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ABSTRACT

The objective of this research proj ect was to study the

effect of small artificial cavities on both natural convec-

tion and the incipience of saturated pool boiling from a

horizontal test surface. All tests were run with distilled

Freon 113. Data for the heat flux as a function of the

superheat and the convection heat transfer coefficient as a

function of the heat flux were carefully obtained and plot-

ted. Experimental results are presented for the heat trans-

fer from horizontal circular disks , with and without

artificial cavities.

Increases in both natural convection and boiling heat

transfer were observed with the addition of artificial cavi-

ties. The magnitude of heat t ransfer  augmentation was

found to be strongly dependent upon the artificial cavity

density.
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NOMENCLATURE

SYMBOL DESCRIPTION UNITS

A Any surface area of interest Ft 2

D Inside diameter of glass cylinder Ft

d Outside diameter of test surf ace Ft
central core

h Convection heat transfer coefficient BTU/ 2 ~hr ft F

Convection heat transfer coefficient BTU/ 2 ~over one inch central core hr ft F

h2 Convection ~1eat transfer coefficient BTU/ 2 ~over the circumf erential fin hr ft F

1 (x) Modified Bessel function

Kss Thermal conductivity of type 304 BTU/
Austerietic stainless steel hr ft F

K (x) Modified Bessel function

m Quantity equal to [h/Kss w]~ 1/Ft

Q Heat transfer rate BTU/hr

q Heat flux BTU/hr ft2

Qin Heat transfer rate into the BTU/hr
test surface

Qloss Heat transfer rate lost through BTU/hr
the circumf erential fin

Qout Heat transfer rate out of the BTU/hr
one inch central core of the
test surface

r Radius at any point of interest Ft
on the test surface

r B Radius of the test surface at the Ft
base of the c i rcumferent ia l  f in

TC1-6 Thermocouples 1-6 in the test
surface central core

TCS-6 Thermocouples 5 and 6. Two
closes t to the boiling surface
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Tsat Fluid saturation temperature °F

Tss Temperature of stainless steel °F
Test surface as measured by
TC6 + TC5

2

TS1 Test surface 1

TS 2 Test surface 2

Tw Boiling surface temperature °F

w Circumfer ential fin thickness Ft

x Bessel function argument (mr8
)

Temperature variation between °F
TCS and TC 6

~Tsat Superheat (~~Tsat Tw - Tsat )

~Tsat1 Superheat over the central core °F

~Tsat2 Superheat over the circumf erential °F
f in

Axial distance along the test Ft
surf ace core

8 Temperature d ifference (T - Ts at) °F

Temperature d iffer ence (T0- Tsat) °F
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I. INTRODUCTION

A. BACKGROUND

~

. j With the discovery of the characteristic boiling curve

in 1934, boiling heat transf er res earch has become an area

of intensive investigation .

Throughout the past 42 years investigators have been

- 
I actively engaged in efforts to identify all the physical and

geometric parameters involved with boiling heat transf er.

Consistent with this effor t has been the equally difficult

task of finding meaningful and descriptive relationships

among these parameters that would enable better correlation

of all exper imental data. The boiling curve , as shown in

figure 1, is generally described by the following f our major

regions : natural convection, nucleate boiling , transition

boiling and stable film boiling . For most practical engi-

neering purposes only the natural convec tion and nucleate

boiling regions are of significant interest. It is in these

regions , and in particular the upper portion of the nucleate

boiling region , for which industrial equipment utilizing

boiling heat transfer is designed. The inherent instability

and potentially dangerous burnout conditions that prevail at

the end of the nucleate boiling region make th is area as wel l

as the transition and film boiling regions undesirable for

practical application .

In most boiling processes , phase transition (change from

li quid to vapor) does not occur precisely at the saturation

- . - - - ---

~
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Figure 1. Characteristic Boiling Curve
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point of the liquid . This phenomenon generally manifests

itself in a certain amount of increased temperature of the

heated surface above the f lu id  saturation temperature in

order to ini tiate boiling. This increased temperature is

ref erred to as superheat (temperature difference , E,~Tsat, be-

tween the wall temperature , Tw , and the fluid saturation

temperature , Tsat).

The superheat condition is governed primarily by the

pressure of the li qui d and the number of places on the sur- - 
-

face (called nucleation sites) where gas bubbles can form .

This entire process is a metastab le state in phase transi-

tion ; and it is for this reason that once the nucleation of

vapor occurs and nucleate boiling is estab lished , there are

dramatic changes in the heat transfer properties of the

system.

Generally speaking the inception of boiling displays it-

self as the characteristic “knee” of the boiling curve, sec-

tion A of figure 1. This portion of the curve is altered

- 
- somewhat by the rather high superheat condition required to

activate nucleation sites. Once a site has been activated ,

a small amount of vapor remains in the site due to surface

tension . The presence of this vapor allows the boiling pro-

cess to continue and causes a marked decrease in the super-

heat required to sustain the boiling process. This change

in the superheat requirements is generally displayed as a

hysteresis loop as shown in figure 2 . In this figure line

ABEC represents the ideal transition from natural convec tion

to nucleate boiling heat transfer. ABDEC represents the

15
_ _ _ _  
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hysteresis loop formed as a result of the superheat required

to cause nucleation. Line ABEC also represents the situation

in which nucleate boiling is well established and the tempera-

ture of the surface is decreased until all nucleation sites

deactivate. The characteristic path followed in -this case is

CEBA .

In situations of low superheat , natural convection pre-

dominates as the heat transfer mode and is associated with

low heat fluxes , qct~Tsat’4”3 (1). In this segment of the boil-

ing curve the driving force for the fluid motion is the

buoyant force created by density differences of the fluid

[2].

Nucleate boiling is characterized by a sharp rise in the

heat transfer coefficient with a moderate rise in the super-

heat. This situation is sometimes referred to as the high

heat flux region represented by qct~Tsat3 3  (1]. During

this phase , bubbles are created by expansion of entrapped

gas or vapor at small cavities in the surface. These bubbles

grow to some critical size which is a function of the tempera-

ture , pressure and the surface tension at the liquid vapor

interface ( 3 ] .

In saturated , or bulk , boiling , the fluid motion is

driven by the separation of the vapor bubbles from the sur-

face and their subsequent rise through the fluid due to

buoyant forces. Once the bubbles detach and rise , they agi-

tate the fluid in such a way as to cause an updraf t of hot

liquid to follow in their wake . As the flow situation

Ii 
-~~~~~~~~~~~~ . - .
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develops , the steady upflow of liquid above the nucleation

site leads to a steady downf low of liquid towards the heat

transfer surface. This flow system is responsible for the

fluid motion being radial toward the nucleation site where

it rises again [1,3]. This flow pattern is illustrated in

figure 3.

