk 1,162 .C19 3.78 x 1075 0,770
2.,03% Mk 1.180 0.633 3.59 x 103 0.730
3,008 MEK 1.203 0,048 3.46 x 1075 0.704
1.00% MEK 1.165 0.621 3.78 x 1079 0.768
2,07% Butanol 1.185 0.035 3,23 x 1073 0.658
3,128 Butanol 1.223 0.662 2.85 x 1072 6.580

*See Equations (B=1) and (B-2)
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temperature T,

G/i%—)m ) (7]&) HoO i [(_%‘m)ﬂgo ] —3;—)”’]

T = 140°F
M
or m - 1 (B-1)
PHZ() ] = aopﬂzo
where uy is the viscosity of the mixture at a temperature T

' “HgOis the viscosity of the water at the same temperature T

e, )],

HoU

= 140°F
The values of the parametier a for the different mixtures used in

Equation (B-1) are also listed in Table (B-II),
Surface Tension

Surface tension of the mixtures was determined experimentally at
80°F using a DuNouy Tensionometer. The tensionometer was calibrated with
distilled water and the corrected values of the surface tension of the
mixtures are listed in Table (B=I1).

The surface tension of a fluid has a zero value at the critical
temperature. Since the pseudo-critical temperatures of the mixtures are
very close to the criticél temperature of the water (due to the small
mole fractions of the additives in the liquid mixtures), the following
equation was used to estimate the surface tension of the mixtures at
different temperatures:

O’m“: b 51‘120 (B=2)

where 5%115 the surface tension of the mixture at T

. G’Hzg is the surface tension of water at T



98

“m
. b = pe ,
HgO b BOOF

The values of the parameter b for the different mixtures are also
listed in Table (B~II), and Figure (B~6) shows the surface Tension of the

pure components.
Derivatives of the Vapor-Pressure Curve

Water:
The first derivative w%T— for water was calculated at 4 pressures,
using the Keenan and Keyes steam tables and the Clausius-Clapeyron rela-

tion

i = ]

dT Vv Ld VL Ts" v

i MR (B-3)
v
where S is the entropy, and the liquid volume was neglected in com-

parison with the saturated vapor volume,
2
The second derivative wg-g— was calculated at the same four pres-
dT

sures used in the experimental runs by the central difference method.

The values of these derivatives for water are listed in Table (B-III).

Mixtures:

The Hildebrand rule stipulates that the entropy of expansion of the
various gases or of mixtures of gases has the same value when these gases
have eqhal molar volumes,

Considering the vapor phases of both water and the mixtures, it can

be shown that

Vm = Wm (TS)L . (B°-4)

Yioo Y0 HoO
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TABLE (B-III)

DERIVATIVES OF VAPOR-PRESSURE CURVE FOR WATER

Pressure (dP/dT) (d2p/d1?)
psia lbm/ft2~0F 1qﬂ/ft2_0F2
a0 114.2 1.50
100 199.4 2.15
150 274.4 2,75

230 409.1 3.68

where ¥ is the compressibility factor defined by

RT
PV

-

and R is the universal gas constant in ft-lbm/OF-(lb -mole)
V is the molar volume in ft3/(lb~mole)

(Te)y,

Since the ratio
| (T hy0

in Equation (B-4) is almost unity as can

be seen from Table (B-IV), and the reduced pressures of the water and of
the mixtures are very small and equal, it follows that

Vm = VH2O

and the Hildebrand rule can be utilized to write

L L
s- (b)) - (G
Ts /m Ts >H20
when the mixtures and the water are at the same pressure.
The Clausius-Clapeyron equation (B=3) can be put in the form

dP_ _ M JL
dT Tg v
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where I is the molecular weight of the gas or the mixture.

Therefore at the same pressure we have

( dP ) = B . ( dPl) (3-5)
i/ Mii00 a7 1,0

M

Table V-IV lists the values of the molecular weight ratios

T
I‘“mgu
for the different mixtures.

