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BS c
A forced convection heat transfer loop was designed to study the
wall superheat necessary to initiate nucleate boiling, the wall
superheat and heat flux at which nucleate boiling is?quenched, and
the hysteresis associated in a plot of heat flux versus local wall
superheat during cycles of increasing followed by decreasing heat

flux, using R-11 and R-113 as working fluids.

fhe test section flow 1s.upward through a vertically oriented,

concentric annulus, formed by a 22.2 mm outside diameter copper

pipe, within a 25.4 mm inside diameter glass tube, 0.4 m long. The

copper pipe is heated internally by a 76 mm long instrumented

cartridge heater, which could be positigggadanywhere aloﬁg the

length of the annulus test section.

The following system parameters can be varied within the ranges

shown bele: ) ‘

1) SystemApressure {2 to 7.9 bars), \\

2) Inlet temperature (20 degrees C to the lesser of the saturation

temperature or 100 degrees C), )
N

3) Reynolds number in tﬁ% test section (2900 to 25000 for R-11 and

2500 to 22000 for R-113),

4) Heat flux at the test surface (0 to 60 kW/m2).

A computer assisted data acquilsition program was written to enable

fast collection of information and in situ data reduction.

Preliminary tests were conducted with R-11 at 1.5 and 1.9 bar

system pressures, 3 and 9 degrees C subcooling respectively and

—-“{‘



a Reynolds number of 3250.
It was observed from these preliminary runs that :
1) Boiling initiation reéuired a finite, significant local wall”
superheat and the initiation was vigorous, all around the test
surface. At higher flow rates aud system pressures,-the initiation
becomes less vigorous,

2) Upon initiation, the wall superheat drops abruptly due to the
higher heat transfer coefficient associated with boiling. For
these tests, the wall superheat dropped to half of their previous
value.

3) Increasing the wall heat flux with one or more sites already
active results in a much different heat flux versus wall superheat
relationship than for either cold startup or for cooling.

4) The disappearance of boiling at a site does not mean the site
is quenched. Under some conditions, it will reactivate without the
very large wall superheats required to initiate boiling from a

quenched site.
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1. INTRODUCTION - .

The process of evaporation associated with vapour bubbles in a
!

- liquid is called Boiling.

Boiling heat transfer has been éxtensively studied in recent years
because of many éngineering applications which require high heat
transfer rates under moderate temperature differences

3

(viz.,nuclear reactors, rocket motors ). The heat generated, in
such applicatioris must be removed to préserve the structural.
stability of the equipment. One method of removing this would be
by single-phase forced convection flow. This, however, would
require a large quantity of coolant apd a large pump and gotor.
The same objective can be realized with a much lower flow rate if
boiling 1is allowed ( heat transfer; coefficients Lypically ten
times the single phase value). Also, uniform surface temperatures

have been achieved in high speed computer components by their

cooling them with boiling fluids.

A
One aspect of subéooled flow boiling which is not fully understood
is the transition between convective heat transfer and nucleate
boiling. When  subcooled liquid is heated by an electrically
heated wire or a flat plate, data for heat flux q versus local
wall superheat (T;- T!), usually appear as shown in Figure 1.1, As

the heat flux Is increased, the initial forced convection regime A

to B, changes to nucleate boiling regime. The appearance of the

-~

first bubble at B requires a significant finite 1local wall
S ]
<
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-superheat (typically greater than 10 degrees C). The superheat
Vnecessary to initiate nucleate boiling 1is known as _the

Incipient Nucleate Boiling Wall Superheat. However, once boiling

has been initiated, there is a significant an& abrupt fall in the
local :wall superheat, (Figure 1.1, from B teo Bll). { Most
textbooks presené a simplified account of the boiling curve,
showing a smooth transition from A to Bll, ignoring the B to Bll
transition). As-(T;- TB), or the heat flux, is increased, . more
nucleation sites become active producers of bubbles. A peak
nucleate boiling heat flux is reached at point C. At this point,
1f any further increase in heat flux occurs, the bubbles stream
forth from so many sites that the liquid is unable to flow to the
heated surface and film boiling takes over at point E1, which is

at a much higher wall superheat. Operation in GC-D-E region is

achieved only if wall superheat is the independent varisable.

If we decrease the heat flux from point C, it is observed that the

I
curve C to B to B to A Is not retraced. Instead, the path ¢ to

11 1 l
B to B to A is followed. At B , the last nucleation site
disappears. The superheat at which a nucleation site disappears is

known as the site Nucleate Boiling Dormancy Wall Superheat.

Nucleation sites which are dormant will reactivateup on a much
smaller increase in wall superheat than that required to iInitiate

a quenched site. When such sites reactivate, a smooth tramsition

! 1y
occurs from state B, te state B , as the dormant sites

initially reactivate then subsequently, the vapour sgtreams from

(NN
these sites reactivate others downstream. At B much of the

-~
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surface 1s still not béiling. If the liquid is further subcooled
below Bl; all the nucleation sites may become quenched, depending
upon the amount of subcooling. When this happens, a wall
superheat, the same as that for ﬁcold“ startup will be requifed to
reactivate the site. In this case, path-Bl to B to BII will be

retraced. The superheat at which a nucleation site is quenched is

known as the site Nucleate Boiling Quench Wall Superheat. Between

-these two extremes of all nucleation sites being dormant or, all
sites quenched, depending on the amount of subcooling after
dormancy, we have cases of some sites being dormant and others
quenched. Depending o:Mtheir relative numbers, we have different
boiling transition cur?es from non boiling to nucleate beoiling

region,

Thus we observe that the wall superheat necessary for boiling
incipience is quite different from the superheat at which the site

I I {
disappears, and the loop B to B to B to B , is an example of a

Boiling Curve Hysteresis.

McDonald et al. [l1l4], in order to simulate the experimental
results of thelr previous work {13], formulated a

Quench/ Dormancy Model, in which they assumed that when the local

wall superheat falls below some fraction, of the superheat at
which a site becomes dormant, then the nucleation site is
quenched, otherwise the nucleation site is dormant. A subsequent
increase in wall superheat will cause a reactivation of dormant

sites, but the quenched sites will require a local wall superheat



-
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approximately equal to thaﬁ required to initlally activate them.
. -, .

“The objective .of the presént study is to design, test and ,

commission a forced convection heat transfer loop which may be’

used to study Individual nucleation sites for:the following :

1) the incipient nucleate boiling wall superheat,

2) the nucleate ﬁoiling dormancy wall superheat, and nucleate

boiling quench wall superheat,

N

3) the hysteresis ;ssociated withrthe above phenomena for cyéles
of increasing followed by decreasing heat flux,

4) the verification of the quench/ do?mancy mode],

so that  a better understahding of these phenomena and their
mechanisms is achieved. Once understood, one would be able ﬁo
develop an engineering model which would allow these phenomena to
be simulated on a computer.

A review of literature in the areas of.incipiént boiling wall
superheat, hystefesis in the transition region from forced
convection heat transfer to nucleate boiling is presented first.
In "the following chapters, the heat transfer loop design and
commissioning, the required instrumentation for the loop, ,Ehe
resulés obtained from preliminary runs, and conclusions from the
present study and recommendations for further study, are

discussed.
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2. LITERATURE REVIEW

2.1 Preamble

2.1.1 Flow Regime Up To Incipient Boiling For A Subcooled Liquid

-

3
In An Uniformly Heated Channel

7

In order te understand the behaviour of individual nucleation
sites in flow bolling, it is necessary to know the flow regimes
that occur for a subcooled liquid in an uniformly hea%fed channel.
In Figure 2.1, subcooled liquid enters the bottom of a uniformly
heated vertical tube. From A to B, the heat transfer is entirely

by single phase forced convection, since the wall temperature,

though higher than saturation temperature, is still below the

valuefgecessary for bubble nucleation. At B, the wall temperature
reaches a superheat high enough to initliate nucleation. There is a
sharp drop In local wall temperaﬁure at each site. At B, the bulk
liquid is still highly subcooled, so vapouf bubbles are confined
to the wall reglon, often siiding along the wall as they grow,
Bubbles that detach recondense, as they enter the ﬁain stream. At
c, ﬁhe bulk temperature, although below TH“: has increased
sufficiently for bubbles to exist In the main flow., At this point
there is a sharp increase in the void fraction. Between C and D,
Tb reaches Tsuf and bubbles no longer condense as they leave the
wall, Bubble coalescegée leads to slug flow (D toE) followed by
annular flow (E to F) in which a thin liquid film covers the tube
wall, while wvapour, liquid droplets fléw up the centre at high

velocity. The regime (A to C), is the region that exists in the

6
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test section to be discussed in the present thesis.

. e

2.2 Review Of Previous Work

- A large number of research workers have contributed to our
understanding of various phenomena in the "knee" region of the
boiling curve. The phenomena of nucleate hoiling wall superheats
have been studied in.Both pool boiling [4,7,9] , and flow boiling
[1,2,10,15,16]. Also, studies have been Earried out on hysteresis
in pool boiling [7,12], flow boiling {11,17] and in thermosyphen

loopd [13,14].

The variables affecting Iincipient bolling wall superheat may be

classified in the following manner:

2.2.1 Surface

2.2.1.1 Geometry -

Incipient boilling is insensitive to system geometry, provided
the surface dimensions are larger than typical bubble sizes (1 mm
for water at atmospheric pressure) and the bubbles are able to

escape from the heated surface [6].

2.2.1.2 Effect Of Surface Conditions

Surface finish has a pronounced effect on inciplent beiling by
altering the number of nucleation sites, but at present there is
insufficient material 1in the literature to put it in a
quantitaktive basis. Studies have been performed involving boiling

enhancement surfaces[30] (surfaces which reduce the incipient



boiling wall superheat).

Corty and Foust[7] have reported the gffects of surface roughness
on the boiling curve for several fluid-surface combinations. In
these experiments, saturatgd, pool goiling of diéthyl ether,
n-pentane, and R-113 were.investigateq from an upward facing,
horizontal plate which had first beenAplated with either copper
or nickel, then roughened by rubbing with various grades of emery
paper. Their results indicated a major influence of
microroughness on the wall superheat necessary to initiate®
nucleate boiling at any given heat flux. For an n-pentane/ nickel
Interface, with a 0.056 um réot mean square surface roughness,
nucleate bolling started at a local wall superheat of 19.67
degrees C, while a surface with 0.58 um root mean square roughness
required a local wall superheat of 28.89 degrees C. They said,
thisl was probably because the rougher surfaces contain larger
s

cavities, and hence are easily filled with 1liquid and are

therefore unable to trap vapour.

Howell and Siegelf&j studied the effect of the sizL\and“geometry
of nucleation sites for a stainless stéel AIST 410, water
combination, in pool boiling. Two types of artificial sites were
séudied. The first was drilled by electron beam and the site
diameter was 63.5 ur and the second type was 76.2 um diameter
produced by a mechanical drill. In most of the test strips, two
sites of the same nominal diameter were drilled about 25.4 mm

apart. Three strips were tested with different site diameters, to

h
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observe the effect of site diameter under identical test

conditions. Low heat fluxes were used near incipience so that it
was possible to grow isolated bubbles. They concluded that larger

cavities are filled with liquid before vapour replacement can take

place, making the cavities Inactive.

i
\

2.2.2 Role Of Surface Tenslon And Wettability

- -

Bankoff [8] gives criteria to characterize conical or wedge type
~ cavities (with B, conical or wedge angle as the case may be, refer
to Figure 2.2) as to their abilities to trap vapour. Th? ability
to trap vapour depends to a large extent on, the contact.angle g,
between the bubble interface and the solid wall measured through
the liquid, and the wedge or cone angle gs'the case way be. Angle
8, is determined by the force balance between the surface tension
forces of the vapour/ liquid/ solid interface. '
\ .
“The above mentioned cavities can be classified in one of four

categories, dépending on whether or not they obey the following

inequalities:

8> 8 . co
and

B> -x

1) Those which obey the first inequality but not the secord
(Poorly wetted, shallow)-vapour entrapmerit not possible,
»

2) Those which obey the second inequality but not the first

(Well wetted, steep .slope)-possible to switch from liquid
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to gas filled cavity.

3) Those which obey both (Poorly wetted, steep slope)- : o3

— complete displacement of liquid or gas, once f£illed is not -

-
»

possible, | ' ) ™

4) Those which obey neither (Well wetted, shalllow)-

entrapment of vapour not possible.

o o
A

>

2.2.3 Influence Of Pressure Temperature History
£

Sabersky and Gates[9] performed experiments with 2.54 mm diameter
v 4\_Elatimun and nichréme wires yhich were lmmersed In a wvessel

filled with water. The=assembly was subjected to a pressure‘ of

(==

1035 bars for periods in excess of 15 minutes. -The pressure was
~ then reduced to atmospheric and \-h.e\wj.;e heated electrically. They
T
found thaeﬁl%superheat for boiling ingipiencg was 35 degrees C
| ljorx\gistilled water/nichrome wire combination and about 63
degrees C_for a tap water/platinum wire combination. Further, they
L : - .

ran tests with unpressurized water and . toncluded that the
]

Y

g pre }u_.g\ization treatmed? eliminated the more effective sites‘:
¥ \through gas dissolution or vapour condensation. Once boiling has

“begun, and the surface has again beert exposed to vapour masses,

the larger cavities will reac%vate and further boil{ng will occur
LN
.

at surface temperatures encountered before pressurization.
e, i

x
i

Cher [10] performed experiments to determine the effect of
subcooling and prepressurization on incipient nucleate boilin'g

. superheat. The measurements were made for potassium in forced

.
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convection flow. He found that increasing subcooling or
preﬁressurization causes higher subsequent supérhgats at bolling
inception. In his experiments, the subcooling.was between 0-220
degrees C, prepressurization between 0-275 bars and the measured

superheats ranged between 9.5-65 degrees C.