In the region of high heat flux , principally after the

estab lishment of nucleate boiling , a small increase in super-

heat brings a large increase in the heat transf er coefficient .

This displays itself phenomenolog ically in the form of in-

creased frequency of bubble generation . As the frequency of

bubble departure increases , a point is reached when there is

a coalescence of the bubbles, i.e. bubble generation and

separation occur so rapidly that the bubb les collide forming

a single , continuous vapor column . This will , of course ,

occur in both the vertical and lateral d irection. From the

previous discussion on bubb le generation , it is readily

apparent that at some point in time the generation of bubbles

from nucleation sites becomes so intense as to develop a con-

tinuous vapor film across the heat transfer surface. Due to

the extremely poor conductivity of gases , the presence of a

vapor film or “blanket” over the heat transfer surface caus es

the heat transfer from the surface to decrease substantially .

Once the heat transfer surface has been more or less insu-

lated by the vapor blanket , the continued build-up of heat

within the system generally results in temperatures that could

exceed the melting temperature of the surface causing cata—

strophic failure of the heat transfer surface by burnout.
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- Figure 3. Fluid Flow Pattern in Nucleate
- Boiling -

L 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
. .— . - -~~~~~~~~~



II ~ii~~ . TI~ III .~~ ~~IiIi~ 
-

B. PREVIOUS RESEARCH

In the regions of natural convection and nucleate boil-

ing,it has been observed that many factors affect ths shape

of the boiling curve. A partial listing of these factors

include such parameters as number and distribution of nuclea-

tion sites , surface material , surface conditions , past boil-

ing history of the surface , aging effects of the surface ,

fluid depth, fluid temperature , fluid surface tension and

system geometry.

In an attempt to d iscover the pertinent relationships be-

tween the various boiling parameters , Corty and Foust [4] in-

ves tigated the boiling of organic li quids in a transparent

rectangular plastic test vessel. They observed hysteresis

effec ts and a shifting of the boiling curve to give a steeper

slope for the heat transf er coef f i cient ~‘~ rsus superheat than

had been previously noted .

In both pool and flow boiling exper iments conducted with

fluorocarbons [5], hysteresis eff ects similar to thos e re-

ported by Corty and Foust [ 4] wer e observed . These effe cts

were attributed to the superheat condition and cavity deacti-

vation (a nucleation site that has ceased to produce bubbles).

Experiments by Marto , Moulson and Maynard [6 ] involving

the boiling of li quid nitrogen from a mirror finished heat

transfer surface with artificial cav ities showed that an in-

crease in the number of drille d cavit ies improves the heat

transfer from the surface. They also observed a further in-

crease in the heat transfer coefficient as the cavity siz e



was increased . Shoukri and Judd (7] in their work on nuclea-

tion site activation concluded that smaller cavities were

better able to trap gas vapor and be activated by their local

neighbors once boiling is established.

Experiments conducted by Heled , Ricklis and Orell [ 1] in-

vestigating pool boiling from large arrays of artificial

nucleation sites produced results in both the natural convec-

tion and nucleate boiling regions. In the natural convection

region , they , like Marto, Moulson and Maynard [ 6] ,  found a

marked improvement in the heat transfer from such prepared

surfaces. In the nucleate boiling region they observed that

the boiling heat transfer rate at any given superheat could

be increased by vary ing the site density of the artificial

nucleation sites. This increasing of the heat transfer rate

is , of course , not a boundless phenomenon . As d iscussed in

the previou s section , bubble generation eventually become s

so vigorous as to form a film of vapor over the heat transfer

surface markedly reducing its effectiveness.

In all experimental boiling heat transfer research , there

is still great difficulty in getting a true and absolute cor-

relation between exper imental results. Perhaps the mos t sig-

nificant prob lem in this regard is the extremely difficult

task of quantifying the surface finish on the test section

and its effec t on the heat transf er characteristics of the

surface. This is a problem well recognized by researchers

and one that influenced the results of this project.

The objec tive of this res earch proje ct was to investigate

the influence of small artificial cavities on both natural

23.
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convection and the incipience of saturated pool boiling of

Freon 113 from a horizontal test surface.
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II. EXPERIMENTAL APPARATUS

The experimental apparatus employed in this study is

shown in figure 4. The major components of the system are

a data acquisition and power supply unit, a thermocouple

switching box and the experimental unit.

The data acquisition unit consists of a Hewlett Packar d

Dymec model 24013 integrating di~gital voltmeter , a Hewlett

Packard model 5 62A digital recorder and a Harrison Labora-

tories , Inc. , model 809A 0-36 volt , 0-10 amp regulated power

supply . This unit functioned to supply and monitor power

to the test surface heater block and to display and record

thermocouple output in millivol ts.

An external view of the assembled experimental unit is

shown in figure 5 , and a labeled cross-sectional view of

this same unit is shown in figure 6. As depicted in figure

6, the major components of the experimental unit are the

cylindrical f l u id tank , reflux condenser , fluid bulk heater ,

test surface and test surface heater block .

Figure 7 is a top vi ew of the cy lindrical f lu id tank

showing the relative position of both the fluid bulk heater

and the circular test surface . The fluid bulk heater was

constructed of Nichrome wire wrapped around ceramic stand-

off insulators. The operat ion of the bulk heater was con-

trolled by a Variac .

23
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I— REFLUX CONDENSER

2 — F L U I D  TANK

3— FLUID BULK HEATER
4 — T E S T  SURFACE
5 — T E S T  SURFAC E HEATER BLOCK

I /
/

—

~~~~~~~
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_ _

Figure  6. Cross-Sectional  View of ~he x~~er ioen ta l  U n i t
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The test surface itself is the most significant member

of the experimental un i t .  Figure 8 is a generalized cross-

sectional view of the surface. The test surface was con—

structed of type 304 austenitic stainless steel with the

actual boiling surface be ing both hand lapped and machine

polished to a mirror finish. Aside from providing a surface

from which to boi l, the test surface acts as a heat flux

metering device allowing a calculation of the boiling surface

temperature of the test section. In an attempt to minimize

conduction and radiation losses , the entire lower portion of

the experimental unit , con sisting of the un derside of the

test surface and the test surface heater block , was heav ily

insulated by f i r st wrapping all componen ts wi th several

layers of asbestos cloth and then applying f ive  layers of

0.250 inches (0.635 cm) MIN—K insulation.

A. TEST SURFACE

The test surfa ce us ed in this experiment is an amalg ama-

- 
tion of sur faces us ed by previous inv estigators [8 , 9 , 10 ,11].

The dominating inf luence in the design of the test surface

was the design used by Chapman [8] in his pool and flow boil- -
ing experiments. The major refinement to Chapman ’s design

- 
was the developmen t of a machining procedure whereby a homo-

geneous test surface could be fabricated .

Figure 9 illustrates the geometry of the test surface and
the placement of the thermocouple wells. As can be seen from

the figure , the test surface is basically a 1 inch (2.54 cm)

cen tral core wi th an extremely thin circumferen tia l f i n , on

~~~~~ 28 
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the order of 0.010 inches ( 0 . 0 2 5  cm) thick , and a large ex-

ternal metal flange to allow securing of the surface in the

test platform.