Thermodynamic Equilibria of the Mixtures

The vapor-liquid equilibrium and saturation temperatures of the
various mixtures at 50, 100, 150 and 250 psia were estimated by fugacity
calculations using the vapor-pressure curves of the pure components shown
in Figure (B-4) and the generalized fugacity chart. These calculations‘ ’
were done according to the method given in reference (47), page 44.

Very small variations in the saturation temperature were found at the
different pressures and the values at these different pressures were aver-
aged and listed in Table (B-IV)., This was due to the very small concen-

trations of the additives used.



Thermodynamic Equilibria of the Mixtures

TABLE (B~IV)
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1 2 , M4
% Y Is 'W@@U'
1.02% Methanol 0.006 0,023 0.75 1.020
2.04% Methanol 0.011 0.035 1.40 1.032
3.06% Methanol 0,017 0.052 1.90 1,047
1.00% MEK 0.0025 g.01 G.4 1.025
2.03% MEK 0.00352 ¢.02 0.3 1.060
3,00% MEK .0077 .03 G.2 1,090
1.00% Butanocl 0.,0025 0.001 0.0 1.602
2.04% Butanocl 0.0081 0.002 0.0 1.004
3.12% Butanol 0.0078 0,003 .0 1.007

lmole fraction of additive in the liguid phase

2

.
(T S) HgUﬁ -

4 _
*see page 101

)

8

Hi3

mole fraction of additive in the vapor phase



APPENDIX C
THERMOCOUPLE CALIBRATION

Iron constantan thermocouples, 30 gauge (0.010 inch wire diameter)
were used to measure the temperature at all locations. All thermocouples
were made of wire taken from the same spool. A junction of this wire was
spot-=welded and calibrated against the emf. temperature curve, which is
represented accurately in the range of temperatures involved in this
investigation by the linear relation

emf. = =1.33 + 3.09 x 10721

Besides measuring the saturation temperature of steaﬁ at a barometer
reading of 29.11 inch Hg., the ffeezing points of tin and lead were also
measured. Those two metals were chosen because their freezing points
were in the temperature range within which the thermocouples were used.

An electrically heated furnace was used to melt the samples of tim
and lead, which then were allowed to freeze. The thermocouple emf. was
read during the freezing time using a Leeds and Northrup portable pre-
cision potentiometer, No. 8663. The ice point was used as the reference
point. The thermocouple was comnected to the potentiometer through the
same multi-position selector switch used to connect the test-section
thermocouples to this potentiometer.

Table (C-I) lists thé measured emf.'s together with the actual val-

ues.

103
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TABLE (C-I)

THERMOCCOUPLE WIRE CORRECTION

Measured Actual Values Correction
emf. Temp. _emf, emf,
(mv.) ’ (oF) (mv.) (mv.)
Steam Point 5.180 210.54 5.226 + 0.046
Tin Freezing Point 12,497 446.42 12,553 + 0,056
Lead Freezing Point 17,795 621.32 17.840 + 0,045

Therefore a correction value of 0.046 + 05056 +0.045 - 0.049 nv.

was added to the emf. readings of all the thermocouples. This corresponds

to a temperature correction of 1,60°F.

In addition to this correction which was applied to the emf. readings
of all thermocouples, a second correction was necessary for the surface
temperature thermocouples of the test section. Those thermocouples were
calibrated in place against the inlet bulk temperature thermocouple as
follows:

1. Distilled water was allowed to flow in the test section at a
moderately low velocity and at different temperature levels which covered
the range of temperatures used in this investigation,

2. OUnly the preheater was used to raise the flowing water bulk
temperature, and the test section power was complétely shut off,

3. The thermal guard power was increased until the emf. of the ther-
mal guard thermocouples matched those of the test section thermocouples.

4. The emf.'s of the seven surface thermocouples were recorded at



different temperature levels and the difference between those emf.'s and

that of the inlet bulk thermocouple was plotted versus the latter. Fig-

ure (C-1) shows the corrections that were added to the emf.’s of the

seven surface thermocouples as a function of temperature, and Figure (C-2)

shows the inside wall temperatures TW at the seven locations of the éur—

face thermocouples before and after adding these corrections.