-2.2.4 Mathematical Models In Boiling Nucleation

Each of the above. mentioned studies have contributed to the
understanding of the parameters which influence bubble nucleation
but a quantitative relationship betweea the basic surface
paramgters and the heat ;fansfer was not found, In the work of
'ﬂﬁu[Z], Bergles and Rohsenow[15], Davis and Anderson[16], and Sato
and Matsumura(l], an attempt was made to establish a relationship
between cavity radius, wall temperature, and heat transfer rate to
determine the range of cavity sizesdthat qualify as actlive sites
and predict the nucleate boiling dormancy. Readers may please note
qhat, all the above mentioned authors [1,2,15,16] have erroneously
referred to nucleate boiling dormancy as incipient nucleate
boiling in thelr literature. All of ;hem assume that a wapour
bubble 1is alrgadz present, and give the criteria for bﬁbble

growth. Refer to Appendix-A for further details on the analytical

model developed by Hsu, and Bergles and Rohsenow.

-

o

Hsu[2] postulated that the bubble nucleus grows only when the
surrounding liquid is sufficiently superheated, so that there is a
net heat flux transferred into the bubble to provide the heat of

v;porizationf He calculated the local liquid temperature by one

r
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dimensional transient conduction in a thermal layer. He proposed

nucleate bolling dormancy condition as:

g~k [C+£+ (22X +£6) €]

5
where, ¢ = (T - T ) and
a b
£ =4 o Ta( 1 + cos §)

’ htg pv §

To determine the heat flux by his method, it is. necessary to know
the contact angle ¢ and thermal layer thickness §, both of'which

are in general difficult to determine.

Bergles and Rohsenow [15] assumed a steady temperature gradient
. and adopted the procedure developed by Hsu to develop a criterion
for nucleate boiling dormancy heat flux for surfaces with a wide

range of-cavity sizes.

From their experiments for incipient nucleate boiling they arrived

at the following correlation for water over a pressure range of

15-2000 Psia.

1.156 2.3

q=15.6 P (T, - T)

L4
0.0234
_\P

where q, is in Btu/hr ft2; P is in Psia and T is in degrees F.
'

.
They employed & graphical method from which they predicted _/
incipient nucleate boiling dormancy :superheat aﬁd the cavity size

that is active, before nucleate bqiling dormancy begins..

Exd
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1

Kenning [6] suggests that using the procedure of Bergles and

i

Rohsenow, we can predict incipient nucleate boiling superheat, if

we assume 1 um as optimum cavity size. A

Sato and Matsumura[l] proposed an analytical formulation similar
to Hsu’'s for prediction of nucleﬁpa boiling dormancy. The

assumed:;

1) That the temperature profile in the thermal layer is steady and
linear,
2) The vapour bubble is hemispherical and its radius is half of

the superheated layer thickness,

v

They obtained the following equation for nucleate boiling dormancy

heat flux,

2
1= k h!s(Tw- Tn)

8 o T‘ (vv-vl)
An analysis of nucleate boiling dormancy was developed by Davis
and Anderson[l6] as a modification aqg extension 'of previous
analyses. They assumed a truncated spherical bubble, and derived
the following equation for the prediction of subcooled boiling of

water in forced convection

2
q -k hxs p, (T - T)

8o Ta (1l +cos §)

where #, 1s the contact angle between bubble and the surface.
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They used the data from Sato and Matsumura[l], for comparison with
their analysis and ,it may be concluded that thelr analysis

predicts the local wall superheat required for nucleate boiling
At

dormancy.

It may Dbe concluded that, the thermodynamic requirements
considered by Bergles and Rohsenow, Hsu, Davis and Anderson, Sato
and Matsumura are capable of predicting nucleate boiling dormancy
superheat and there are no models available in the literature for

predicting incipient nucleate boiling wall superheat, and nucleate

boiling quench superheat.

b4
2.2.5 Hysteresis Effects

Corty and Foust[7] observed the difference in behaviour of
nucleation centers under certain conditions, depending upon
whether the .heat flux was Increasing or decreasing. While
increasing heat flux, the wall superheatrnecessary for boiling

inception was higher than that required to maintain boilling during

decreasing heat flux.

Abdelmessih[11l} et al. experimentally observed hysteresis in an
electricélly heated, horizontal, stainless steel AISI 304 tube
test section using R-11 in forced flow. "A wall superheat of 13,8
degrees C to 16.7 degrees C above the local saturation temperature
was fcund necessary to initiate bolling in their test facility.
Once local boiling was initiatéd, the wall superheat dropped

substantially. This nucleate boiling could be sustained even when
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the wall heat flux was reduced to the point where the tube wall
temperature fell within a few degrees of the local saturation

temperature,

Joudi and James[12] carried out investigations on a flat
horizontal stainless steel surface of known roughnegs. The system
pressures for the tests were 0.25 bars, 0.5 bars, and 1?0 bar. At
1l bar system pressure, they observed that wall suﬁgrheats of

approximately 16 degrees C for R-113 and 19 degrees for methanol

were required to initiate boiling.

Hino and Ueda [17] carried out the study on upward subcooled flow
boiling in an annulus with a uniformly heated inner tube. The test
fluid was R-113, The wall temperatures were measured and
photographic ' observations carried out. They made the following

observations:

1) The wall superheat at the position of incipient boiling is
relatively high, and a sharp drop in wall température takes place
after boiling initiation.

2) The wall superheats at the incipient boiling condition are
virtually independent of the mass flux and the inlet subcooling.
3) Hysteresils occurs for complete cycle of increasing followed by

decreasing heat flux.

Stauder and McDonald[13] studied the onset of nucleate boiling of

R-11 for a thermosiphon heat exchanger. The experiments were
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carried out on a 4 loop, 2 row of tubes per loop, prototype
commercial air-to-air therm;;IEhon heat exchanger. They found
that, for an R-11/ copper 1nterface? a hot duct to cold duct
temperatﬁre difference of 16 degrees C to 17 degrees C was
required to Initiate hoiiing for operating pressures between 1.2
bars and 1.6 bars. Once initiated, however, boiling was sustained
until the air-to-air temperature differencejdecreased to 4 degrees
C. This hysteresis behaviour was exhibited when operating with
_temperature differences below 507degrees,c. Upon reheating, in

this region, a portion of the nucleate sites previously made

inactive reactivated easily whereas others were completely

quenched.,

McDonald[l4] et al. simulated the experimental results of their

previous work[13}, and using a quench/ dormancy model, found good
agreement with the experimental results in_the hysteresis region;
In that model, they assumed that when the local wall superheat
falls below'some fraction, say P,' of the minimum wall superheat
necessary to malntain nucleate boiling, then the nucleation siteé
are quenched, otherwise the nucleation sites remain‘dormang. A
subsequent increase in wall superheat:will cause a reactivation of
the dormant sites, but the quenched sites will require a local

wall superheat approximately equal to that required to initially

activate them.

In conclusion we might say that the subcooled ,flow boiling is a
complicated nonequilibrium state involving the vapour bubbies and

the subcooled liquid. Though each of e above mentioned studies
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have contributed to our understanding of the various phenomena in
the "knee" reglon of the boiling curve, subcooled boiling
phenomena have not yet been understood completely in detail. None

of the previous investigators have developed models for :

1) Incipient nucleate boiling wall superheat,

2) Nucleate boiling quench wall superheat,

3) Conditions under which a nuclertion site is dormant, and the
conditions under which it is quenched. The present study was
undertaken to throw additional 1light on the behaviour of
Individual nucleation sites and the heat transfer in subcooled
flow boiling, so that models can be developed which will allow

these phenomena to be simulated on a computer.



3. EQUIPMERT DESIGN, INSTRUMENTATION AND COMMISSIONING

3.1 Design Objectives

r

A heat transfer loop was designed and commissioned t% study the
following phenomena: |

1) Incipient boiling wall superheat,

2) Bolling dormancy and quench wall superheats,

3) The hysteresis associated with a plot of heat flux versus local
wall superheat, for a complete cycle of increasing followed by a
decreasing heat flux. The ultimate overall objective is to gain'a
better irnderstanding of cthese phencmena so that a practical

quench/ dormancy model may be established which may satisfactorily

predict the hysteresis phenomena.

The loop was designed so that these phenomena could be studied as
a function of the following parameters

1) Heat flux at the test surface,

2) System pressure at the test section inlet ,

3) Subcooling at the test section inlet

4) Reynolds number in the test section

5) For both a developed or a developing flow field at the test

section.

In order to observe the boiling, it was decided that the flow be

annular between an inner heated surface and an outer glass pipe.

For data evaluation and analysis, it was decided that the

20
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following parameters be controlled:

1) System pressure ,

2) Volumetric flow rate ,

3) Heat flux ,

4) location of heater ,

and the following parameters be calculated or measured:
1) Inlet subcooling at the test section ,

2) Reynolds number in the test section ,

3) Incipient boiling wall superheat ,

4) Boiling quench wall superheat ,

5) Incipilent boiling heat transfer coefficient |,
6) Boiling quench heat transfer coefficilent ,

7) The 1location.of both incipient boiling , and of boiling

dormancy.

3.2 General Description Of The Loop

A schematic of the heat transfer loop is shown in: Figure 3.1. The
flow circuit is a closed circulation loop and is in one vertical

plane. Figure 3.2 shows overall views of the test assembly.

The loop is designed to operate at a maximum working pressure of
7.9 bars (100 Psig) and a maximum working temperature of 120
degrees C. Refrigerant-11, with a latent heat of vaporization of
37.53 kJ/kg and a boiling point of 23.63 degrees C at 1 bar

pressure was chosen as the working fluid,

The design details of each component is presented in the following



= (W)
T c < T
el
T - Ly
A Y
@p
\ 6 as
\ = L
® T
8 , *
h 4 #f- lL 3
‘ F 3
v|2
| CIRCULATIONPUMP 10 AIR PRESSURE REGULATOR
2 R-11 FLOW METER T COPPER GONSTANTAN
3 ELECTRIC PREHEATER ' THERMOCOUPLE
4 ANNULAR TEST SECTION P PRESSURE GAGE
5 WATER COOLED CONDENSER AP DIFFERENTIAL PRESSURE
6 T=C CIRCULATING WATER BATH . GAGE :
7 AIR MODULATED PRESSURIZER W WATTMETER
8,9 VARIACS

3.1 SCHEMATIC OF EXPERIMENTAL TEST FACLITY |



‘National Library Biblioth&que nationale
of Canada du Carlada
Canadian Theses Service Service des théses canadiennes
NOTICE ' : AVIS
Y
g

THE QUALITY OF THIS MICROFICHE LA QUALITE DE CETTE MICROFICHE
IS HEAVILY DEPENDENT UPON THE DEPEND GRANDEMENT DE LA QUALITE DE LA
"QUALITY OF THE THESIS SUBMITTED THESE SOUMISE AU MICROFILMAGE.

FOR MICROFILMING.

UNFORTUNATELY THE COLOURED MALHEUREUSEMERT, LES DIFFERENTES

ILLUSTRATIONS OF THIS THESIS ILLUSTRATIONS EN COULEURS DE CETTE

CAN ONLY YIELD LCIFFERERT TONES THESE NE PEUVENT DONNER QUE DES
OF GREY. : TEINTES DE GRIS.



23

o

3.2 OVERALL VIEW OF THE EXPERIMENTAL SETUF



» sections. Appendix-I lists the specifications of the equipment

L

designed and used in the present study,

/

P
. 3.3 Selection OF Working\Fluid
i;h J In order to observe the boiling phenomena it was decided that the

test section be inside a glass pipe. With this in mind it was
’ A

therefore necessary to operate the system close’ to room

1 ' o
Aﬂd‘ﬂspﬁberature to minimize heat losses so that no insulation is
[P

required In the test section. This in turn meant that a wgrking
vy fluid be® chosen which has a low saturation pressure at room
temperature,-siﬁcé low presipre operasion wés considered essential
for reasons of safety. It is also‘desireﬁb}e for the test fluid to
have a low latent heat of vaporization so that the heater and

-]
l . condenser sizes may be small and easy to control.

! ) L]
' -
)i} and R-113 meet all the above criteria. They also -have a low
[ [
critical pressure, allowing us to study the boiling phenomena over
- ' ~3
a wide range jof the two phase region, and they also have low

B t R ! *1\ B .
toxfﬁity. They are reiatively cheap and ‘easily available. Hence it

2\ was decideg that the loop will be designed for R-11 and Rzlig.'. k\

4

’ 3.4 Component Design

3.4.i Test Section‘

As already mentiocned in Section 3.1, in order to observe the

boiling phenomena, it was decided that tﬁe flow be annular between
an inner heated pipe and an outer glass pipe. . //p<
’ oL - rs
The following additional*fagtors were cdhsngred in designing the
. N .

‘7 e

g% \
\_
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test section.

&
9
3.4.1.1 Test Section Heating Conditions

Electrical heating imposes a constant heat flux boundaxy
condition, while fluid heating imposes constant temperature
boundary conditions. If one type of boundary condition is Imposed

then the other parameter must be measured for data evaluation and

~

analysis of results. It was found from [19] that the results from
the two heating methods are not different fromefne another. Since

it is physically easier to control and measuré éonstan; heat flux

boundary conditions than constant temperature boundary conditions,

-
igdwas declded to use electrical heating. '

3.[.1.2 Type Of Electrical Heating

Direct electrical heating requires a 16& voltage| high current
supply (hundreds to thousands of amperes), especﬁglly for thick
walled low electrical resistance chafinels. At pr;;;nt, the heat
transfer research laboratory at’jhf University of Windsor does not
have sﬁch g;cilities. The option of using a high resistance, thin
wire was eliminated because, as mentioned in Section 2.2.1.1, the
nucleate boiling results ‘are sensitive to system geometry
especially if the surface dimensions are smaller or: comparable
with the bubble dimensions. Hence, it was decided to use indirect
electrical Feating.

-

3.4.1.3 Type Of Electrical Heater 3 ‘Ké:>

Since it was declded that we should be iIn a ﬁosition to study

boiling in both developing and devéloped velocity prdfilé regions,

[
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it became necessary that we could position the heater anywhere
along the length of the test section. Based on the conslderations

so far, it was decided to use a cartridge heater. These heaters

allow a good thermal contact between the heater and the test pipe.

3.4.1.4 Size Of Glass Pipe

From the manufacturer's catalogue it was found that as the nominal%
slze of the glass pipe increases, its maximum working pressure

) '

decreases. Thus a bigger diameter pipe reduces the ‘test condition

range. However, 1t should be big so that it can housé test

sections of different diameters.