The choice of a test surface with a circumferential fin
- 

attached was based on prob lems with rogue nucleation exper-

ienced by previous investigators [ 9,10 ,11]. Previous designs

utilizing only a cylindrical test section were all hampered

by rogue nucleation sites around the edge of the test sec-

tion. This spurious nucleation not only interfered with a

clear viewing of the actual test surface but also prevented

accurate determination of heat transfer from the test surface

as well.

Chapman [8] solved this problem by using a T-shaped test

section with the central core be ing a copp er cylinder and

the test surface being an extremely thin , brazed piece of

type 304 austenitic stainless steel. This test section per-

formed quite satisfactorily bu t pres ented a tremendously

difficult surface to fabricate.

For the.purposes of this experiment the same general idea

of a T—shaped test section was utilized , but a decidedly sim-

pler fabrication technique was developed .

The objective in producing a thin circumferentially finned

test section was to enhance the performance of the test sec-

tion. A continuous test surface of homogeneous material was

chosen to suppress rogue nucleation problems and to reduce

the measurement difficulties that arise when several different

materials are used .

I l  
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Coupled with the relatively poor conduction properties

of type 304 stainless steel , the thin circumferen tial fin

served the purpose of choking off the radial heat flow from

the test surface. Throughout this experiment the f in  worked

extremely well .  A f in i t e  element analysis of the test sur-

face performed by Lt .  Pete Harrell , USN , a graduate student

in Mechanical Engineering at the Naval Postgraduate School ,

gave analytic verification of a one-dimensional temperature

profile across the test surface. At no time dur ing the exper-

iment were any nucleation sites external to the one-inch

core of the test surface ev er observed .

The test surface was manufactured of the type 304 austi-

netic stainless steel to give a large axial temperatur e gra-

dient , thereby enhancing the performance of the test surf ace

as a heat flux meter. Six thermocouple wells were placed

along the shaf t nominally at a periph eral variation of 50 de-

grees with an axial spacing of 0.375 inches (0.953 cm), the

top thermocouple being located at 0.1835 inches (0.466 cm)

from the boiling surface.  Ea ch well was drilled to a nomin al

depth of 0.375 inches (0.953 cm) and a diameter of 0 . 0 4 0

inches (0.102 cm). The thermocouples used wer e Omega , 0.040

inches (0.102 cm) stainless steel sheathed , copper-constantan

thermocouples , calibrated as ind icated in App endix A. Figure

10 , a plo t of the axial variation in tempera ture during repre-

sentative test , is a graphical repr esen tation of the perform-

ance of the test surface as a heat flux meter. Clearly the

large axial temperature var iat ion offered by the stain less

steel coupled with an accurate location of the thermocouple

~ 
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beads provides an excellent method for extrapolating the

temperature of the boiling surface.

The surface temperature , Tw , used in the calculation of

the superheat , E~Tsat , was established through an extrapo-

lating process. All of the thermocouple readings , TC1-6,

for the test section were used in a polynomial regression to

generate an extrapolated surface temperature. Additionally ,

an extrapolated surface temperatur e was established using

only the two thermocouples closest to the boiling surfa ce ,

TCS— 6. The difference between these two extrapolated surface

temperatures was generally on the order of two degrees F or

less. The arithmetic average of these two extrapolated sur-

f ace tempera tures was taken , and the result was the surface

temperature , Tw.

Once the surface temperature was estab lished , the super-

heat, ~Tsat , could be calculated in the following f ashion :

~Tsat Tw - Tsat

where Tsat 117.6°F (47.56 °C) [12]

The thermal con ductivi ty ,  Kss , as a func tion of the test

material temperature was calculated u sing the data for type

304 austenitic stainless steel from Touloukian [13]. The

equation used throughou t this experiment was:

- 

• 

Kss 9.36 + 0.0043 (Tss—200)

where Kss is in BTU /hr - f t  0F and Tss represents  the tern-

perature , in degrees F , of the stainless steel test section

34
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as computed from the arithmetic average of the temperature

readings of the two thermocouples closest to the test sur-

face , i.e.,

T TC6 + T C 5
2

where TC6 represents the temperature reading , in degrees F ,

of the thermocouple nearest the test surface and TC 5 repre-

sents the temperature reading , in degrees F , of the thermo-

couple immediately below TC 6 .

Using the measured distance between the thermo couple beads

of TC6 and TCS to represent the variation in the axial direc- -
tion , ~x , measured in feet , over which the temper ature varia-

tion , i~T, occurs , Fourier ’s Law of Heat Conduction can be

used to calculate the heat flux in the test section . In

general , Fourier ’s Law of Heat Conduction for a one-dimension- -
al system is written as

dTq -Kss

where q represents the heat flux (Q/A)