It is believed that the irregular pattern of corrections for the
différent surfacg thermobouples shown in Figure (C-1) is due to the fol=
lowing:

1. Uneven heating of the ceramic tube which was heated by resistance
wire coiled around its entire length., Poor contact of the resistance
wire or the lack of it with the ceramic tube surface at some parts
of the surface (when the wire expands as a result of heating it) will
cause such uneven heating of the ceramic tube,

2. Nonisotropic material of the ceramic tube.,

o 'Differehces inthe wall thickness of the ceramic tube which was con~
posed of three sections as can be seen from Figure O,

The corrections for thermocouples #3 and #7 were exceptionally large
because of end effects. It can be seen from Figures 6 and 8 that thermo-
couple #3 was located only half an inch from the gap between two sections
of the ceramic tube. Thermocouple #7 was located an inch and a half from

the end of the ceramic tube.
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APPENDIX D
GRIFICE CALIBRATION

The loop was equipped with two orifice plates.

Only the smaller

orifice with a diameter of 0.353 inches was used in this investigation.

For the purpose of calibrating this orifice, 34 rums were made at

different values of the system pressure and different values of the mass

flow rate ranging between 180 lbm/ftzmsec and 900 1bm/ft2-seco The fol-

lowing table shows a typical run,

TABLE (D-I)

ORIFICE CALIBRATICN DATA

Pg inch Time  Weight  t, System
# 1 2 3 Average min. 1bs. oF Pressure
Run psia
71.0 100

3 27,10 26,90 27.C0 27.00 3.014 48,65

it

where aPp = height of flow manometer fluid.

to = water temperature at the orifice.

Figure (D-1) is a plot of the mass flow rate G and the pressure

drop A PW

where N PW = 0,75 APf
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APPENDIX E
PROPERTIES OF AISI STAINLESS STEEL TYPE 304

The AISI stainless steel type 304 has the following compositionvin
percentages:

18-20 Cr; 8-12 Ni; 2-0 max, In; 1-0 max. 8i; 0.08 C.

This type of steel possesses the highest corrosion resistance in
the stainless-steel family. It has superior high temperature properties
and offers the greatest resistance to scaling, The analysis balance of
this steel is such that in the annealed condition it is non-magnetic.

The electrical resistivity and the thermal conductivity of the AISI

stainless steel type 304 are given (45) each at two temperatures as

Temperature °F 5 x10™0 k
n-ft Btu/hr-ft-°F
68 2.365
212 G.40
932 | 12.40
1200 3.815 |

In order to find values of the resistivity and the conductivity at
intermediate temperatures, a quadratic equation of the type
y=a-+bx+ cx3
was passed by each pair of points with the aid of the two slopes

ds°

] = 1.575 x 1077 o ~ft/OF
AT |7=680F

110
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dk 3

. Btu/hr-ft-"F/OF
AT pop)20p

and = 2,22 x 107

These two slopes were arrived at by plotting the resistitivity and
conductivity curves of the stainless steel,
19-11 Cr; 8=14 Ni; C=37 Mn; 0.68 Si; 0.08 C; 0.60 W,
as given in the‘Metals Handbook (44), and comparing these curves with the
corresponding two values for type 304 stainless steel,
The two quadratic equations are:

2,965x10™ %41 . 611x1079T-2, 600x10~ 012 - uft,

/P
and k = 9.050+1,074x10” 9742,710x1076T%  Btu/hr-£t-°F

The Kreith and Summerfield solution requires the use of linear re-
lations between the properties of steel and the temperature. Between
200°F and 50C°F, which is the range of the outside wall temperatures T0
in this investigation, the electrical resistivity and the thermal con~

ductivity are very nearly linear with the temperature and are represented

by P =90 +20)

and k =kQ+29

where o = 5,16 x 10”4/0F
P = 2717 x 1070 gy,
k, = 9.607 Btu/hr-£t°F
g = (T - 300 °F

B = 3.373 x 10~%/°F



APPENDIX F
REPRODUCIBILITY OF DATA

All previous experiments in nucleate boiling have established the
fact that the heat flux is strongly dependent on the boiling-surface con=
dition., Factors like scratching, pitting, aging or treating the surface
with a non-wetting agent, have considerable effect on the relation be~
tween the heat flux and the superheat.,

In the present experiment, the same test-section was used for all
the experimental runs. Certain precautions and procedures have heen un-
dertaken to minimize, as far as possible, the effect of the changing sur-
face conditicn on the reproducibility of the results.