At 7.91 bars (100 Psig), the saturgtion temperature of-R-ll is
'98.17 degrees C. §ince water is being used as the coolant in the
coolergto be discussed in section 3.4.2) 98.17 degrees C is the
maximum temperature and 7.91 bars is the maximum pressure under
whicﬁ we can run experiments. Hence, 25.4 mm (1 in) internal
diameter, QVF (Quick Visible Flow) glass pipe supplied by Peagasus
Industrial Specialities,.Agincourt, Ontario with a maximum working
pressure of 7.91 bars and maximum working gemperature of ‘300

degrees C was selected,

3.4.1.5 Size Of Test Pipe

As mentioned in section 2.2.1.1, incipient boiling is insensitive
to system geOmetfy provided the surface dimensions are larger than

typical bubble sizes(l mm diameter). So it)was decided to use pipe

).



id
of large diameter. ) ) A !
.The outside diameter of the tést pipe should be such that the
resulting hydraulic diameter, hence the Reynolés number, should be
in the range of‘ interest (3000 to 30006, as this 15 the
typical Reynqlds “EEPer range existing in most Industrial

evaporators and condensers ).
]

With a hydraulic diameter of 3.2 mm and the flow rate the pump is
capable of delivering (refer to section 3.4.10), it was possible
to achieve approximately the desired Reynolds number range (2871 <

Re < 28710 for R-11 and 2475 < Re < 24750 for R-113, at 20 degrees

c). ' B

The length of the annulus should be such that it allows for a

smooth transition, from ﬁlug flow to annular flow, and also allows
T

the velocity profile to develop completely. From [21], the length

for complete velocity profile development was found to be 20

hydraulic diameters.

Bésed on the above criﬁgria, the test pipe was chosen from
commercially available copper pipe, 22.225 mm (0;875 in) external
diameter, 19 mm (0.75 in) and 0.762 m (30 in) long.Since the glass
pipés are avallable in few selected lengths; a 0.4572 ' m (18 in)

~

long pipe was selected. Please re?fr to Figure 3.5.

2;511.6 Size Of Main Heater

";;It should be capable of supplying a heat flux which will result in

nucleate boiling -i.e., higher than 35kW/m2 [18].

hY



It should supply less power to the working fluid, so that the bulk

temperature of the fluid, evaluated over the volume, and the inlet
”~

subcooling, do not change’ appreciably as it passes through the

test section. This 1s necessary because we use conditions at test

section inlet as parameters, and do not want these parameters to_

change. -~

The 1length of the heater should be shoréer than the length
required to fully develop a temperature profile, so that the bulk
temperature, evaluated o;;r the cross section, is approximately
the same as the one at inlet to the testasection.

The thermal boundary layer thicgness was determined for R-11,

under minimum anticipated flow conditions', using the correlations

" from {19] -for various heated surface lengths. It was found that
this thickness 1s 1 mm at 63.5 mm (2.5 in) heatqd length. This

therefore was decided as the upper limit for the cartridge heater

length...

A bolling heat tra;sfer coefficient of 1500 W/m2 C was assumed on
the basis of results from [20}, and a wall superheat of 18 degrees
C, for boiling initiation on the basis of results from [11].

Thus a heat flux of 27000 W/m2 was found necessary at the boiling

surface for boiling incipience.

For varioué cartridge heaters, the heat flux avaifgble at the test

/ .
{

surface, and the bulk fluid temperature rise as it passes through

the test section was determined.

Finally, a H1-3, Fastheat, "Hi-Temp" cartridge heater with 7.874
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mm (0.31 in) diameter, 76.2 mm (3 in) sheath iength and 63.5 mm

(2.5 in) heated length, cap;ble of delivering 49972 W/m2 at the
-test surface 225 W rating at 120 V ,supplied by Acrolab
Instruments, Windsor, Ontario was selected. At minimum flow, the
flowmeter 1s capable of measuring (refer to section 3.4.5) and
zero subcooling, the heat flux necessaﬁy for boiling initiation
for R-11 was determined using Sato and Matsumura's [l] equation.
At this heat flux, with this heater, the bulk temperature rise of

" the fluid was found to be 0.384 degrees C,

The power supply for the heater was through a Variac capable of
delivering between 0-140 V. The power input to the heater was
measured by a wattmeter capable of measuring 0-250 W with an

accuracy of +/- 1.25 §.

3.4.1.7 Copper Sleeve J? ~

In order to house the instrumentation for measuring the heated
surface temperature, a sleeve was designed. The sleeve shown in
Figure 3.3 was made of copper so that the temperature dfop across
the sleeve would be small, and hence avoid excessively hiéh

v
temperatures %P the heater element. Four thermocouples, one each
in a slot, running along the length, each separated By 90 degrees,
were Installed at equal lengths along the sleeve to measure the
temperature of its outside surface. This meant that to measure the
wall temperature at a nucleation site accurately, the thermocouple
orientation would have to be changed by the experimentor

accordingly. The arrangement of thermocouples running parallel to

the test section also reduces thermocouple conduction errors.
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These slots introduce discontinuity in the heat flux lines. To
minimize this, thin wire éhermocouples were selected. For the same
reason it was de#ided to cut the slots at the inner surface of the
sleeve , so that the heat flux lines are almost radial by the time
they reach the sleeve outer surface and hence inner surface at the
test sectlon. Since thin slots are difficult to machine at the
. sleeve inner surface with accuracy 1f it is in one piece, it was
decided to machine the sleeve in two equal halves and then cut
the thermocouple slots.

One thermocouple was installed at the top of the sleeve, close to
the sleeve inner surface. fhe temperature indicated by this
tﬁermocouple guides the experimentor if he can safely in;rease the
heater power without damaging the heater element and also without
damaging the soft solder which joins the heater/ sleeve assembly

(to be discussed subsequently).

The external diameter of the sleeye was 20,066 mm (0.79 in)
+0.000 mm/-0.1016 mm (0.004 i;}u_AJhié was the recommended
tolerance [22] between mating parts for a locational clearance

fit( a fit which allows good mating and easy positioning at the

same time) for a 20.066 mm diameter shaft.

3.4.1.8 Thermocouples For Wall Temperature Measurement

The desirable properties of a thermocouple sensor are :

1) It must have a high Seeback coefficient,



32

2) It must have fast response to follow temperature changes
accurately.

For a thermocouple, the response time 1s reduced only by reducing
the wire diameter. However, as wire size is Kreduced to AWG
(American Wire Gage) 36 and above, the junction becomes fragile

and life shortened [23],

Type-T (Copper/Constantan-55§ Copper and 45% Nickel) was selected
because it has a moderately high Seeback coefficient of 38uV/C at
0 degrees C, with limits of error +/-0.5 C or 0.4% (whichever is
greater). For the range of operation the error was therefore +/-
0.5 degrees GC. Teflon thermocoﬁple insulation was chosen because
it retains its éielectric properties up to 260 degreeg C, and also
has excellent resistance to golvent, acid, base, abras;on; water
and is flexible. Thermocouple TT-T-30(type T, teflon insulation,

30 AWG size) sﬁpplied ‘by Omega Engineering Company,Stamford,

Connecticut was therefore selected.

For an accurate outside wall temperature measurement, the
thermacouple sensing tip was soldered at the sleeve outside wall.

Also, the two halves of the sleeve wére soldered rather than
bolted, to avoid any nonunifermity in the heat flux at the test

surface.

To reduce any temperature drop due to air gap (if any) between the

heater outer surface and sleeve inner surface and alsc between the

sleeve outer surface and test inner surface, a coat of
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Omegatherm-201 thermally conducting paste, supplied by Omega
Engineering Inc.,Stamford,Connecticut was applied.'This pagté had
a thermal conductivity of 2.31 W/m C , and was capable of
continous operation up to 205 degrees C. The temperature drop
across the gap while the heater delivers 225 W, was estimated at.

1.03 degrees C wusing one dimensional steady state thermal

conduction-equations.

3.4.1.9 Heater, Thermocouple, Sleeve. Assembly

The assembly sequence for the heater, thermocouples, sleeve unit
was as follows :

1) The thermocouple tips were soldered to the sleeve wall using
silver solder (45 % silver, 15'% copper, 24% cadmium, 16% zinc)
with a melting point of 604 degrees C,

2) A coat of thermally conducting paste was applied to the sleeve
inﬁer surface,

3) A thin coat of soft solder (62 % tin and 38 % lead) was applied
on the mating faces of the sleeve halves,

4) The sleeves were joined and heated by a flame torch, melting
the solder applied in step (3) in the process and thus completing

the assembly,

Lol

5) Finally, the outer surface of the assembly was smoothed by a

fine grained emery paper.

3.4.1.10 Heater Positioning Rod

For positioning the heater/ sleeve assembly at any desired
location a positioning rod mechanism was designed. To reduce the

heat lost along this rod due to fin effects, étainless steel
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AISI(American Iron and Steel Institute) 316 (poor thermal
conductivity) was selected. The end of the tube was welded to a

flange, -which in turn was bolted to“the end of the sleeve.

The heat 1lost through the push rod was estimated as 2.5
W, (assuming the rod as an infinitely long fin, and the rod loses
heat to air whose temperature is an arithmetic mean of the wall
and room temperatures) and-the total heat lost from the flat ends
of the sleeve was estimated as 0.8 W ( assuming a.laminar free
convection around the flat ends) i.e., a total heat loss of 1.5%
of maximum heat input. Since this heat loss is negligible, it was
decided not to fill the test pipe internals with Insulation. For

heat loss calculations please refer Appendix-B.

3.4.1.11 Test Section Sealing Assembly

The test section 1s shown in Figure 3.4. The end caps used to seal
each end of the glass annulus were constructed from an  end
flange made of free machining brass, an end plate/ sealing plate
assembly made of free machining brass 11.11 mm (0.4375 in) thick,
and a 38.1 mm (1.5 in) * 19.05 mﬁ?O.?S in) unequal copper tee
connecting them. The flow in/ out of the test sectgon is through
the tee branch. The end flange was 12 mm thick. Please refer to
Appendix- C for flange design calculations.

-

The end flanges were bolted to the test section using a teflon
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gasket ring and a teflon adapter éiece to ﬁrovide the glass to
brass seal. As shown in Figure 3.4, the teflon adapter piece was
profiled to be a companion for the flared ends in the glass
section. Pressure measurement taps were machined in the shou1d9£
of these adapters and are discussed in detail in Sectioﬁ 3.5.2,
The teflon adapter piece/ erld flange Iinterface was sealed by a
41.275 mm (1.625 in) nominal diameter neopreng "O" ring‘whicb‘ﬁas
seated Ip a sealing groove, in the end flange. The sealing groove
was machined according to SAE J120a specifications[25] (Rubber

Rings For Automotive Applications).

The test pipe was held in position with a 22.225 mm (0.875 in)
noninal diameter neoprene "O" ring which was seated in a sealing
groove cut into the end plate. The.sealing groove was machined
according to SAE J120a specifications [25]. As shown in Figure
3.4, the "0" ring is compressqd against the end plate and the test
pipe by a sealing plate which encircled the test pipe and is

bolted to the end plate with four 3.175.mm(0.125 in) steel screws,

Fa)

T

3.4.1.12 Locking Device For Positioning Rod

At the top of the test pipe is locatedlthe locking device, made
from Hi-density polyethylene, for the heater/ sleeve assembly as
shown in Figure 3.6. It has a 12.7 mm deep circumferential notch
which fits snugly and is alsa glued to the test pipe using

Omegabond 101 ,epoxy adhesive. The heater lpositioning tube can

slide freely in tﬁg central hole. The positioning tube can be
™

Vs



HI-DENSITY .
POLYETHYLENE, b=\’
JUNCTION BOX %
4" -

THERMOCOUPLE WIRES

b

HEATER BOTTOM,

POSITIONING ROD,

LOCKING DEVICE \

[
7/ A/
V /]

TEST PIPE

QF‘

2.6 LOCKING DEVICE FOR POSITIONING ROD

i

POSITIONING ROD

LOCATING ROD



- 39 ‘

. . ¢ 4
located diametrically opposite each other.

-

locEed by two screws

B %

At the top of the positioning tube i® a tectangulér Junction bo;:-,'
o

. "\ ‘ Lo
for the five heater therm?éouples at?“s/l-lown in Fighre 3.6. A 3,175

mm diameter rod, parallel to the positioning tube, and supported at
the top from the junction béx was mounted, for 1ocat§1g the heater

bottom. The rod moved in tandem with the heater assembly. ‘The

’

fqur wall temperature measuring thermocouples were oriented in

directions perpendicular to the side faces of  the re[:tangular

7
block. “/ ?’e , ]

3.4.2 Cooler
A cooler was igstalled to remove the energy added in the test

-

section. It was decided that the coéier should be as close to the

test sectiorll exit as physically.possible, so that two phase.

pressure dfop (1f any) is reduced as far as }ossible. To avoid

possible cavitation at the pump, the condenser elevation was set

1.68m .above the pump. For ease of construction, it was' decided
b

that the cooler would be a double pipe (two coaxial pipes),

counter flow heat exchanger as shown in Figure 3.7,

Water was selected as #he cooling médium, since it has a low
thermal resistance. For establishing a stable cooling flow rate at
a constant temperature, afﬁr—;?l}(t’ing Lauda constant temperature
bath, type K-40, 115 Vv, 8070 W, Mésserate-Werk Lauda, W.Germany,

was used,
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In siéing the cooler, the following extreme case was assumed
with R-11 as the working fluid:

All of the fluid entering is saturated liquid and the maximum
energy input in the main heater must.be removed. The overall heat
transfer coefficlent , the effectiveneés, flow ratio, NTU and

finally, .the heat transfer area were calculated. See Appendix-D,

%Epr details.the cooler sizing.

The required area wds found to be 0.04 m2 ( 0.56 m long, 22.225 mnm
outer diameter tube). However, a 0.61 length ( 10% over area) was

provided for reasons of \safeny.