Kss repres ents the thermal con duc tivity of the
test surface material

~~~~~
. represents the temperature grad ient in the

x direction

Substituting in the previously def ine d elements of Fouri er ’s

equation yields the fo l lowing :

q ~~~~~~~~~~~ 

TC6 TC5

~L _ _  
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In thes e experiments TC 5 will always be larger than TC 6 ;

therefore , the heat f lux , q ,  will always be positive .

The heat transfer coeff icient , h , hav ing the units of

BTU/hr-ft2 °F, can be found by a simple energy balance on

the system. Using Newtons Law of Cooling , q h(Tw - Tsat)

an energy balance yields:

dT-Kss h (Tw - Tsat)

then
dT—Kss —

dx
- (Tw-Tsat )

which simplif ies to :

h =  g

~Tsat

Appendix B con tains a detailed ana lytic solu tion to the cir-

cumferential f in  problem and the development of the corr ec-

tion factor that was app lied to account for the heat loss

through the f in .

B. TEST SURFACE FABRICATION

As previously discussed , the major  di f f e r ence between

the test surface used in this experiment and the one used by

Chapman [8 ] is that this on e is manuf actur ed from a single , 4 1

homogeneous piece of material.

Th e key to fa bricat ion of this type of surf ace lies in

the use of a support jig, figure 11. By securing the test

36 
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surface in the suppor t j i g , f inal  facin g cuts could be taken

on a lathe. The jig and test surface fit together in such a

way as to form a body rigid enough to allow the boiling sur—

face to be turn ed down to a f in  thickness of approximately

0.010 inches (0.025 cm).

The test surface remain ed in the support j ig  throughout

all stages of manufacture , be ing removed only for physical

measurements of the test surface and prior to installation

of the surface in the boiling tank .

C. METALLOGRAPHIC PROCEDURES

In an attempt to remove as many “natural” nuc leation

sites as possible , the surface was subjected to a rather ex-

tensive series of metallographic polishing steps. The surface

was first hand lapped on a true plate with Buhier metallo-

gr aphic paper , starting with a 1/0 grit and then turning the

surface 90 degrees and completing with 3/0 grit. The surface

was then mechanically polished on a Buhler metallographic

wheel using felt cloth impregnated with Metadi paste diamond

grit and lubricated with alcohol. The surface was first

polished with a 6 micron grit , then a 3 micron grit and

f inal ly  a 1 micron gri t wheel .

Upon compl etion of polishing , microscopic examination

of the sur face revealed a mirror f in i shed surf ace virtu al ly

free of nucleation sites .

D. AP.T FICIAL CAVITIES

To investigate the effects of artificial nucleation sites

on both convection heat transfer and the incipi enc e of pool

Li - . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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boiling , variou s number and geometric arrangements of arti-

ficial cavities were drilled in the test surface. These

cavities were formed by a tapered twist drill and were made

to be 0.015 inches (0.038 cm) in diameter and 0.015 inches

(0.038 cm) in length , the length being measured from the boil-

ing surface to the shoul der on the taper as shown in f igur e

12.

As artificial cavities were added to the surface , the

last three steps of the polishing process were briefly re-

peated to remove any burrs around the edge of each cavity.

Figure 13 displays micrographs which indicate what the mirror’

finish surface condition was in comparison to the size of

the artificial cavity.

~ I
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III .  EXPERIMENTAL PROCEDURE

A. TEST SURFACE PREPARATION

With the test surface appropriately polished as described

in the previou s section , the only preparation that remained

was the proper cleaning of the surface. This was accom-

plished by bathin g the surface in acetone an d dry ing with

both a b lower and soft tissue paper. A visual inspection as

to the cleanliness of the surface was made under a light

microscope . This inspection procedure was especially impor-

tant when the artificial cavities were present in the surface

to ensure that all traces of the polishing compounds had been

properly eliminated.

B. FLUID PREPARATION

The fluid used in this experiment was Freon 113 (trich-

lorotrifluoroethane). To insure a pure test fluid industrial

grade , Freon 113 was distilled in a Pyrex standard laboratory

distilling system. The fluid was collected in clean glass

containers and then transferred to the boiling tank .

C. ARTIFICIAL CAVITY PLACEMENT

F 
The surfaces used in this experiment were designed to con-

form with those used by Chapman [8] and Penkitti [13]. In

particular the geometric arrangement and cavity diameters

were similar to Penkitti’ s [10]. The test program entailed

the testing of a blank test surface followed by one cavity,

~~~ 42 
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seven cavity and 13 cavity test surfaces. Figures 14 through

16 show the placement of the cavities for the one , seven and

13 cavity surfaces respectively . All photographs in these

figures were taken prior to use as a boiling surface.

In the case of the one cavity surf ace , the cavity was lo-

cated as close as possible to the center of the tes t surface.

The additional cavities were added in groups of six , with

each cavity at a peripheral spacing of 60 degrees. The addi-

tional groups of cavities formed concentric rings equal ly

spaced in the radial direction . The first group of six cavi-

ties was placed on a radius of 0.125 inches (0.317 cm), and

the second group of six cavities was placed on a rad ius of

0.250 inches (0.635 cm).

D. TEST PROCEDURE

The concept of the tests conducted in this experiment was

to start with the test section and fluid at ambient tempera-

ture , raise the temperature of the fluid to its saturation -
temperature (117.6 F) and then through regulated incremental

changes in input power to the test surface heater block take

thermocouple and input power data when steady state was

achieved.

Data were taken in two different directions (i.e. increas-

ing and decreasing temperatures) during this experiment . This

• was done for two reasons , the f i r st of whi ch was to check for

any hysteresis effects in the apparatus while the second , and

perhaps mos t important , reason was to model work previously

comple ted by Chapman [8 ] ,  Pertkitti [101 and Corty and Foust

~~~~~~~~~~~~~~~~~ - 43



--- _ -

~

. - -



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

~~~~

I

- . 
.
,

/

- . . . _
. 

- -~ - I~ - . ~�-.-* a)
.0

- I - 1. ,~~ 3’1 ~~~ 
-

- 
- 

II
I ~~~~ ‘ ‘ ‘ - .~~~ ~~~~~~~~~~~~~~~~~ -

- - 1. ~~ II- ’ ~ .~ 
- - - -. ..S-~i. 

-

- 
- 

*1 .4 .I% I~~O..~~~~ I - . :  ~~~~~~~~~~~~~~~~~~~~~~~~ .,

~
1
~II 

3 .  
~.. .

4.1
- . - ~~~~~~~~~~~~~~~ t.-. -. . - :. - .‘

~
. .‘ - -. -. - .,-

~
- - - ,  

~~~~~~~~~ ., .~ . ~~~ 
— - 1~~~~~ , - .

~/
I~ I.

I_
~ ‘1~ ~~ ~. 

ç
~j- 

~ : -  - 
- -a.. . . 

N - -
- I ,.. - . 1

- - . 1  .- — C)
>

- - 
. C)

- 
. ,~~~~1~~~ -

- — 
- LI.)

F . I N ..,

• 1’ . -
I - .



/

.1 ~~~~~~~~~~~~~~~ 
~~~~~.

/ t ~~~~~~~~~~~~~~~~~ a)
L ~~~~~~~~~~

- 
. C)

a)
.0
C)

- 
- 0

H ~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~ ~~~~~~



T~~~~~~~ . ~T L ’ ._—

(4]. Due to the differences caused by the superheat condi-

tion and the activation/deactivation of nucleation Sites ,

the taking of data for the two separate cases (temperature

increasing and temperature decreasing) constitutes the run—

fling of two completely different experiments.

In the cas e of the temperature incr easing situation , the

test section and the fluid are heated from the ambient room

temper ature to the saturation temperature of the fluid , at

which point the data taking beg ins . The fluid temperature ,

through the use of the bulk heater , is maintain ed as close to

its saturation temperature as possible while the temperature

of the test surface is s lowly raised through the natural con-

vection region to the incipience of bo iling and continuing

on well into the saturated pool boiling region. This proce-

dure entails the heating of the test fluid when there is a

large superheat condition and when the nucleation sites are

activating, a Situation similar to the experiments of

Penkitti [10] and Corty and Foust [4].

In the case of the temperature decreasing , the f lui d is

starting from a situation of max imum power into the test sur-
F face and an already well developed and violent boiling condi- -

tion . The temperature of the test surface is continually

reduced until it is approximately equal to the saturated tern-

perature of the fluith Conducting the test in this fashion

allows data to be taken as the nucleation sites deactivate ,

an ex perimental situation similar to that of Penkitti [ 10 ]

and Chapman [8] .  