To control the roughness of the test-section surface and its freedom
from excessive deposits, which can easily change its characteristics, the
following steps were taken:

1. Before performing any sequence of runs for one additive (48
runs), the surface was treated with a diluted solution of nitric acid
for one hour, and then .flushed thoroughly with distilled water,

2. The additives were then introduced and the mixtures were allowed
to flow through the test section for a sufficient time before reading any
data, This amount of time also allowed the additives to mix well with
the distilled water.,

3. All 48 runs of a particular sequence were read in the shortest
amount of time possible (about 3 days). In order to do this, it was

112
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necessary to keep the loop running continuously for about 16 hours daily.

4, The ion exchanger was kept operating 24 hours a day at all times
when a test fluid was in the loop.

3. No atmospheric air was allowed to get in the test section while
the loop was shut off., This was achieved by keeping the test section
filled with the degassed system fluid.

Une out of ten runs was reproduced at random. Heproduction runs
were performed one day after the original runs were read, and except for
Run #6 for water, all were read right after the loop was started and de-
gassed, Table (F-1) lists the heat flux g, the superheat Afrlv and the
time lapse before reproduction was performed. Figure (F-1) is a plot of
the superheat in the reproduction runs as ordinate against the original
superheat in the original runs.,

Assuming that treating the heat transfer surface, as was discussed
above, rendered the same surface to all experimental runs (except for the
effect of entrenched gases in the surface), Figure (F-1) affords a means
of determining the effect of the gradual desorption of gases from the
surface of the tube (32) and (46).

Haselden and Peters (32) measured the increase of the superheat Airl
as a function of time for the same heat flux. They also reported that
"if the tube was removed from the liquid, warmed, and allowed to stand
in air for several hours, the activity of the surface was partially re-
stdrec," |

In Figure (F=1) the dotted line which represents a weighed average
of all the points (except the point for Run #6 for water), deviates by
5% from the solid 45° straight line. Since reproduction runs were taken

at the beginning of a sequence of runs and immediately after the system



TABLE F-1I

Reproduction Data

“a

- 5 S {OF)

: q x 10 : S v Time

Run # .Btu/hr‘-_ftz Data  Reproduction Lapse

Water 1 0.620 18.0 20.5 2 weeks
Water 6 1.067 21.1 26.8 same day

Water 8 2.075 29.9 30.7 24 nrs.

Water 11 . 2.572 29.1 28.8 2 weeks

1.02% Methanol 3 1.584 36.2 34.0 24 hrs.

2.04% Nethanol 3 1.584 377 38.1 24 nrs.

3.06% Méthanol 15 2.075 59.0 36.6 24 hrs.

16 2,075 58.2 35.8 24 hrs.

1.00% MEK 7 1.584 42.0 42.1 24 hrs.

2.03% MEK 4 2.075 47.5 48.2 24 hrs.

3.00% MEK —_ e S S

1.00% Butanol 6 1.057 30.3 29.2 24 hrs.

11 2.572 32.0 30.3 24 hrs.

2.07% Bﬁtanol 5 2.572 52.5 V47g4, 24 hrs.

| 10 1.584 38.7 37.4 24 hrs.

3.12% Bubanol 8 2.075 41.0 39.0 24 hrs.

15 2.075 49.0 44.6 48 hrs.



was degassed, the above mentioned deviation of the dotted line in Figure
(F-1) represents the effect of entrenched gases in the tube surface
after g running time of one=-half hour, which was the time necessary for

the steady state to be achieved.
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Figure (F-1). Reproduction



APPENDIX G
DEGASSING EXPERIMENT

Water at room temperature and at atmospheric pressure dissolves an
amount of atmospheric gases equal to 2% of its volume. The content of
oxygen in these dissolved gases is about 67% by voiume. and éhe balance
is mostly nitrogen. This illustrates the harmful corrosive éffect of
water on ferrous materials when the water is saturated with dissolved
gases.