3.4.3 Preheater

1

The preheater is used to control the inlet fluid teiperature in
the test section. This unit, togetﬁij with the system pressurizer,
and the éboler, allows the experimentor to control both the i%let

. .
subcooling and the system pressure as parameters independent of

-
each ot . . The cooler alone is pable of controlling the idﬁet
fluid temperature, but since the Voltage to the heater/{;/éasier
to control than the coolant flow to the cooler, the preheate? is
included in the loop. The pressure drop in the preheater should be
as small as possible, so that any chances of flashing or two Rpase
beiling in the preheater are reduced. So:‘ a horilzontal
configuration for the preheater was decided. Also, the power

density of the preheater should be lower than the po:fr density

which will result in boiling. From [18], this was found to be
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35 kW/m2.

The preheater (refer to Figure 3.8) selected was steel sheathed
TEMRO # 220 1968, 282.6 mm (11.125 in) long oil immersion heater

with a rated output of 300 W at 120 V and a power density 31000

W/m2.

At a flow rate of 0.000315 nﬁ/s (maximum flow the flowmeter is
capable of measuring , refer to section 3.4.5), for R-11, the
heater allowed the inlet temperature to b; controlled within a
range of 0 - ~0.7°c, while at a minlmum flow rate of 0.00315

ma/s (refer to section 3.4,5), this range was 0- 7° C.

Theé preheater end was a 19 mm (0.75 in) NPT male connection which
mated wit,its counterpart in the preheager‘housing, which was
built from a 25.4 mm copper pipe. The preheater was connected to a
variable transformer capable of delivering 0-140 V. Since the
power sﬁppiied to the preheater is not required for data

1
reduction, a wattmeter was not connected.

3.4.4 System Pressurizer

 The functions of the pressurizer unit are:

1) To maintain the system pressure at the desired level, ’
2) To dampen any pulsations caused by the pump,

3} To act as resérvoir for the test fluid.

A commercilally available bladder type pneumatic-hydraulic

accumulator was found to meet all the above requirements. In order



44

that the system pressure be maintained éonéfant, it is necessary
that the volume of the gas charged bladder be approximately
constant during the experimental run. That is, the change in
volume of the gas bladder, due to volumetric changes in the loop
because of wvapour generation mu;t be a minimum. Since we have
subcooled flow boiling in the test section, we can be reasonabiy
safe in assuming that the volume of vapour downstream of the main
heater will be negligible. Hence, we can assume that the maximum
volume of the vapour that caﬁ be generated in the test section

corresponds to the volume of the heater length in the test section

annulus and this was estimated as 0.00000905 m3.

The synthetic rubber partition material should have:
1) Tensile strength and heat resistance at the maximum design
temperature, -

c

'JZ) Gas impermeabllity,

Pressuri;er model # ABO1B3T1AlK, refer to Figure 3.9, 0.000946 m3
size, 206.9 bars(3000-Psia) and Buna-N‘;ubber bladder, supplied by
Parker Fluid Power, Des Plaines, Illinols was found suitable and
selected., The pneumatic pressure in the bladder in turn was
controlled by a pressure regulating valve with a pressure

indicator 0-12.05 bars (0-160 Psig) size.

3.4,5 Flowmeter

It was declided to use a variable area flowmeter for steady state

flow measurements, because it was inexpensive, durable, stable,
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very rellable and does not require periodic calibration. The
flowmeter should have the following.characterisﬁics:

1) It should be capable of withstanding the loop design pressure
and temperature ,

2) It should be caﬁable of providing the measurements accurately,
3) The pressure drop encountered across the flowmeter should be

small,

A rotameter supplied by Omega Engineering Company, Stamford,
' Connecticut, model # FL-lgoh- A with borosilicate glass metering
tube, S5 316 float, and Viton-A "0" ring , all compatible with
R-11 and R-113, was selected. It could be operated at pressures up
to 7.9 bars (100 Psig) and 121 degrees C (250 degrees F) with an
accuracy of +/- 2 % and repeatibility of +/+ 0.5 8. Its float had
a design which made it virtually immune to viscosity variations.
It was capable of measuring a flow range of 0.0000315 m3/s to
0.0.000315 m3/s_ for R-11 and 0.0000362 m3/s to 0.000302 m3/s for
R-113 (corresponding to Reynolds number range of 2871 to 28710
for R-11 and 2475 to 24750 for R-113, in the test section
evaluated at 20 degrees C€). The wmanufacturer estimated that
maximgm pressure drop across the flow meter wasl0.3302 m of water
{ 13 in ) (or 0.223 m of R-il or 0:2189 m of R-113 , evaluated at
20 degrees C). The flow meter inlet and outlet were connected to
the loop through 25.4 mm (1 in) NPT male connections. The
manufacturer’s calibration was based on water. The flowmeter was
calibrated for R-11, by the following procedure:

The float position, the mass transferred and the time taken for

this transfer was noted. The curve for R-11 was directly converted
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from the manufacturer supplied curve for water, with the aid of

the following formula:

Q, _ Q

fr = L
(ptloat - P') p!:
(pzlcat - p!r) pw

The calibration results are shown in Appendix-E and they matched
within 6.4 % with the formula and hence it was decided to use the

formula in the data acquisition program.

3.4.6 Loop Fittings And Piping

"The wvarious heat transfer and hydraulic components are made

primarily of copper or brass. Loop piping is 19 mm (0.75 in)

internal diameter , copper pipe and its corresponding fig;ings.

The flow Iin\the loop is controlled by a 19 mm (0.75 in) diameter

ball valv;' The loop was also provided with a hand operated, 9.525
N

me (0.375 in) diaphram drain valve. A Schrader core valve 6.35 mm

(0.25 in) was soldered downstream of this valve.

At the top-most point in the loop, a 6.35 mm liquid/ moisture
indiqstor was Installed. A hand operated 9.525 mm diaphram valve

was soldered at the indicator downstream.

A filter drier, model ALCO ASD 4556-VV was incorporated on the
suction side of the pump to remove moisture and suspended

_particles (if any) in the loop.



48
A 0.000019 m’ volume, non condensable accumulator was soldered at
the valve downstream. For sizing the accumulator, the loop volume
was estimated. The pressu;e‘ due to noncondensables at maximum
aéhievable vacuum  conditions was estimated. The amount of
nancondensibles feleased is directly proportional to their gage
pressure Immediately before release into the a:mosph:;e. Their
final pressure was set at 5 bars gage (arbitarily) and using
Boyles 1law, the volume of the accumulator was calculated., A
Schrader core wvalve was solder2d downst}eam of this wvessel. The

vent and drain Schrader valves were capped using a standard SAE

threaded flare cap.

The section of the loop between the pump outlet and test section

inlet was thermally insulated using a 12.5 mm thick , Armstrong,
armflex insulation to 'minimize the heat losses to the ambient air.
This is also a factor in obtaining thermal stabilization:of the
running systemr and will result in shorter waiting time for

reaching steady state conditions.

3.4.7 Centrifugal Pump

N

The circulating pump is an important part of the forced qggﬁ%ction
loop and should have a steep Head-Flow characteristic,ggg/;hat a
small change in head does mnot produce flow oscillations. Positive
displacement pumps have a flow proportibnal to speed and are
almost irdependent of pressure differential. But they introduce
large pulsations which can be detrimental to our studies on
Individual nucleation sites. So, it was decided to use a

centrifugal pump with a steep Head-Flow characteristic.
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For sizing the pump, a tentative configuration was assumed for the
loop and its various compenents and the'pressure drop in the loop
was calculated for a flow rate of 0.0003119 nﬁ/. ., (Re = 28360 for
R-11 and 24800 for R-113 evaluatedﬁht 20° ¢, in the test section).
Please refer to Appendix-F for pressu}e drop calculations. In
making these calculations, it was assumed that the two phase
accelerational pressure drop component 1is negligible. This was
Jjustified because the two phase flow length was kept no 1ongér
than necessary and also because we have subcooled flow boiling,
the void fraction is very small. The estimated pressure drop was

_ 4
2.7 m and 2.8 m for R-11 and R-113 -respectively at 20 degrees C.

If the pressure drop in the length between the cooler outlet and
the pump inlet 1s less than the height of the downcomer pipe, we
can be sure that the pump will not cavitate. The pressure drop was
estimated as 0.371 m for ﬁ-ll and 0.385 m for R-113. Since the
height of the downcomer is 1.828 m, we have a minimum Netr Positive
Suction Head available at the pump inlet of 1,458 m. Centgifugal
pump model #. J-7004-54 from Cole-Parmer Instrument Company,
Chicage,Illincis was found to meet the requirements and was
selected. For the cﬁaracteristic curve of the pump, please refer
to Appendix-G. The pump had a flow rate of 0.0003028 m3/s for R-11
and 0.0002996 m3/s for R-113 at the above estimated differential
heads, This was as close to tﬁe desired flow rate ws we could get.
The pump required a Net Positive Suction Hea@ of 0.i524 m

(6in).The pump housing was Ryton, the spindle was ceramlc and the
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sealing- "0" ring was Viton, all of which are compatible with both
R-11 and R-113. The pump was coupled to a 0.04 HP, 3450 RPM, 115 V
a.c motor through a sealless magnetic drive. The pump inlet and
outlet were connected to the loop through 12.7 mm (0.5 in) NPT

female connections,
L

3.5 Instrumentation

3.5.1 Temperature Measurement

The wall temperature thermocouples have already.been discussed in
section 3.4.1.8. Th; refrigerant bulk temperatures at the inlet
and the outlet to the test section were measured to control the
heater settings; the outlet from cooler, and the cooling water
bath temperatures weré measured to control the cooling water flow
rate; and the ambient temperatures was measured by 24 gage
copper-constantan thermocouples with teflon insulation.

The thermocouples which measure the refrigerant bulk temperatures
at the test section inlet and outlet, and the outlet from the t
cooler, were positioned with their tips held at the fluid stream
centerline. The fittings holding these thermocouples is a
self-sealing temperature test plugs model # OPNE-14 (refer to
Figure 3.10) with Ewo neopfghe self-sealing rings, supplied by
Omega Engineering Inc. The surfase of the thermocouple. is not

cylindrical and there are possibilities of a leak. So, Superpoxee

-from Watsco Inc., Hialeah, Florida was applied over the

thermocouple 1insulation to achieve an uniformly cylindrical

surface. The sealing rings were punctured and the thermocohple
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wire was threaded. The output from the thermocouples were fed

into the scanner board of a 2240C Fluke data logger.

3.5.2 Pressure Measurement

r

To calculgte the wall superheat, it is neceﬁggfy to know the wall
temperature and the 1ocai saturation temperature.'Sectgon‘3.4.;.8
‘dealt with the instrumentation for wall temperature measurement.
The inlet saturation temperature was .xalculéted by measuring
system pressure and using thermodynamic correlations. The %ocal
saturation temperatures in the test section, were calcglated by
mgasuring éhe pressure drop in the test section and inlet pressure
and calculated wusing thermodynamic correlations. The data

acquisition software (see Section 3.5.3) performed = these

calculations.

The system pressure and p;éssure drop in the test section was
measured by piezoresisti;e pressure transducers. Model# PX 82-100
GV, 111.3 wV span, 7.9 b;rs (100 ?sig) transducer was used for
absolute pressure measurement and model# PX 83-005 DV, 143.9l mV
span, 0.345 bars differential (5 Psid) transducer was used for

fferential pressure measurement. Bothkathe transducers had an

accuracy of +/- 0.25% of the full scale reading. 2

The power supply to these units waq'suppliéd-by a constant current
supply unit model# PS-KIT-1l which supplied 1.5 mA. This unit in
turn received power through a 120 V/12 V stepdown transformer. The

transducers and constant current ,supp}é unit were supplied by

YA
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Omega Engineering Inc.

Two 3.175 mm (0.125 .in) female NPT taps were machined in the
shoulder of the bottom teflon adapter of the test section., One
. ,

4.76 mm (0.1875.in) female NPT tap was machined in the shoulder of
the top teflon adapter plece. Care was taken to maintain the
‘centre lines of the pressure taps perpendicular to the axis of the
test section. .All burrs around the holes were removed (Eo eliminate
any eddies which might cause a d&pamic pressure componéntj in the
measured static pressure. Tﬁe 'absolute preifﬁre transducer is
connected to one bottom tap through 3.175 mm copper tubing and
brass compressfon fitting.‘The differential pressure transducer is
‘connected to the bottom tap through 3.175 mm copper tubiné and

brass compression fitting, and to the top through a 4.76 mm copper

t-bing and compression fitting.

# .
The ~outputs from the pressure transducers was fed into the
scanner board of a 2240C Fluke data logger. Corrections to the

indicated préssures, due to elevation differences - between the

pressure tap and the transducer senﬁdr was included in the data

acquisition software.

4

3.5.3 Data Acquisition System -

A fast ang\épnvenient on- line data analysis was developed using a
2240 C Fluke data loggat which was interfaced with a 64K Apple

computer throughAa RS 232C serial card. The computer controlled
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the data acquisition system. Please refer to Figure 3.11.

The cd?puter data acquisition software m"BOIL7" was tritten to
enable fast collection of information-on wall superheats, and heat
transfer coefficients, The program was written in Apple Basic and
was designed to ask clear, consise questions about the input data

required for calcdulations. It is very user friendly and no prior

L3

%4:3 calculation methodology is required to run the
R :

knowledge of

‘program. § Y

The sub-program titléd "FLUKES.BJO" 1is a machine language program

thch enabled the Fluke’s data_transmission to be decoded and

- Tl he

stored at specific memory addresses withfni the Apple computer.
This program is automatically retrieved from disk storage to
initialize the Fluke data logger whenever the data acquisition
program "BOIL7" is run. Special thanks, to Dr.N.W. Wilson for

writing "FLUKES.BJO" software.

The computer was programmea to scén any number of times as
directed by thé experimentor. The data acquisition software used
these scanned data, together with manually inputted data for
atmosphéric preséure, heater location, nucleation site‘location,
flow meter reading, heater poﬁer, to calculate the wall superheats
and- heat transfer coeffici¥nts. The software allowed Ehe

experimentor to save the data results in a disk if he so desired.

Appendix- H describes the flow chart, the variables nomenclature,

the program listing and a sample output. Note that in the flow
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chart, unless otherwise indicated, a horizontal line indicates a

4

flow from left to right, and a vertical line indicates a flow from

top to bottom.

3.6 Loop Commissioning

3.6.1 Leakage Test ¢

¢
Leakage tests are necessary to prevent:

/
i) Refrigerant loss to atmosphere (as in case of R-11),
2) Moisture ingress into the system (as in the case of R-113),

which will affect the results.