_



The initial data run consisted of using a blank test

surface (no artificial cavities present). This first data

run was peculiar in that in addition to producing usable

experimental data it also supplied answers to such questions

as what time span was required to reach steady state for

this particular apparatus and what type of behavior was to

be expected from the surface. Consequently the first run

was considerably longer than any of the subsequent trials

due solely to the larger number of data points taken. The

original procedure was to increase the input power to the

test surface block heater by increments of approximately 0 .5

watts and then take data readings every 30 minutes until it

was felt that a steady state condition existed . Throughout

this experiment steady state was defined to be a change in

all thermocouple readings of 0.5 F (0.28 C) or less in a

15 minute time period . Af ter taking the firs t few data

points it became clear that the operating characteristics of

the test surface were such that steady state conditions were

essentially reached af ter a period of four hours . Once this

characteristic was established , the operating procedure be-

came one of changing the input power se tt ing to the test sur-

face heater b lock and then returning af ter a period of thr ee

and one half hours to monitor the thermocouples and power

settings at intervals of 15 minutes until a steady state con-

dition clearly exis ted .

During the initial run 38 readings were taken while the

temperature was increasin g , and 15 were taken while the
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temperature was decreasing. After plotting and evaluating

this first experimental run it became clear that the phenom-

enon being observed could easily be analyzed with only a

thir d of the number of data points taken for run number one.

Therefore , on data runs 2-6 there were a total of 21 points

taken for every surface , 11 with the temperature increas ing

and 10 with the temperature decreasing .

E. BULK HEATER OPERATION

Throughout this experiment a concerted effort was made

to maintain the temperature of the fluid at its saturation

temperature. As mentioned previously and as shown in figure

6, a Nichrome wire resistance heater connected to a Variac

formed the bulk heater system . The temperature in the fluid

tank was measured by two independent sources. One was a

copper-constaritan thermocouple located directly above the

center of the test surface at a distance of approximately

0.250 inches (0.635 cm). The other was a set of eight cop- 
I

per—constantan thermocouples , connected in series , and

placed in pairs located peripherally at 90 degree intervals

around the tank . Of the two members of each pair , one

thermocouple was located near the top of the tank , and one

was located near the bottom . This connection of eight ther-

mocouples was placed in a ring outside the boundary of the

tes t surface. Since these thermocoup les were connec ted in

series , they gave a single average bulk temperature of the

fluid . 

~~~~~ -~~~~~~ .-- -~~~~~~~~~~~~~~ -- _~~ -~~ ~~~~~-- - - -



The procedure followed during the experiment was to set

a power level into both the bulk heater and the test sur-

face and then wait for the steady state conditions. To

minimize the interference of convec tion cells or cir culation

patterns that developed from the bulk heater , the heater was

always turned off prior to taking the actual data poin ts of

record. This would occur when the stainless steel test sur-

face showed that it met the established steady state cri-

ten on set forth for the experiment , generally one-half hour

prior to the taking of the actual data point .

As the experiment progressed , the increased temperature

of the test surface contributed more and more to keeping the

fluid temperature at its saturation temperature . This , of

course , meant that as the input power to the test surface

increased , the input power to the fluid bulk heater would cie-

creas e. This procedure continued for the first five or six

data points at which time use of the fluid bulk heater could

be completely disregarded. From this point the temperature

of the test surface itself was sufficient to maintain the

fluid temperature at the proper level.

The procedure for the situation in which the temperature

was cons tantly decreasing was exac tly the opposite of the

previously described procedur e, i.e. the fluid bulk- heater

was not used until the last few points were reached .

F. GLASS CYLINDER

A careful examination of figure 6 will reveal a cylindri-

cal sec tion of glass located on top of the test surface.

LEA  50
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This portion of the test apparatus is a modification to the

original arrangement.

The purpose of the glass cylinder was to minimize any

circulation effec ts produced by the bulk heater in the fluid .

It was felt that unless this type of circulation pattern

were reduced , there would be little hope for seeing any in-

fluence of the artificial cavities in the natural conve ction

heat transfer region. It was decided that a glass cylinder

aroun d the test surface woul d s igni f icantly reduce the f l u id

circulation from the outer regions of the f lu id tank , re-

stricting the actual area of investigation to that region of

greatest interest , the surface of the test surface core , the

test surface fin and the fluid directly above the test sur- —
face. Additionally , this modification helped maintain the

geometric similarity between this experiment and that of

Chapman (81 . The D/d ratio of the glass section used in

this experiment, where D represents the inside diameter of

the glass cylinder and d represents the diameter of the test

surface central core , was set at 3.125 , which compares favor-

ably with that used by Chapman [8] which was 3.070 .

- 
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IV. TEST RESULTS

During the course of this study a total of five different

test surface configurations were examined . Data were collec-

ted for the following cases:

(1) Blank mirror finished surface without glass cylin der

(2) Blank mirror finished surface with glass cylinder

(3) Single cavity surface with glass cylinder

(4) Seven cavity surface with glass cylinder

(5) Thirteen cavity surface with glass cylinder

Two separate test surfaces were used , however , to help reduce

the uncertainties that arise for surface irregularities in

boiling studies , the data were identified by the nomenclature -
TS1 and TS2 which stand for test surface one and test

surfac e two respec tive ly.

1. Reproducibility

In an effort to gain an understanding of the charac-

teristics and reproducibility of the test apDaratus , TSI

was used in the first two test situations . The data for

these experiments are presented in figures 17 and 18. .Figure

17 is a representation of data taken with TS1 in the blank ,

mirror finished condition with the temperature of the surface

increasing. It is a comparison of data for the cases in

which ( 1)  there is no glass cylinder present and the fluid

bulk heater is left on during the taking of data and (2)

52
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there is a g lass cylinder and the fluid bulk heater is

turned off prior to taking data.

Figure 18 represents the same surface both with and

without the glass cylinder and with the fluid bulk heater

off prior to taking data.

These two figures clearly show that the apparatus

gave highly reproducible results . In addition this partic-

ular test demonstrated that the effects of convective cir-

culation generated by the fluid bulk heater were insignifi-

cant in comparison to the circulation developed by the test

surface. Irrespective of this all remaining tests were

conducted with the glass cylinder in place and the fluid

bulk heater off for the collection of all data.

2. Flow Circulation

Throughout this experiment a very strong and well de-

veloped circulation pattern was observed. This circulation

was characterized by extremely vigorous convection currents

across the test surface resulting in a well developed central

plume directly over the one inch central core of the test

surface, figure 19. The observed fluid circulation in t h i s

experiment was very similar to that observed by Sparrow and

Husar [14] in their flow visualization studies.

As each individual test progressed , the incremental

increases in the test surface temperature brought about a

corresponding increase in the intensity of the circulation .

This condition acted to form a very strong convection pump-

L 

ing act ion on the f l u i d .  
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Once the inception of nucleation occurred , nuclea-

tion sites activated rapidly with further increases in the

heat flux . Observation of the fluid circulation at the

highest heat flux revealed a violent boiling Situation with

large numbers of active nucleation sites on the one-inch

central core of the test surface. As the bubb les left the

surface , coalescence was observed as they rose through the

fluid .

3. Test Surface Appearance after Use

At the conclusion of each test , the fluid was drained

from the boiling tank , and the test surface was inspected for

cavitation or erosion damage fr om the boilin g process.  In

every test s i tuat ion , af ter  the test surface was allowed to

dry, all surfaces were observed to have a white deposit on

the one—inch central core of the test surface as illustrated

in figures 20—23.

This deposit did not occur over the entire surface

and seemed only to form at the location of active nucleation

sites. A similar phenomenon was observed by Nail , Vac hon

and Morehous e [15] in their investigation of pool  boiling cci-

cleation sites on a type 304 austenitic stainless steel sur-

face. In their experiment the test fluid was distilled water ,

and it was felt that the deposits were due to silica. No

chemical analysis was made of the deposits observed in either

this experiment or those conducted by Nail , Vac hon an d More-

house [15]. It is considered interesting, howe ver , that a

similar phenomenon was obser ved in two s e~ arate ex~ eriments 