In addition to this corrosive effect, the presence 6fidiSSOIVed
gasses in fluids during local boiling decreasesvconsiderﬁbly_thé super-
heat for the same amount of heat dissipation. This will make it extreme-
ly difficult to compare experimental results of different inveStiga;ors
unless the amount of dissclved gases is specified in each case. Thére~
fore, it was necessary to degas the system fluid each time the heat trans-
fer loop was started.

In order to determine the amount of degassing effécted. the system
fluid was circulated in the loop at a convenient pressure and at a tem-
perature just below the saturation temperature corresponding to that pres-
sure, The gases collecting in the condenser were allowed to pass through
the valve located on top of the condenser. The construction and location
of this valve was such that it would pass gas but not liquid. These gasés
then were collected and measured at equal intervals of time, and the re-

sult is shown in Figure (G-1).

16
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It can be seen from Figure (G-1) that about two hours were needed
to degas the system fluid. Beyond this amount of time, the slope of the
curve became constant and was equal to the rate at which atmospheric
gases were absorbed by the system fluid.

The extension of the constant slope portion of the curve in Fig-
ure (G-1) intersects the ordinate at a value of 0.226 ftso This was the
volume of gas given off by the water in the loop. Since the loop con-
tained about 81C lbs. of water, then the amount of gas originally dis-

solved was

810 , 2 _ 0.260 £i°
62.4 100

and the amount of degassing was

Therefore degassing of the system fluid removed about 87% of its

dissolved gases.



APPENDIX H

MOYNO PUMP CHARACTERISTICS
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APPENDIX I
NOMENCLATURE

Symbols
Area (£t9)
Constant in Forster-Greif Correlation Equation
Specific heat of the liquid at constant pressure (Btu/lbm-°F)
Diatieter (£t)
Voltage drop/unit length of the tube (Volts/ft)
Mass velocity (lbm/ftz-seca)
Gravit#tional acceleration (£t/hr®)
Conversion factor (4,17 x 10° lbﬁrft/lbf-hr2)
Test-section current (Amps)
Mechanical equivalent of heat (778.26 ft-1lb/Btu)
Thermal conductivity (Btu/hr-ft-F)
Latent heat of vaporization (Btu/lby); Also, length (ft)
Exponent in Forster-Greif Correlation Equation
Pressure (psia) or (lbﬁ/fi?)z Also, Power (watt)
Excess pressure (see Text) (lbn/ft2)
Time rate of heat flow (Btu/hr)
Heat flux (Btu/hr—ftz)
Radius of bubble (ft); Also, electrical resistance (Ohm)

Radius of tube (ft)
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Temperature (°F)
Superheat = T, - Ty (°F)
Subcooling = Tg - Tg (°F)

Test-section wall thickness = r, - I; (f1)

Greek Letters
Temperature coefficient of electrical resistivity ©F 1
Temperature coefficient of thermal conductivity °F-1)
Temperature difference = T - 300 (°F)
Viscosity of the liquid (1b,/hr-ft) |
Density (lbm/fts); Also, electrical resistivity (Ohm-ft)
Surface tension of the liquid-vapor interface (1b./ft)

Period of growth-collapse of a bubble (sec.)

.Subscripts
Value at 300°F |
Liquid bulk
Boiling
Noh-boiling
Critical value
Fluid (manometer)
Water
Value at inside wall of the tube
Liquid
Mixture
Value at the cutside wall of the tube

Saturation
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Nu
Re

Pr

Vapor

Value at the wall or at the heating surface; Also, water,

Dimensionless Numbers
Nusselt modulus in boiling, and defined by Equation (IV-3)
Reynolds modulus in boiling, and defined by Equation (IV-3)
Prandtl number defined by Equation (IV-2)
Re

Nu.,Prmll3

i23
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