Three methods of leak detection were used as mentioned“below:

1) The entire system was charged with air, to a pressure of 5,15
bars (60 Psig), and the‘system was isolated and the loop pressure
was observed. A drop in indicated. pressure indi;ates a leak, and
the locations of the leaks was detected using a soap soluﬁ&on;

"\
For ease of assembly, the loop was .fabricated in sectione, and was

assembled through union joints. HNumerous leaks. were detected,
especlally in these unions and all attempts to tigﬁteﬁ them were
unsuccessful. These unions were replaced by. brass compression
fittings. Other leaks, depending on the nature of joints, were
fixed using silver solder( for soldefed joints) or Loctite

sealant( threaded joints).

2) The system was evacuated to 744 mm of mercury using a vacuum
pump system, shown in Figure 3.12. This unit was equipped with

liquid.gas separators in series, -and was immersed in liquid
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nitrogen. This arrangement condensed the vapours in the loop. The

vacuum was held by the system for thirtynhours.

3) After the system was charged (as described in Section 3.6.2),
the system was checked by a halogen electronic détector which is
capable of detecting leaks of the order of 0.5 oz per year. The
device emits a "beep" which increases in frequency when higher
concentrations of halogens are sensed.

No leaks were found.

3'612 Charéing Procedure

The following charging procedure'was followed (refer to Figure
3.13): T . _' j?

1) The Schrader valve in the loop vent was connected to the vacuum
pump through a testing manifold provided with a gage.

'2) The refrigerant charging cflinder was connected to the loop
through .a charging valve close to the cylinder, a charging hose
and a Schrader valve in the filter drier. Tﬁé\cYTT;her was placed
at an elevation of 1.5 m above the loop top most point to provide
an additignalthydrostatic head. |

3) The system was charged by alternatively

(3.1)‘0pening the valve in the vacuug line with the charging valve
closed, and puliing the.desired vacuum.

(3.2) Closing the valve in the vacuum line with the charging valve
open, and charging the loop.

4} When the loop was completeiy filled as observed*through the
site glass in the top, the charging valve was closed.

5) The vent Schrader valve was depressed, until just a little

\
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liquid refrigerant from the system escaped. This way, we were sure

that most of the noncondensibles in the loop were evacuated.

3.6.3 Results Of System Commissioning

2

) ¢
The heat transfer loop was commissioned and the results are given

herewith : -\

Parameter \ Targeted Range
System pressure 1- 7.9 bars
Inlet subcooling 0- 40° ¢
Reynolds number 3000-30000

Heat flux at test 0-40000 W/m’

surface

Heater location  Anywhere along the

test section

-

Bubble nucleation At all flow rates

visualization

Achieved Range

2- 7.9 bars

0-75° G for R-11

and 0- 105° ¢ for R-113

2900-25000 for R-11
and 2500-22000 for R-113,

at 20° G

0-60000 W/m?

Anywhere along the

test section

Difficult to
discern individual
sites beyond Reynolds

number 22000, for R-11
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4. RESULTS, DISCUSSION AND CONCLUSIONS

4.1 Experimental Procedure

The following procedure was followed during the course of

preliminary experimental runs:

1) The main heater was positioned at the desired location,
2) The 1ooﬁ was pressurized to test conditions,
3) The instrumentation was turned on, and the Fluke data logger
was turned on and initialized. The compuzer was loaded with the
data.acquisition prggfam "BOIL7",
4) The pump was turned on, and the throttling valve manipuiated to
achieve the required flow rate,
5) The preheater was adjusted to achieve the desired inlet
subcooling, .

S
6) The main heater was turned on, and the input voltage was raised
in small steps by manual contrel of the variac. The fluid exit

emperature and test section wall temperatures were monitored,

7) Due\ to buoyancy effects,the flow rate changed, and it was

4+
T

adjusted if necessary, f
8) The constant temperature, water circulation was turned on(if
necessary) and the cooling water flow rate adjusted to maintain

the subcooling at the test section inlet. The loop was now
- x
operating at a quasi-equilibrium condition that was suitable Ffers

data acquisition. The computer scans the temperatures and

ressures and displays the wall temperatures, wall superheats and
P PAgY \

heat transfer coefficients. For comparison of results, the

61

-
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nucleate boiling dormancy superheat predicted from Sato and

Matsumura’s correlation was also displayed- Appendix-H giyes a
sample output of a scan.

9) Save the results If so desired, else, repeat the scan under the
same conditions, or scan under new set‘of conditions,

10) The same procedure was followed for a decreasing heat flux,

The waiting time for the system to reach steady state conditions
from "cold"™ startup was about 0.25 hours. Subsegyuent runs attained
steady state in 0.15 hours. Twenty ﬁo thirty sets of readings were
usually require& for a complete cycie of 1increasing- and-

decreasing heat flux. =

Preliminary experiments were carried out for various heater power

inputs, system pressures, inlet subcooling and fluid flow rates.
fhese runs were trial runs to check tie loop design and debug the
data acquisition program.

In a typical run, the inlet subcooling, system pressure and
‘volumetric flow rate were held constant and the heater power was
‘iﬁcreased in steps, until nucleate boiling occured and was then
decreased in steps, until the sites disappeared. Only the results,
in which individual bubbles on the surface could be discerned were
recorded. However, when the bubble population was large, the
values were not used as incipience values. For observing these

sites, a desk lamp was mounted and care was taken so that the

heat from the lamp did not affect the results. The nucleation

,

“%
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sites were viewed tﬁrougﬁ a convex magnifying lens. Figures 4.1
through 4.4 show the photographs of nucleation sites as captured

by a low and high speed camera. They show the site behaviour at =

\.

different boiling stages.

4,2 Rebults And Discusdion

—_—

The experimental results are shown in Figures 4.5 through 4.7.
These results are from [31]. The results presented are the local
wall superheat at the topmost thermocouple elevation. In these
figures, the surface heat flux has been shown as the dependent
variable, though the wall heat flux 1is the. experimentally
controlled variable. This was done so that the results presented

A
are consistent with typical boildng studies done in the past.

From Figures 4.5 and 4.6, we see that there is an abrupt drop in
temperature after boiling inception. This temperature drop was
about 25 degrees €, and a superheat of about 45 degrees C is
required to initiate nucleation, unﬁer the test conditions. At"
about 48 degrees C, vigorous boiliﬁg\erupted all ové® the test
surface. This observed temperature drop of 25 degrees C, is higher
than the results obtained by other researchers [11:12,13]. Also,

note the hysteresis effects of the heat transfer coefficients.

lr

This hysteresls was obtained by cooling all giﬁ;;j until they were
qdenchéd or made dormant. This is similar to the results observed
in pool boiling by Corty ;nd Foust [7] and Sabersky and Gates [9].
The sites were' reheated, apd we can observe the substantial

~difference in the behaviour of sites ‘between the "cold® startup
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and the reheating process. In the sﬁcond case, much higher heat
transfer coefficients* were achieved along with a smoother

transition to vigorous boiling. .

For the test at 1.9 bars, Figure 4.6, when the wall superheat was.
decreased to 6.8 degrees C all sites disappeared, and a number of

sites reappeared when the wall superheaé was increased.
'Subsequently, when the wall superheat was reduced to 5 degrees C,
one site reactivated, from its dormant state. When the wall
superheat ‘was reduced to 2 degrees Cf the sites reactivagggl
however , they behaved as though they were quenched, and éequired
the.same large wall superheat to iﬁitiate bo{i}ng from the "coldr
startup. FromgFigures 4.5 and 4.6 we also infer that the inlet
subcooling and system pressure affects the incipient wall

1
superheat. This is similar to the results of Chen [10]). Also , we
note that the temperature drop subsequent to boiliné incipience is

a function of subcooling and system pressure.

As shown in Figﬁre 4.7, at a superheat of 9.6 degrées c,is sites
were active, at 8.6 degrees C superheat, 3 sites were active and
at 6.9 degrees C superheat, 1 site wa; active. When the superheat
Vas reduced to 4.6 degrees C, none of tﬂe sites were quenched, but
only made dormant. These same sites reactivated at wall superheats

of 12, 18 and 23 degrees C as against.53 degrees C wall superheat

required to initiate from "cold" startup.
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It was also ohserved that at maximum flow rates, it was not

possible to discern individual nucleation sites.

-,

»

4.3 Conclusion And Recommended Future Work

The design and commisjioning of a forced convection heat transfer
loop is reported for the study of:

1) the incipient boiling wall superheat,

2) the nucleate boiling quench wall superheat, and nucleate
boiling dormancy superheat,

3) the hysteresis associated with the above phenomena for cycles
of increasing followed by decreasing heat flux,4) the verification

f
of the quench/ dormancy model.

Though there is a large volume of 1iteraturelavailable, none has .
atﬁeﬁpted to establish a quench/ dormancy model of nqcieation
sites In the incipient boiling region to explain the hystéresis
;ffect. Hence, it was decided to build an experimeﬁtal apparatus
to gain a bett%r understanding of abave mentioned phenomena, so

that mathematical models may be developed, which would aid us in

predicting these phenomena.

The existing literature and mathematical models were reviewed in
Chapter 2. The design, instrumentation and com@i;sioning of the
forced convection heat transfer loop was described in Chapter 3.
Preliminary runs were carried out to check the loop design and

debug the data acquisition program. It was found that the loop and
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its assoclated instrumentation is capable of studying the physical
phenomena for which it was designed. Inciplent boiling, quench
superheats were measurea, and thelr respective heat  transfer
coefficients evaluated. The hysteresis effect is wvery sigﬁificant
in this region. However, d”major limitation of the present design
is ;hat it is not\possible to observe individual sites at high
flow rates, . - ' ‘
¥ :
Based on these results it is recommended that in the future, the

following research be done:

1) Investigations should be carried out to study the phenomena for
which the loop has been designed and the results compared with the
existing correlations in the 1literature,

[N

2) The results obtained should be used to develop a practical
quench/ dormancy modeli to simuiate hysteresis phenomena on a
‘bnguter,

3) k comprehensive study of the pressure and temperature effects
on boiling incipience needs to be performed,

4) Extend the-applicability of experimental résults, to a larger.

range of test section/ test fluid combinations. .This might

necessitate the upgrading of the main heater capacicty,

An optical device should 'be wused in conjunction ‘with the
photographic recording device to capture the first nucleation and

quench event,

*

5) Finally, a time dependent model for the prediction of boiling

Bl
S
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initiation and quench

history) be developed.
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Mathematigal Models In Beiling Dormancy




semi-sphere, we have Ffrom Helmholtz's_equation,

P-P=2g---(ab)
v £ —-—
T ) .
c . A ) ] 7 .
- o

For thermal equilibrium,

T; - Tr o aty = {rc---(Aﬁ);

Bergles and Rohsenow assume X=1; Hsu recognises it as a function

of contact angle and cavity geoﬁétry, but suggébts a typical vélug
ph A .

of 2. -~

~
-

Since P> P, and?ithe vapdur 1is at saturation ‘tefiperature
v -

—

corresponding gto its ‘bressure, the. surrounding liquid must be
superheated 'w QEH’rgspect to 1its pressure. This‘—superhéét is

related to its pressure by the Ckausius-Clapeyron equation

-

dpP ht R :
g . _ N .
dT ST --(A6)

- . v N
Considering. the vapour as a perfect gas, and elimihating v,we

have,
dP h P ‘ . *
dT i—z--n(An ; _

RT

Assuming there 1s no wvariation in hr within the temperature
8

limits in which we intend integrating, and integrating equation
(A7) between limits T, P and T , Pv, we have,
] a3 v

T-T=RTT In (1+ 20/ £ P)
v B a v c

h
g

Since, 20/r P << 1, In (1+ 2¢/r P ) = 20/r P .
c 8 ¢ 13 cn

---(A8)

Equation (A8) can be put in genefal as,
T =T (1+ A/r) ---(A9)
v 5 [ }

Equations (A2) and (A9) are shown in Figure A.1l.
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sem]-sphere, we have from Helmholtz'’'s equation,

P- P=2 g---(Ab)

r
c

For thermal equilibrium,

T =T at y = Ar ---(A5)
4 c

v

Bergles and Rohsenow assume A-~l; Hsu recognises it as a function

of contact angle and cavity geometry, but suggests a typical value

-

of 2.

Since P;> Pr’ and the vapour 1s at saturation temperature
corresponding to its pressu;e, the surrounding liquid must be
superheated with respect to its pressure. This superheat 1is
related to its pressure by the Clausius-Clapeyron equation

dP h

—- f3

dT oT

---(A6)

Considering the wvapour as a perfect gas, and eliminatin% v,we

have =
e
dP h P

—-:s

dT

- (A7)
R T

Assuming there 1s no wvariation 1in hr within the temperature
.4

limits in which we intend integrating, and integrating equation

-

(A7) between limits T, P and T, P, we have,
3 a v v

T-T=RTT 1n (1+ 20/ ¢ P)
v a a8 v CB_--(AB)

fg

S8ince, 2o/r P << 1, ln (1+ 2¢/r P ) = 20/Tr P .
€t B8 c s c B

Equation (A8) can be put in general as,

T «T (l+ A/r ) ---(A9)

v . -3 c

Equations (A2) and (A9) are shown in Figure A.1.
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For a given fluid, giveﬂ flow rate, bulk fluid teﬁperature, heat

transfer coefficient are fixed. This in turn fixes the intercept

of fluid.temperature profile with T = T;ux liné.

The variables in equations (A2) and (A9) are T“,q and r. The
o

fluid temperature profile is fixed by either fixing T or q

When equétion (A2)-is tangent to equation (A%9), the conditions

, two wvalues of

correspond to nucleate boiling For q > g dormancy

r are obtained. Cavities lying outside the range of those two
solutions are ineffective dormancy sites, while-those lying in the
range are effective, but not necessarily active sites.

For incipient nucleaﬁélboiling dormancy,

TD(1+A/rc) - T; +q -Xdg T

c
h ————ir——--—(AIO) .

2

or q Ar } e
. ¢ rc(ATmm q /h)+A'1‘a 0 {All)

Equation (A-11) is a quadratic in r , and for incipient dormancy,
[+ .
we must have equal roots.