~~~~~~--- ~~--~~~ - - - — -  -f -- —--- -- - —- - ~~----
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both using the same test surface material but totally differ-

ent test fluids (distilled Freon 113 and distilled water).

This seems to suggest the possibility that the deposits are

a property of the tes t surf ace material.

Cleaning of the test surface with acetone and sof t

tissue was sufficient to remove all traces of the deposit.

Visual inspection of the surfaces with a ligh t microscope

revealed no damage to any test surface as a result of the

boiling process.

4. Test Surface Performance

Visual observation of the test surface in operation

during the experiment gave every indication that the heat

transfer surface was working very well. In the region of

natural convection a circulation plume formed directly over

the one—inch central core o f the t~ st sur face  and increased

in i n t ens i ty  as the temperature of the surf-ace was in-

creased. The incip ience of boi l ing was always observed to

occur on the one-inch central core of the test surface

which was exactly what was desired. As the heat flux into

the test surface was increased the number of nucleation

sites increased and were , at all times during the test , con-

fined to the one-inch central core of the test surface.

The analytical evaluation of the test surface

(Appendix B) served to i l lus t ra te  that the per formance  of

the test surface varied greatly depending upon the reg ion of

heat transfer being investigated , i . e .  na tu ra l  c on i e c t i cn  -or

nucleate  b o i l i n g .

62 
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In the natural convection region, the losses in

the heat transfer rate through the fin were up to 44 per-

cent of the available heat transfer rate into the test

• surface. This situation steadily improves as the experi-

ment progresses through the natural convection region and

into the nucleate boiling region . At the point of highest

input heat transf er rate , the losses through the fin drop

to something on the order of 13.5 percent .

As demonstrated in Appendix B , the analysis in the

natural convection region is qui te  sens i t ive  to the convec-

tion heat transfer coefficient in the area over the fin.

A major shortcoming of this experiment was the failure to

instrument the test surface in such a way that the convec-

tion heat t ransfer  coef f i c ien t  over the f in  could be

experimentally determined.

It is worthwhile to point out , however , that since

the solution to a circumferential fin type problem that

exists with the geometry of this experiment is parametric

- - I in h , one should be very wary of the artificiality of the

resul ts  from computer codes that solve th i s  problem by an

arbi t rary choice of the convection heat transfer coefficient

over the fin . The problem degenerates to one that is self

f u l f i l l i n g, i . e .  pick an h and make the desired r e su l t .

Based on the analytically determined losses de-

veloped in Append ix B , the experimental data were corrected

and plotted as displayed in figures 24-30.

_ _ _ _ _ _  _ _ _ _ _  _ _ _  - _ _ _ _ _ _
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As can be seen from the graphical results of th is

experiment , there was , in fact , an improvement in the rate

of heat transfer due to the presence of the artificial cavi-

ties for the case of the seven cavity surface. The failure

of the 13 cavity surface to perform any differently than the

blank m irro.r finished surface is proposed to be due to the

following :

For every artificial cavity of a given diameter

there must be a critical spacing or cavity density that is

- required for maximum heat transfer . If these cavities are

too close together , the bubbles they generate interfere with

each other , d i s tu rb ing  the fluid flow pattern over and above

the test surface in such a way that the transfer of heat is

reduced . Also , separating the cavities by too great a dis-

tance allows the format ion of na tura l  nuclea t ion  sites on

the test surface areas between the cavities. Clearly the

development of any analytical expression for this  optimum

cavity placement would be an extremely d i f f i c u l t  t ask  and

one that  would appear to be h ighly  dependent upon the  su r face

geometry and material as well as the fluid medium being

utilized .

In th i s  part icular  experiment  it would appear that

the major problem was that the cavity spacing was too large.

This allowed for a considerable amount of natural nucleation

on the surface and the tremendously turbulent and coalesced

bubble flow above the test surface.
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~~~~~~~~~~T~~~~~~~Tii~~~

As can be seen from the plots of the experimental

data , there was never any improvement in the heat transfer

rate when the temperature was increasing and the nucleation

- • sites were activating . This is again attributed to the

-
- natural nucleation sites that activated before the artifi-

cial cavities. Improvement was shown, however , in the

-
- situation of the temperature decreasing and the nucleation

-

, I sites deactivating . In this situation it was generally

observed that the artificial cavities were the last nuclea-

ticn sites to deactivate.

i t

I - ,
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- V. CONCLUSIONS AND RECOMMENDATIONS

- 

I 

The results of this experiment led to the following con-

clusions :

(1) The surface used in this experiment performed ex-

treme-ly well in the investigation of saturated pool boiling

- 
heat transfer. Its value in natural convection heat transfer

studies is very questionable due to the uncertainty in the

- natural convection heat transfer coefficient over the circum-

ferential fin sec tion.

(2) The artificial nucleation sites did , in fact , in-

crease the heat transfer characteristics of the surface .

Accurate determination of the critical cavity spacing must

be accomplished on an ad hoc basis to ensure optimal improve-

ments.

(3) Analytic solutions and computer models of thin cir-

cumferential fins similar to the type used in this experi-

ment are very difficult to interpret . The strong dependence

H of the solution upon the convection heat transfer coeffi- -
d ent over the fin makes the reasonable knowledge of this

coefficient a necessity .