2 .
(AT - q /h) =4 q XAT
sub . : °~--(A12)

-
-

Equation (A-12) is a quadratic in q, which results in two roots.

The root with the negative sign corresponds to the solution in the

third quadrant, where T < Tb, and therefore has nc physical
L

slgnificance.

~10.5
QATahA -(A 13)

k

q = h{AT -+ 23T hA + ]}Tnub.'-AhATu

k
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The sum of second and third terms in equation (A 13) gives the
valie of (T'-Th) necessary for incipient nucleate boiling

dormancy, where

A=l A= 20

—— (Bergles and Rohsenow's model)
1.25pa hr
8

and A= 2; A = 2g

(Hsu’smodel)



APPENDIX - B

Heat Losses Through The Push Rod and Sleeve End Faces Calculations
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APPENDIX-B

* The heat lost from the push rod and the flat ends of the sleeve is
presented In this section. These calculations were done to make a
decision, Iif the inside of the test pipe should be filled with
insulation to _minimize the heat losses.

Assumptions:
1. The rod is infinitely long.
2. The temperature of air is an arithmetic mean of heated wall and
room temperature.
Temperature of wall during inception =115°C + 18°C - 133°C.
Room temperature = 21°C,
. Mean temperature = (133 + 21)/2 = 77°C.
Air propertles at 7700; J\\
p = 0.9950 kg/m’
g o= 208.2 * 107 N-s/m’
g - 17350 K’
length of the push rod = 0.60975 m.=1 u
Temperature difference between the ‘heated wall temperature and

ambient air = AT = 112°C.

Pr = 0.70
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6r = 1°5%g g AT

2
In

{Gr) (Pr} = 1137766459 o

1625380655 e

Nu = 0.129(1137766459)° = 134.67

“.h =Nuk (134.67) (30%10° %)
air - air

~318.118W/n° C.

0.0127
©o-rod
. nﬁ - h P
i .20038.93
k A
air x
. m = 141.56

Since m 1 > 0.99, we can assume the rod as an infinitely long fin.

. g ~(h P k A)"3aT)
lost from fin

- (318.118*H*0.003l75*20*n*0.25*0.003175*0.003175)m5112

-2.5W.

Assumptions:

1. The convection around the sleeve top and bottom is laminar and
free convection.

mwd of the sleeve top surface = 0.0121412 m.

. ..characteristic dimension = 0.9 qwa- 0.01092708 m.=1

L;‘Using the same Efgpegties as in the previous calculation and the
' same temperature aifferenceu we get,

/*Gr - 9349.344 and (Gr) (Pr) = 6544.54,

Hence, our assumption of laminar range is correct.

. h_ = 0.27 (at/D)***( all in British units)

At = 234°F and D= 0.0398 ft.
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. h = 2.36 Btu/hr ££°F = 13.397 W/m® C.

A AT -

. q = h
loat from 1 flat side alr =x

= 13.397*0 *(0.000402644-0.,000062802)" **112
4

-0.4 W,
) qloat. from 2 flat sides = 0.8 W.
. Total heat lost from the sleeve and the push rod = 3.3 W.
= 1.5 % of maximum heat input.

Since this is negligible, it was decided not.te fill the inside of

the test pipe with insulation. ’/”f)
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End Flange Design Calculations
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APPENDIX-C -

This section presents the design of the end flange of the test

section as in [29]: For ease of welding the test section inlet and
outlet copper tees, and also for ease of machining, a brass flange
was chosen. Since brass flanges are not off the shelf items, they
had to be designed specifically for our requirements. Since the
units in graphs in [29] are British, the same has been retained
here,

1.Since the operating pressure < 300 "Psi, -and operating
temperature < 700°F, a ring type flange (loose flange) was chosen.
2, holt material :BS 3692 , tensile strength = 65250 Psi.

3. Allowable bolt stress = 65250/4 = 16312.5 Psi.

4. Bolt area(M8 bolt) = II(8/25.4)°= 0.2474 in®
4

5. Maximum bolt load = (16312.5)(0.2474) = 4035,7125 1b:
6. Bolt circle diameter — 2.8 inr

7. Gasket centre circle diameter ={gasket 0.D + gasket I.D)
2

=(1.062+1.65)/2=1.356 in.

-
8. Moment on flange under no load conditions=

(4035.7125)(2.8-1.356)

- 2913.78 1b_-in.
2 b4

9. £ for brass = 81000/4 = 20250 Psi.
10. Outside diameter of flange = 2.8 in.

11. Inside diameter of flange = 1.375 in. Therefore, the ratio of
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diameters = (1 = 2,8/1.375 = 2,036,
\

12. Y (factor involving Q)= 0.66845 +5.7169(10g100)02

0" -1

13. Flange thickness =| Y (Moment maximum)
£B

= 12.18 mm.

2.34

=0.4797 in.



APPENDIX - D

COOLER DESIGN CALCULATIONS
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1. Heat to be removed = 225 = p

2. Recommended water velocity = 0.610- 0.915 m/s and 0.610 m/s was

chosen,

\

3. Inlet water temperature = 15°C,
4. AT for water in the cooler = 0.2° C, (arbitarily chosen value)
5. Mass flow rate of water in the cooler

i =p/C_ AT~ _ 225
4186(0.2)

". Volumetric flow rate of water = Q — 0.00025 m'/s.

= 0.250kg/s.

6. . .crossectional area of the water flow area = Q/u
0.000250/0.610 = 0.0004098 m? = 4.10 cm>.
(o - 2.2225%)

VA | . Hence ,a 31.75mm inside
4

i.

38.1 mm outside diameter pipe was chosen. -

7. Calculation of overall heat t;énsfer coéfficient

u ~ 0.0296 Re’"® pr®
Refrigerant side

Pr - 42147
Re - 7100 ™

minimum

. Nu =~ 57.62 =h

inner side inner side

k
- (57.62)(0.07793)/0.0201 = 223.38 W/m> C

inner =side
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Similarly, Re = 5570 and Pr - 5.83
water water

.. Nu = 52.87

ocuter aide

= (52.87)(.613)/0.022225 = 1458.23 W/m2 c

K - 401 W/m K

copper

Thickness of copper pipe = 0.002125 n

- 193.36 W/ w’ C

overall
8. Calculation of effectiveness

Temperature of refrigerant (saturation at 2 bars)= 45° C

L - (0.0003119) (1480)(0.907) (45-15) = 12600 W

max i mum

‘. € = 225/12600 ~ 0.0179

9. Calculation of R

R-11 . R-113
Maximum mcp- 0.418 ki/s C 0.497 kJ/s G
Minimum &C - 0.0418 kJ/s C 0.0497 kI/s C

fnCp- for water = 1.0465 kJ/s C.

Since (me)h“ < (mcp)wld

R—(mcp)hot - d.OA
(mcp)cola

10 Calculation of NTU
NTU = — 1 1n e -1
R-1 €R- 1

\m 0.018

. L = NTU(m Cp)

minimum

unbo

(-]



S4

= 0.56m

However, 0.61 m length (10% over area) was provided for reasons of

safety.
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APPENDIX - E

Flowmeter Model # FL-1504-4, Calibration Curve, with R-1L1

\
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APPENDIX - F

Note that in these calculations, all the fluid properties are

evaluated at 20° C.

S

F.1.1 Equivalent Length Calculations.( 19 mm diameter pipe,=
equivalent lengths are calculated according to [27].) J’_H\‘Hux
DESCRIPTION ‘ EQUIVALéNT LENGTH (m)
1. Straight pipe (outlet from pump) 0.4572
2. Standard tee (inlet to preheater) 1.3106
3. Straight pipe (preheater shell) ) ) 0.2286 o
4. Standard tee (outlet from preheater) i . 1.3106.
5. Globe wvalve 5.4864
6. Standard 90° elbow 0.5334
7. Straigh; pipe 0.2286
8. Standard tee (inlet to test section) 1.3106 )
9. Standard tee (outlet from test section) 1.3106
10 straight pipe (heat exchanger) H: 1.4478
11.Standard 90° elbow: | , Kh ©0.5334
12. Straight pipe (down comer) ' ) 1.8228
13. Standard 90° elbow | - 0.5334

. ‘
14, Scraight pipe ( leading to pump suction) 1.7526
15. sgandard 90° elbow ‘ ‘ | 0.5334
16. Standard 90° elbow ‘ N -~ 0.5334

17. Sudden expansion (strainer inlet d/D = 1/4) 0.5334 *
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18. Suden contraction (strainer outlet d/D =1/4) 0.2591

Y Equivalent length (m)(excluding the test section)= 19,909

Area of cross section of pipe = I (0.01905)2 =0.0002851 m
4

Flow rate (minimum) = 0.4933 gpm (US)=0.000031119 m3/s
Flow rate (maximum) =4.933 gpm (US)~- 0,00031119 m3/s

.76 (minimum, R-11) -~ Q d p = (0.000031119)(1480)
oun

e 0.0002851

N~
- 161\.{5\507 kg/s m

and G (maximum, R-11) = 1615.507 kg/s m2

Similarly, for ¢ (minimum, R-113) = (0.000031119)(1480)
0.0002851

- 164.6102 kg/s m

". Reynolds number (minimum, R-11) = G D
b

= (161.5507) (0.01905) =7090

(1.488)(1.0502)
3600

and Reynolds number (maximum, R-11) = 70900

Similarly, for Reynolds number (minimum, R-113)= 6198
and Reynolds number (maximum, R-113) = 61980
\ .
Using Blésius correlation for turbulent flow, in smooth tubes and

for Reynolds number =< 100000,

Darcy’s friction factor =~ 0.316.-= f=(AP/L)2gD

. 2
Ren.zs v

.'.f(minimumflow,R-ll)-O.03443785?,,

H
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for maximum flow, = 0.019365
and f (minimum flow, R-113) = 0.03561 and,
for maximum flow =0.020027

(ap/L)__  for R-11 -0.06178 n/m

and (AP/L)muimfor R-113 ~ 0.064167 m/m

L (AP) = 1.2437 m of R-11 and, is = 1.2918 m of R-113,
maximum .

-

From manufacturer’'s catalog,

(AP) , maximum = 0.3302 m of water column.
flowmeter '

{AP) , maximum= 0.223 m of R-11
flowmeter .

and (AP) = 0.219 m of R-113

flowmetar

Cross sectional area of the test annulus =

2
m[_(0.0254)%- (0.022225)%) ~0.000118775 m>
A ' '

Hydraulic diameter = 0.003175 m. r

For R-11, G( minimum)-3.88 and G(maxim@)- 3880.

and for R-113, G(minimum)= 395 and G(maximum)=3950.

For R-11, Reynolds number (minimum)-~ 2836 and
Reynolds number. (maximum) =28361

Similarly, for R-113, Reynolds number (minimum)~2479 and
Reynolds number (maximum) = 24794, )

For R-11, Darcy'’s friction factor (minimum)= 0.0433 and

Darcy's friction factor (maximum) = 0.02435.

S
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For R-113, DParcy's friction factor (minimum)=0.04478 and
Darcy’s frictlon factor (maximum)= 0.02518.
/f\nj the (AP)mnm for R-11 in the test section=1.2437 m.
and (AP) for R-113 in the test section = 1.2918 m.
g\uim
. 7, the maximum (L\P)l 0 for R-11 = 2.7 m of R-11 and
(x12)

the maximum (AP)lmp for R-113 = 2.8 n of R-113.



APPENDIX - G

Pump Model # J-7004-54, Head-Flow Characteristic Curve
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APPENDIX - H

"BOIL7" Data Acquisition Progranm

H.1

H.2

H.3

H.4

"BOIL7" Flowchart
"BOIL7" Variables Nomenclature
"BOIL7" Program Listing

"BOIL7" Sample Output



. ]()55 “ ) |
(s ) APPENDIX-H(BOIL7" FLOWCHART)
100 HAIN HE : ' .
BN [{ pRINT R
TEST  ||rESULTS
200
INPUT:
b,
A
S
' ".\ «
'n*im -{INPUT: FILE
: NAME
2440 F N
PRINT: DATA,
RESULTS OM P
SCREPN
2430
PRINT: DATA, A
| RESULTS OH l ¥
APER
' 2900
| —
1ZE DATA
"tzz LOGGER
F DA
670
RUW FLUKES, B30 TERCEERT ™ |
SCAR k
TEMPERATUREE
WALL SUPERFEAT 4 AND
" HEAT TRANSFER 30| PRESSURES
1570
PRINT:
DATA, RESULTS
OH SCREER
A
19%0 res' 1
SAVE SCAR
ES
© om DISKY >P0 ~UNDER samE CONTIHUED Y
203 COWDITIC
)
YES HO
2060 HO )
SAVE; DATA, sToP
L & SCAN .
AELTS UNDER HEW Ko
CORDITIONS 2910
YES
050 .
N CHANGE -
IRPUT: ONLY HEATER
| FLOWMETER DATA SETTING
YES
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APPENDIX- H2 | -

Note: In the nomenclature below, the bottommost thermocouple is
number one and the top most is number four.
VARTABRLE DESCRIPTION
1) AP Atmospheric pressure (cm of mercury). -
2) Bl, B2, B3, B4 Bolling heat transfer coefficient at the
' first, second, third, fourth thermocouple.
3) B5, B6, B7, B8 Convective heat transfer coefficient at
first, second, third, fourth thermocouple( W/m2 C)
4) BM Bench mark (=0, if it is the first sequence in the

run, else =1).

5) BP Two phase pressure drop in the test section (Pa).

6) BU Two phase pressure drop per unit length (Pa/ cm).

7) C1, Cé Intermediate variables for calculating RC.

8) CF Correction factor for flow rate.

) CH Heater bottom location with respect to inlet of the

glass section (cm).

10) D1, D2 Intermediate wvariables for calculating fluid
density.

11) DD Date of experiment.

12} DE Fluid density at room temperature (kg/m3).

13) DS FlﬁIﬁ density at flow meter inlet (kg/m3).

14) DV Differential pressure transducer (V).

15) FL Lcop flow meter reading (%). .

16) FR Volumetric flow rate (m3/s).
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17) HV Heater power (W). -

18) 1A Latent heat of vaporization (kJ/kg). i
19) 1K Liquid thermal conductivity (W/m C).

20) 1X lHeat flux at the test surface (W/m2). | .

21) Mz Month during which the test is being run.

22)

5

Mass flow rate (kg/s).

23) Maximum radius of cavity in the test section(m).

5

24) MX Mass flux ag the test section annulus (kg/s m2)
25) Pl, P2, P3, P4 Pressure at the fifst, second, third
and fourth thermocouples respectively (Pa)
26) P5 Intermediate variable for calculating system pressure
27) PD Total pressure drop in the test section (Pa).’
28) PI Pressure at test section inlet (Pa).
'éQ) PU Single phase pressure drop per unit length (Pa/cm).
30 PV. Preheaterx, voltage (V). - . “- f.
31) RC ThermojLiﬁﬁic wall superheat required fé; bubble
growth based on Bergles and Rosehnow'’s equation (C)
32) RE Reynolds number (#).
'33) RS Thermodynamic wall superheat required for bubble
growth based on Sato and Matsumura's equation (C).
34y 81, 52, 83, s4 Local wall superheat at first, second,
third, fourth thermocouple locations (C).
35) SE Test sequence #.
36) SH y Single phase pressure drop in the test section (Pa)
37) ST Surface tension (N/m).
38) T1, T2, T3, T4 Wall temperatures at the first, second,

third and fourth thermocouple locations (C}.



108

39) T35, T6,'T7, T8 Bulk fluld temperature at the first,

second, third and fourth thermocouple elevations (C)

40) TA, TB, TC, TD Fluid saturation temperature at the

.first, second, third and fourth thermocouple elevations (C

41)
42)
43)
44)
45)
46)
47)
48)
49)
50)
51)
52)

53)

TE Fluld temperature at test sectlon exit (C).

TF, TR Non dimensional temperatures.

Tl Fluid temperature at test section inlet (C). {i/
™ Room temperature (C).

TN% Test #.

TS Saturation temperature at test section inlet (C).

Tf Cooling water bath temperature (C).

TU Fluid temperature at cooler outlet (C).

vD Specific volume of vapor (m3/Kg). | H\
V1 System pressure output transducer (mV).

VL Intermediate variable for calculating Qynamic viscosity
vQ Liquid dynamic viscosity (N s/m).

WA Heater wall temperature (C)

\

B) STRING VARIABLES

5
2)

3)

4)
3)

6)

BS
BF$

c$

D§
F$
H$

Strings used to store comments about the run.

Filename (Saving file to disk).

If "Y", then continue scan under the same experimental
conditions. -

CARS (4).

If "Y", then print data, results from the disk.

If "S", then print on screen and if "P", then print on

paper, the data and results from the disk.
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7) HR$ If "H", then only heater setting is to be changed, and

Lf "F", then the flow rate setting Is to be changed.
Q&‘:Q:ké)-ﬂss Heater setup time (Hours: Min?tes).
9} K1$ If "Y", then the month input data is correct.
10) K2§ If "Y", then the test # input data 1is correct.
11) R4$ If "Y", then the atmospheric pressure, input data
is correct.
12) KS§ If "Y¥", then the heater bottom location, input data
is correct.
13) K8$ If "Y", then the loop flow meter reading,input data
is correct,
14) K9§ ~If "Y", then the preheater voltage input data is
correct. |
13) L1% If"Y", then the heater power input data is corréct.
16) L2§ 1I1If"Y", the heater set up time inpﬁt data is correct,
17) ﬁ$ If "Y", then scan under new experimental conditions.
18) R1§, R2§, R3S, R4S, RSS Strings used to name the file
(saving data, results to disk).
19) STS If "Y", store data, results on the disk.
20) TS If "Y", run test.
21) vvs Filename ( retrieving file from data).
22) AKS$, CN$, RCS, 2§ Gontrol string variables for continuing

further with the program.
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APPENDIX-H.3(PROGRAM LISTING)

;CM: PRINT

PEEK (132):K%L =

PEEK (255}

10 HOME
20 DIM cH(15)
30 D$ » CHRF (4)
40 PRINT CHR$ (12)
50 PRINT TAB( 10)"FORCED CONVECTION HEAT TRANSFER LOOP"
60 PRINT { 10)"DATA ACQUISITION PROGRAK"
70 PRINT { 10)'BY DINKAR SHIVPRASAD"
80 PRINT " HORKY «==1IT IS A FLUKE#*
90 HOME
100 INPUT "F ING TEST,TYPE Y/N";T$: PRINT
110 IF T$ = "Y“ THEN PRINT “IF THIS IS TH& FIRST RUN IN THE SEQUENCE,THEN I'T SHOULD BE SIKG
LE PHASE FLOW ONLYY: PRINT : GOTO 230
220 IF T < > "N" THEM GOTO 10U
130 INPUT "roa PRINTING DATA,RESULTS,TYPE Y/N";F$: PRINT
140 IF F$ = "K" THEN GOTO 2910
130 IF F$ < > “Y" AND F§ < > "N THEN GOTO 130
160 INPUT "FOR PRXNTING ON SCREEN TYPE 5,0N PRINTER TYPE P*;H$: PRINT
170 IF i$ = "S" THEN GOSUB 2320: GOTO 100
180 IF H$ = "P" THEN GOSUs 2320: PRe O: GOTO 100
150 IF H§ < > "P" AND H$ < > "S" THEN GOTO 160
200 REM INPUT FOR TEST STARTS
210 REM TEST SECTION HAXM. CAVITY RADIUS IS INPUT IN THE NEXT LINE
220 MR = 0.2B / 1000000
230 INPUT “MONTH=";MYL: PRINT
240 PRINT "HONTH IS “;M%: PRINT
150 INPUT “HONTH CORRECT?,TYPE Y/H" ;K13
260 IF K1$ < > "Y' THEN GOTO 230
270 INPUT "TEST #";TNL: PRINT
28U PRINT "TEST 4 IS";TNL: PRINI
290 INPUT "TEST # CORRECT?,TYPE Y/N';K1$
300 IF K2§ = "Y" THEN St = ‘IK%: GOTO 320
310 IF K2% < > ™Y THEN GOTO 270
320 INPUT “ATHOSPHERIU PRESSURE{CM OF HG)";AP: PRINL
430 PRINT “ATM. PRESSURE{CH UF HG)=";AP: PRINT
T 3,0 INPUT “ATH. PRESSURE CORRECT?,TYPE Y/N" ;K43
350 IF K&4$ < > Y THEN GOTO 320
360 GOTO 37V
370 INPUT “HEATER BOTTOM LOCATION WRT INLET TO TEST SECTION{CH)"
JBU  PRINT "HEATEW BOTTOM LOCATION WRT INLET TO TESY szcrlou(cn)-“-cnx PRINT
390 INPUT "HEATER LOCATION CORRECT?,TYPE Y/N";K5$
40U IF K58 < Y THEN GOTUL 370
410 INPUT "LOOP FLOW HETER READING(T)";FL: PRINT
420 PRINT "LOOP FLOW HETER READING{Z}=";FL: PRINT
430 INPUT "FLOW METER READING CORRECT?,TYPE Y/H";K8%
440 IF K83 < > "Y" THEN GOTO 41u
430 INPUT “PREHEATER VOLTAGE(V)";P¥: PRINT
460  PRINT “"PREHEATER VOLTAGE(V)=";PV: PRINI
470 INPUT “PREHEATER VOLTAGE CORRECT?,TYPE Y/N";K9%
48U IF K9% < > "Y" THEN COTU 450
490  INPUT "HEATER WOWER(W)“3HV: PRINT
500 PRINT "HEATER POWER(W)=";HV: PRINT
510 PNPUT “HEATER PONER CORRECT?,TYPE Y/N";L13
320 IF Li$ < > “Y" THEN GOTU 490
330 INPUT "HEATER SETUP TIME{HH MH)";HS5$: PRINT
34U INPUT “HEATER SETUP TIME CORRECT?,TYPL Y/N";L2%
530 IF L2% < > "Y' THEN GOTO 330¢
560 HOME
370 D$ = CHR$ (4)
580 REM FLUKE DATA ACQUISITION AND APPLE COMPUTER INTERFACE PROGRAM
390  PRINT “SET FLUKE TO SCAN CHANNELS U TU 11,AT 20 SECOND INTERVALS"
600 PRINT : PRINT
610 PRINT "SET EXTERNAL ENABLE ON ALL DATA": PRINT
620 PRINT : PRINT “TURN OFr ALL SCAM CONTROL BUTTONS"
630 PRINT : INPUT “PRESS RETURN TO CONTINUE™;Z$
640 PRINT i PRINT "“PRESS INTERVAL ON SCAN CONTROL TO START™
£50 PRINT : PRINT : PRINT : PRINT "INITIALLZING UATA LOGGER"™
660 PRINT : PRINT “PLEASE WAIT"
670 HOME
680 PRINT D$;"BLOAD FLUKES.BJO,D1"
690 PRINT D$;"IN#2": INPUT - ";A¥: PRINT D§;"INSO™
700 C3 = "012345678901236567890: POKE 154, PEEK (131): POKE 253,
* 236 + PEEK (254) + 1:K17 = KT + 1
710 CALL 768
710 KX = 32768
730 A = PEEX (KK)1 1F A = &5 THEN /10
T4 IF A < > BY THEN Kk = KK + 1: COTU 730
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760

{ HID$ (c3,

PR

INT DD;" ol

770 KK = KK + 22
780 KK = KK + 11 IF PEEK (KK) < >

790 KHY, = KK / 156: POKE x1%,KHL: POKE KL, KK = KHL * 2561CHT, =
= KK + 181 Ir PEEX (KK) = 65 GOTO 79U

800
8tuv
820
830
840
85u
860
870
830
89u
900

B2 1H

920
930
940
950
960

970

1000

1010
102v
1030

1040

1030
1060
1070
1080

1050
1100
1110
1120
1139
1140
1150

113
1180
1190

1200
1214
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350

1360
1370
1380
1390
1400
141v
1420
1430
1440
1450
1460

VAL { HID$ (C3,6,7))1KK

Ir

PEEK (KK) <

1HH =

A}

VAL ( HID§ (C$§,9,2)):58 =

750 Ky = KK iif;si'bOKn K1%,KHL: POKE K%,KK - KH% % 256:DD =
-“_m'n ";HH;“ "-;SS;" "

65 GOTO 780

VAL ( NID$ (C$,2,3))aHH = VAL
VAL ( MID$ (C3$,12,2))

VAL ( NID$ (C$,2,3))1CH(CKYL) #

> 10 THEN pRINT "ERAOR UNPACKING,WILL SCAN ACAIN™:i GOTO 710
PRINT ; PRINT “COMPLETED SCAN SUCCESSFULLY!"

FOR I = 1 10 101 CALL - 194: N
REH DATA TRANSFER BEGINS
LDV = CH(D)
VL = CH(1} )
U = CH(2)
TE = CH{3)
TL = CH{4)
T1 = CH{5)
T2 = CH(6)
T3 = CH{T)
T4 = CH(B}
WA = CH(9}
1T = CH(10)
TH = CH{11)
IF WA > = 120 THEN

* WARNINGanke"
REM CALCULATION BEGINS
980 P3 = (VI * 100 * 6B8Y6.5517) ¢ 111.3 + 1313.7895 » AP
990 TR = (198 - TH) / 471.1%
L1 = 4.031191 + 6.723132 » (TR A 0.3333) + 5.08793 » (TR A 0.6667) - 4,9%3633 * TR + 4.2
8033 * (TH A 1.3333}

DE

= 137.38 = D1

EXT I

PL = P3 + (DE * 9,81 & 9.5 w ,0254)
IF BN = 0 THEN sH = ((6.2B5 + DV) % 5 # 1000 * 68Y6.5317) 7 143.9 + DE * 18 w .02%% * 9
«8131BK = 0:PU = SH / {18 * 2.54)
LF BM = 1 THEN ¢D = ({6.285 +

PU * (CH + .615)

* 2.%6 - (CH + 0.

* (CH + 0,635)

ZH41:Bp = PD -
BU = pp / (14
FL = PI - {(Pu
P2 w p»I - (PU =
Pl = PY = (PU w
P4 = pY - (pU =
TS = = 2368.331
TA = - 256B8.333
TH = = 2368,3334
TC = - £368.333
TD = = 2I568.331
LX = (HV = 7 w1
IF LX < = 0 TH
S1 = 11 _« {( INT
TS = Tl = (TI +
Bl = IKT (LX /
B5 = INT (LX /
§2 = T2 - { INT
T6 « Ts - (TL +
B2 w» ANT (LX /
B6 = INT (LX /
S3 =13 - { INT
T? = Ty - (TL +
B3 = INT (LX ;
B7 = IKT (LX /
54 = 14 « ( INT
L8 = Ta - (TL +
B4 = INT (LX ;
BB = INT (Lx /
TB =
TF = (194 - TU)
D2

= 4.031191 + 6.721152 * (TF A 0.23333

+
(CH + 0.635) +
+
+

(Ch + 0.635)
(LM + 0.635)
/4 LOG (p1) -
7/ ( LoG (p1) -
/ { LoG (p2) -
/ { LOG {p3} -
!/ { LOG (D4) -

o w 1u0) / (22

H GOTU 133u
TA * 10) ;7 10)

.2 * (TE - T1L))
51)
TS)
{TD = 10) ; 11}

Jox {TE - T1))
$2)
T6)
(TC » 10) ; 10}
<6 % (TE - TL};
53)
173
(TD = 10) / 10)
.8 * (TE - T1))
54)
8)

{ INT (TS * 10) / 10} - I

[/ 4l1.a

B0343 » (TF A 1.3333)
LS = 137.38 * p2

CUF = SQR ((7.238 » ys) / (8238 - us))
= {6.28 * 3,785 w FL) /7 (60 = Cr % 1000 « 100)

FR
HF
HX
Hx
uf
VL
vQ
Re
HE

= s « FR

= MF = 10000
INT (MX »
INT (MF

1 13 11

INT {RE}

/1.187823278
w) 7t
1000) / 1000

PRINT “HEATER TENPERATURE GREATER THAN OR EQUAL TO 120 DEGREES { #w

DV) * 3 » 1000 * 5896.5517) 7 143.9 + DE % 18 * 0254 % §

645))
DU * 1.2217)
Bl w 2.4917)
BU w 3.7617}
BU = 5,0417)
21.044627681)
21.04427681)
21.0442/681)
21.04427681)
21.04427681)
LA - T BT