In an effort to further understand the augmentation of

heat t r ans fe r  wi th  a r t i f ic ia l  cavi t ies , the fo l lowing  recom-

rnendations are made:

-~~~~ 73
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(1) Further tests in this area should utilize a surface

similar to that used by Duncan or Penkitti [9 ,10] for natu-

ral convection studies and a surf ace similar to the one us ed

in this experiment for boiling heat transfer studies.

(2) Experiments investigating the effects of density of

constant diameter artificial nucleation sites should be con-

ducted and an analytic expression developed that will give

the cavity density required for maximum heat transfer . This

should be followed by a test series investigating the effects

of varying cavity diameters and cavity depths.

(3) To complete the study of the influence of artificial

cavities on natural convection and boiling heat transfer , ex-

periments should be conducted to determine the effects of

these cavities when the depth of the fluid is changed from

very deep pool boiling to thin film boiling. Additionally ,

the cavity effects should be investigated while the surface

is rotated from the horizontal flat plate position to the

vertical flat plate position .

( 4 )  Thermocouples should be placed both radially and

peripherally around the underside of the circumferential fin

to monitor the temperature distribution in this reg ion and

to enable the experimental determination of the convection

heat transfer coefficient over the fin .

_
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APPENDIX A

THERMOCOUPLE CALIBRATION PROCEDURE

The accurate determination of the test surface and fluid

temperatures was a significant part of this experiment since

all the results and discussion are based on those tempera-

tures. For this reason, precise calibration of the sheathed ,

bulk temperature and independent thermocouples was necessary .

The entire test apparatus was calibrated as a total measure-

ment system. Once the calibration was accomplished , none of

the wiring or recording instruments of the apparatus were

changed .

A Ro s emount Calibration Sy stem , with a constant tempera-

tune oil bath , was used for the calibration . The reference

thermocouple , sealed in a glass tube filled with oil , was

placed in an electronic ice point reference junction. The

six sheathed , eight bulk and one independent thermocouples

were suspended several inches into the oil bath. A Platinum

Resistance Thermometer in conjunct ion  wi th  a precision corn-

mutation bridge was used as a standard . The calibration was

conducted over a range from 75°F to 300°F. A maximum error

for the thermometer for this range of temperature was 0.004

millivolt.

The results of the thermocouple readings were compared

with the standard thermocouple tables. The deviation from

the table values ranged from +0.002 to -0.016 millivolt for 

_ __, _____1_ - -_ - - - - ----,- -,- _ - - - - -
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the sheathed thermocouples while the deviation from the
S

table values ranged from +0.008 to -0.009 millivolt for the

bulk temperature and independent thermocouples. The deci-

sion was made to use the reading values d irectly with an

assigned uncertainty for the sheathed thermocouples of 0.3

°F and an uncertainty of 0.2°F for the bulk temperature and

independent thermocouples.

7 1  - 
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APPENDIX B

ANALYTICAL SOLUTION TO THE PROBLEM OF HEAT TRANSFER
FROM A THIN CIRCUMFERENTIAL FIN WITH ONE SIDE INSULATED —

The problem under consideration is that of the heat

transfer from a thin circumferential fin . The analysis in-

corporates the use of the 8essel Function to develop a solu-

tion that will account for losses through the fin .

The geometry of the problem is as shown in figure 31.

As mentioned previously, the thin fin was chosen for the

expressed ~urpose of “choking” the heat transfer rate through

the fin enabling the heat transfer rate to be greatest at the

one-inch central core of the test section . Throughout the

development of the solution it is assumed that the underside

of the fin is perfectly insulated .

The governing equation for a circumferential fin with

convection from the top only is then

7. I I
Cl 

_ _  

d ~~~ 
— e = 0r K w

where h convection heat transfer coefficient

1< conduction heat transfer coefficient

e (T — T1~~)

The boundary conditions for the governing D.E. are

at r~~~ rB o
r de/dr 0

~~1 -~ , .---- -- -- -~ - _ __ _
~

_
~~

__ _
~

_ __ ,1_~ -~~~~~~~~~~~~ -~~~~~~--- --~~~~ - ---~~_ _
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Solving this prob lem with the use of Bessel Functions yields -

= 
~~ i~ (~~ 

1
r) + C 

~ (~~~~~ 
r)

It is seen that as r approaches infinity , K0 approaches zero .

It is also seen that as r approaches infinity , 1
~~ 

becomes

unboun ded , which does not sati s fy  the boundary condition

that at r ~~~, dO/dr = 0, and therefore B must equal zero .

This leaves

e =c K 0(~f~ r)

with the boundary condition

therefore

- 1
Substituting for C and rearranging

_ _ _  - 
k0(’[~~

’ r’) 
( 1 )- 

~ 1~ ’ r~)
From Fourier ’s Law of Heat Conduction the equation govern-

ing the conduction heat transfer at the base of the  f i n  is

~~“ dr ris ra
or

‘a
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From (1) it can be seen that

a~cG~ r)
k0(mr ~

where

ther efore

= 8 . - - 

~~~~~~ ~mr~)
Substituting this into the conduction equation and evaluat-

ing at the base of the fin yields

e~ ~~~~~~~~~~~~~~~~ 

~ ( 
K0 Yv~r~ 

(~~k , (~~“~B~~

which reduces to

i-~ Li A i ~ k 1 E~ir~~~~~~ Ko (m r3)
Evaluating m

where , for this project

w = 0.001 feet

Kss = 9.03 - 9.38 BTU/hr-ft °F

h = B T U / h r — f t 2 °F

~~~ 
_ _ _ _ _  
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From graphical repres entation of Besse l Function behavior

for the K’ s, it can be seen that a small argument , x=5 or

less , is needed for a significant value of K. The behavior

of the argument is such that as the thermal conductivity of

the fin material , Kss , increases , the more difficult it is

for the fin to reduce the heat transfer rate. To make a

“worst case” analysis then , Kss was chosen at the high end

of its range to be a value of 9.4 BTU/hr-ft °F. Thserting

the appropriate values , m as a function of h becomes

m = t O .3L ~~~~~
It was assumed that the convection heat transfer coeffi-

cient could be represented by h~~Tsat°~~~, a convection co-

efficient somewhere between laminar and turbulent natural

convection .

It was also assumed that there was a five degree -dr-op in

superheat between the central section of the test surface

- 
- and the base of the fin . A superheat condition , based on

experimental observations as well as “-~crst case ” objectives ,

of 40 degrees F was chosen.

Denoting the properties of the system directly over the

test core and those over the fin with the subscripts 1 and

2 respectively , the ratio of the h’s is then

fl2. — L~~I 5A1~2.
— 

L~TSAT ,
which y ields

_ _  = 
01%

~~‘~~~~~1~~~ ~~~~~~~~~~~~~~~~~~~ —---- _ — - . .



Experimental observation in this region found an h over the

central portion of the test section to be on the order of

100 BTU/hr-ft F. Therefore

h2 96 BTU/hr—ft2 °F

Evaluating the argument of the Bessel Function yields the

following :

x _ m r B _ 4 .2 l

As the temperature increases through the natural convection

region into the boiling heat transfer region , the convecticn

heat transfer coefficient increases causing the argument , x ,

to increase. For this reason the asymptotic behavior (large

argument) of the Bessel Functions was utilized in the follow-

ing form:

~~~ ~~~~~~~~~~~~ ~~~~~~ 
÷ ~~~~~~~~~

- 

+ ~~~ ~~~~~~~~~~~~\~. 8~ Z! (
~~~~ j - -

The ratio of the K (x) terms is essentially a ratio of the

first two terms of the series

/lç \2. -)
~

_ _ _ _ _ _ _  — e ~~~ ~
)

k0 h~~r~
) 

— 

(i_~ -
~~~ I 

—

~t x J  e. C~— ~~~~~
—

which simplifies to

= _ _ _ _ _ _ _

Cmi)

- 
- - 
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Substituting the value for the argument x

i aa

Substituting for the ratio of the K’s , the equation for the

heat transfer rate at the base of the fin simplifies to

• - Q Kss A 00 m (1.122)

where Kss 9.4 BTTJ/hr-ft °F

m 101 1/ft

0 ~~T - T  max
0

A 2iir3w = 0.00021617 ft2

then

Qloss 11.16 BTU/hr

In evaluating the heat transfer rate out of the test surface ,

it is assumed that there are no losses other than through

the fin . An energy balance yields

Qin Qout + Qloss

where

Qin is as measured between TC5 and TC6.

Qioss represents the losses through the circumferen- —

tial f in

Qout represents the heat transfer rate to the fluid
at the one-inch central core of the test surface 

-- _- 
- 
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Using experimentally observed data for the two represen-

tative cases , i.e. natural convection and nucleate boiling

heat transfer , enabled this problem solution to give an in-

dication of performance of the f i n  throughout the test.

For :

Case I (Natural Convection Region):

(1 )2
Qin = (4667.4) ( r i  ~2 ~ = 25.46 BTU/hr

Qloss 11.16 BTU/hr

Qout 14.29 BTU/hr

In the natural convection region , the losses represent 43.8

percent of the input to the test section .

The figure for the losses in the natural convection re-

gion is highly suspect due to the fact that the circurnferen-

tial fin makes this problem a very difficult one to solve

analytically. The major difficulty is what to use for the

convection heat transfer coefficient in the vicinity of the

fin . Additional problems arise in determining exactly what

the temperature gradient is near the base of the fin . Since

the convection heat transfer coefficient is a function of

the temperature gradient , it is clear to see that the experi-

mental determination of the temperature gradient in the fin

is essential to the solution .

The nature of the problem is such that these two diffi-

culties make a realistic solution a most difficult thing~

~~~ _ _ _ _  
_ _  
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it is on the order of being a self-fulfilling problem , i. e .

pick an h and ~Tsat that make the solution give the desired

result.

Work with computer programs proves to be equally artif 1-

cial as an approach to the solution . Since most of these

programs require an arbitrary spec i f i cation of h , the tern-

perature profile and heat transfer rate are again driven to

whatever results are desired.

On the basis of this analysis it is easy to see that

this particular geometry is not well suited to good natural

convection research . It appears that for analytical pur-

poses and experimental observations, a surface similar to

that used by Duncan or Penkitti [9,10] should be used .

Case II (Nucleate Boiling Reg ion):

Qioss : (9. L4.)(O.0002l617)(45)(l0l)(l.22) :12.54
1 BTU/hr

Qin (17065.6)(ir ) = 93.08 BTU/hr

Qout 80.53 BTU/hr

In the boiling region the losses represent only 13.5 percent

of the available heat transfer rate.

The test surface performs much better as a nucleate boil-

ing platform . Though the same problems in specifying h and

~Tsat exist , the solution gives a good feel for the effective-

ness of the fin .

~~~~~~~~~
_ _  _  
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APPENDIX C

UNCERTAINTY ANALYSIS

The uncertainty analysis employed in this experimental

work is of the general form :

where U
R 

d R / R  , the percentage uncertainty in quantity

R. Ex represents the uncertainty of the xth measured quan-

tity , and x represents the experimentally measured value

for the xth quantity.

In completing the analysis , several assumptions and

approximations had to be made in order to develop a reason-

able estimate of the uncertainties for each variable. The

following table is a summary of measured experimental

quantity uncertainties :
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TABLE I

Experimental Uncertainties of V ariables

VARIABLE BASIS FOR VALUE UNCERTAINTY

Kss Assumptions based on table 5%
values [13]

Tw Thermocouple calibration and 0.37-0.41°F
extrapolation

Sheathed Th ermo couple calibration 0.3°F
Thermocouples
(TC1-TC6)

Unsheathed Thermocouple calibration 0.2°F
Thermocouples
(TC7aTC8)

~x Accuracy of measurement 0.002 in

Tsat Accuracy of Ref. [12] 0.05°F

i~Tsat Tw and accuracy of Ref. [12] See results
page 89

q Accuracy of Ref. [13] , thermo- See results
couple calibration and physical page 89
measuremen ts

h Uncertainty in q and ~Tsat See results
page 89
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The general forms of the uncertainty analysis are pre-

sented below :

For ~Tsat :

.,. , _~~~I~W M ~ C..3uPLES
A T

‘-~- I5 A T
For~ q:

~~~[(u~)~÷ (U~~~

T
)

~~~~~~
(

~~~~~~~
j
af

For h :

÷ (11
~TSAT 

)~ I ~
The following sample calculations are presented using

data from test run 4. The surface contained six artificial

cavities , and the best and worst case situations are

represented:

BEST CASE :

U~T~T [53~~ O.5~ %

Ut2 

~ 1 ~~~~~~~~~~~~~~~~~~~~~~~

- (~?:~)~ ~~~~~

~~~~~~WORST CASE :

U~Ts~~ [~~~4] 28.~~%

5.0%
1/ 2.

= [
~ 

+ = 
2~~~~
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TABLE II

Results of Uncertainty Analysis

All results expressed as percentage uncertainty.

SURFACE CASE UT t  U~ U
h

Blank , mirror Best 0.46 4.99 4.92
Finished Worst 10.0 4.99 11.18

One cavity Best 0.44 4.99 4.92
- Worst 6.7 4.99 8.36

Seven cavity Best 0.56 4.99 5.0
Worst 28.8 4.99 29.2

Thirteen cavity Best 0.48 4.99 5.02
Worst 5.3 4.99 7.28
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