P,

245.92511
245,92511
243.97511
245.92511
245.92511
0.875 = 2,54}

} o+ 5.08793 * (TF A U.0667) - 4.99363% * TF + 4,2

= 3.9026924 ¢ {1640.191052323 7 (tI = 1.8 + 3 + 460))
EXP (VL) * 0.000672 + 3337
(HX * 56500 * 0,125 » 2,54) ; (vQ = 1u0)
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1480
1490
1500
1510
1520
1530
1340
1330
1338
1556
1560
1370
1580
159v
1600
161v
1620
1630
1640
650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
177u
1740
1790
1800
1810
1820
1830
1840
1830
1360
1870
188y
1840
1%Qu
1910
192y
1930
1v40
1Y5u
1960
1970

1960
1990
2000
2010
2020
2030
2040
205u
2060
2070
2080
20490
2100
2110

2120

2130
2140
2150
2160
2170
2180
- 2190

Lx
rl
TA
34
vD
LK
ST
LA
RS
[ 4
c2
RC
HOHE
PRINT
VTAY 3:
YRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
INPUT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
LNPUT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
INPUT
PRINT
PRINT
PRINT
PRINT
RY =
RC =

173

C1

PU =

=

TAB(
TAB(
TAB(
“PRESSH
TAB(
T TADY

TABY(
TAB{
TAB(
TAB{
TAD{
TABY
TAB(
“PRESS RETURN FOR FURTHER DISFLAY";AK$: HONE
TAB(
TAB{
TABY{

12

INT (LX » 1D) / 1u

INT (P1)

INY (TA » 10) 7 1v

INT (PI) .
JH742 * PL / (TA + 273.2)
-08702 - 000278 * (TA - 27)
(3873 - .0UOT2Y * TA) A &

«19 = L4154 % (TA - 43)

+ €2 .
TAB{ U5)"RESULTS OF SCAN": PRINT : PRINT
PRINT TAB( 05)"SYSTEM PRESSURE{Pa}=";PI
TAB( 05)"BULK SUBCOOLING AT INLET TO TEST
TAB( O5)"TEST SECTION TI(C}=";TI;" AND TE
TABL O3)“HASS FLUX (KG/MZ.5)=";MX: PRINT
TAB{ 03)"MASS FLOw RATE(KG/S )=";HF: PRINT
US)"VOL.FLOW RATE(H3/5)=";FR: PRINT
05)"REYNOLD's # AT TEST SECTYION=";RE

u3); "THERHOCOUPLE TEMP(C)"; TAL(
07);"T1=";T1; TAB( 28);"51=";51:
U7);"T2="3T2; TAB{ 28);"52=";52:
07);"T3="3T3; TAD{ 2B);"S3=";53:
U7 ) Ta=";T4; TAB( 28);"S4m";S4:
08};"WALL TEMP. DIFF.(C)"1 PRINT : P
U7)DTI="T; rAB( ¢B); RS1(C)= ;R
20)3"DT2="; TAB(L 28);Tb: PRINT

20);"DTI="; ©LAB( 28);T7t PRINT

20);"DT4m"; TAR( 28);T8: PRINY

z4)
TAB({

US)"HEAT FLUX (W/N2)=":LX: PRINT
04);"BOILING HT.TR COEF"; 'tAB( 25);~
08) ;AT TCRL(N/HZ.CY=";B1; TAB( 32};

05)“PRESSURE AT FIRST THERNOCOUPLE LOCATIUN(Pa
RETURN FUR FURTHER DISPLAY" ;AK$: HOHE

PRENT
PRINT /
PRINT

PRINT : PRINT

(8 w St % (TA + 273,16} % LX w 0.001 / (LA w VU * LK})} A .5
LX * HR / LK
(2 * 5T % (TA + 273.16) * 1000000) 7 (LA = VD * .28 + 1000)

: PRINT
SEC(C)=";Th: PRINT
(C)="3TE: PRINT

: PRINT v
)=";P1: PRINT

$UWALL S'HEAT(?;L: PRINT : PRINT

/
\

-

CONV HT,fR COEF“: PRINT : PRINT
B5:

RINT
S

TAB(
TAD{,
TAB(
"PRESS RETURN FUR FUHTHER DISPLAY™";AK$: HONE
TAB( u5)"COULER GUTLET TEMP(C)=":TU: PRINT
TABL 03)"CW BATH TEMP(C)=";TT: PHINT
TAB{ U5)"HEATER TEHRP{C)w" ;WA1 PRINT
TABL 05)"ROON TEMR(C)=",TH: PRINT

ANT (HS = 10) ; tu

INT (RC * 10) / 10

PRIKT TA8( 3)"SUPHT KEQD w TCL(C)=" ;T ;RS ;"

INT {(Pu * 100) ; 1u0

PRINT TAB( 2)"SINGLE PHASE LP/DZ {Pa/H) =

INT {(BU » 100) / 10u *

YRINT TAB{ 3)“IWO PHASE uP/DZ (Pa/M) =

PRINT "vp= ";
FRESS.URUE="; INT (PD);"

UB) AT TC#Z(W/H2.C)=";B3; TAD( 32);B6:
08);"AT TCRI(W/HL. C)=";B; TAL( 42);B7:
UB); AT TCA4(W/M2.C)=" ;84 TABL 31) ;B4

"3BU = 100:
INT (Vv * 100) s 100;" sT= ";
Ty ANT (su)

1HPUT "PRESS RETURN TO CONTINUE"™;RCS

HONE

INPUT “TYPE Y/N rOn STORING DATARESULTS ON DIsK-
IF 5Ty = =Y THEN

IF ST$ <

HOKE : INPUT “TYPL Y/N rou
IF CS$ = "y"

IF C5§ <

>

>

ST

YT OAND aT3 < > “"N" UHEN GOTO 2000

“jEU ® 100: PRINT

PRINT

¥: PRINT

CONVINULNG SUAN UNDER SAME EXPT CONDITIONS™

THEN SE » SE + y,U1:8H = L:PU = PU: 4QI0Q 050

YT OAND €S53 < > N THEN  GOTO 2030

INPUT "TYPE 1/N FOR 5CAN UKDER NEW eXPT. CONDITIONS"
IF NS3 = "N~ THEN GOTu 2Y1v

IF NS$ <

INPUT "TO CHANGE ONLY THE HEATEX POWER TYPE H.

I¥ HR$ = "H" |MEN INL = LRY + 1:8E = THL:

F HR3 = “F THEN TNL =
ASE FLOW™:BM = 03 PRINT

560

INL = UNL + 1:8E = TNL: HOME : PRINY “IF 'THIS
SHUOULD BE SINGLE

IF HR$ <
HEn
0F =

>

>

SUBROUTINE
CHRY {4)

YT AND HS$ < > W' [HEN GOTO 2060

THY. + 1:SE = (NL: HOME ;

¢ INPUT “FLOW HETER %= TiFLy

PHASY FLOW":Bm = U: COTO 36U
AND RS ¢ > “N" THEN GOTO <0v0
FOR STURING DATA ,RESULTs

sy

YRINT D§;"CATALUG,Dz"

PRINT ~PILENAME Is B.";Du;"

R13 = B~
Rz; - l..Il

"4 SE

"3UCAVI;RCT PRINT

INT (ST * 10000) / 10000;" DE< “; INT (DE);

INPUT “CUMHENTS ALOUT THE RURI";B$: GOSUB 214U: GOTO 2030

;C5%1 PRINT

;NS$: PRINT

0 90

PRINT :

THE FLOW RATE TYPE F “;HRy
HOME : GOT!
PRINT “THE FIRST RUN MUST BE SINGLE PH

INPUT “RESET TIME = ";HS$1 GOTO

IS THE FIRST RUN IN THIS SEQUENCE,THEN LT
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R4% = STRF (LD}
K33 = STHE {SE) -
BF} = R1} + R2% + R43 + R2%} + RSy
PRINT D$;"OPEN";BF}
PRINY D@l"HRITE“;BF$

YRINT

MZ: PRINT Du: PRINT HH: PRINT HM: PRINT B3: PRINT AP1 PRINT TH: PRINT PV: PRINT H

Vi PRINT CH: PRINT FL; PRINT TA: PRINT TI: PRINT TE: PRINT TU: PRINT TT: PRINT HSy

PRINT

PL: PRINT P1ls PRINI FR: PRINT MF: PRINT S1: PRINT 523 PRINT §3: PRINT S41 FRINT T

By PRINT MX: PRINT RE: PRINT Lx: PRINT B1: PRINT BZ: PRINC B3: PRINT Ba

PRINT

51 PRINT B6: PHINT B7: PRINT BB: PRINT R5: PRINT PU * 100 PRINT BU » 100

FRINT
PRIKT

Ti: PRINT T2: PRINT T3: PRINT T4: PRINT T3z PRINT T61 PRINT T7: PRINT T8: PRINT b

RC
D$;"CLOSE”

HETURH
KEM SUBROUTINE FOR YRINTING FILE
Dy = "Cir$ (4)

PRINT
PRINT
HOHE

YRIRT
PRINT
LHPUT

D3} CATALOG,D2"
: INFUT “PILENAME:";vVj

D¥;"OPEN";Vv$
D§; READ";yVy * . .
M%L: INEUT Du: LINPUT Hu: LNPUT Ha: LNBUT By: ANPUT AP: INPYT TH: LNPUT PVi LINPUT H

Vi INPUT CM: INPUT FL: INPUT TA: INPUT TI: INPUT TE: INPUT 1U: INPUT TT: INPUT HS§

LHEUT

PIs INPUT P1: LNPUT FR: LINPUT MF: INPUT 51: INPUT SZ: INPUT S3: INPUT S4t INPUT T

B: INPUT HX: INPUT RE: INPUT LX: INPUT Bl: INPUY B2: INPUYT B3: INFUT Ba

INPUT

Tl: INPUT T2: INPUT T3: INPUT T4: INPUT T5: INPUT T6: INPUT T7:1 INPUT T3: INPUT B

5t INPUT BS: INPUT B7: INPUT BB: INPUT RS: INPUT PU: INPUT BU

INPUT

RC

PRINT_BQ:"CLOSE"
IF H§ = "B" yHEN PRINT “POSITION PAPER IN PRINTER™:; INPUT "PRESS RETURN TO CONTINUE";C
R¥: PRF 1

PRINT
PRINT
PRINT
PRINT
PRINT
PRLINT
IF H§
PHINT
PRINT
PRINT
PRINT
PRINT
FRINT
PRINY
PRINT
PHINT
rRINT
PRINT
PRINT
PRINT
1IF us
PRINT
vRINT
PHINT
VRINT
PRINL
PRINT
PHINT
YRINT
PRINT
PRINT
PRINY
PHIRT
PHRINT
LF u$
PRINY
PRINT
PRINY
PRINT
PRINYL
PRINT
PRINY
PRINT
PRINT
PRINT
PRINT

THARFILENAME IS=  “,yy§
“SCAN MONTH= ";M7.;~ “;

“SCAN DATE=";DD:"  SCAN TIHE=" ;HH ;" 1" 1N

“COMMENTS? ;B%

"ATH.PRESSURE(CH QF HG)=";AP;™ "

"HOUH TEMP(C )= ;TH

= "S5 THEN INPUT ~PHESS RETURN FOW FURTHER LISPLAY";AK$1 HUME
USYSLER PHRESSURE(ra)==;pI;" i

"INLET SUBCOOLING(C)=";TB /
“"FLULID ''ENP AT TEST SEC INLET{C)=";TI;" - !
"AND AT OUTLEL(C)=";TE

“HASS FLUA IN TEST SECIKG/HI.S )= jnxX;"

"REYNOLD'S # AT TEST SEC=" ;{E

"HASS FLOW RATE(KG/S)=";HFi» '

"VOL.FLOW RATE(M3/S)=";rR

“PREHEATER VOLTAGE(v)=";Py;" ",

"HEATER POREK(W)=";HY;" SET TIMEm= ";Hs$

"HEATER BOTTOM LUCATION WKT TEST SEC INLET(CH)=";Cn

"PRESSUME AT FIKST THE{MUCUUPLE ELEVATIUN(Pa)=";P)1 A
"SATH. TEMP AT FIRST TMEKHUCUUPLE ELEVATION(C)=" 1 TA

« "S" IHEN {NPUT "pRess RETURN FUR FUKTHEM DISPLAY";AKF: HOME
“TCH#L TEHP(C)m™;T1;n "

"WALL1 SuPnT TEHP(C)=" 151 -
"REQU SUPHT(C) =" ; " THERMUDY NANLC TIRSUCAVITY HAD ";Ru )
"TEMP DIFFP1(C) = Ty A
"1Ce2 TEMPIC e iy2;" H

“"WALL2 sUPHT TEMP(C)=" ;52

“TEMP DIFFéz = *.T6

"'1'(:,._3 'J.'EHP(C)"";’J.B;" --;

“NALL3 SUPHT TENMP(C)=" ;53

"TEMP UIFFe) = T

"“1Cea TEMP(C) = jua;™

“WALLSL SUPHT TEHE(C)a" ;54

"TEHY DIFrfo = ;18

= "S" THEN NpUy "PRESS RETURN FUR FUHTHER DISPLAY";AK$: HOME
"HEAT FLUX (W/MZ)= " Lx;- (DP/DZ)1P = “.PU;~ (DP/DZ)ZP = ";Bu
“BOILING MEAT TRANSFER COEFy AT TC#L LOC. (W/n2.C)=";p1

"CONV . HEAT TRANSFER COEFF AT 1Crl LOC. (W/HZ.C)=":B5

“BOILING HEAT TRANSFER COEFE AT Tedz LuC.(w/m2.C)m";p2

"CONV.HEAT TRANSFER CUEFF AT 1Ce2 LOC. (W/HZ.C)=";Bb

“BOILING HEAT TRANSFER COEFF AT TC#3 LoC.(u/n2.C)m ;13

"CONV.HEAT THANSFER CUEFF AT 1C#3 LOC. (W/H2.C)=";B7

“BUILING uEAT TRAMSFER COEFF AY TChe LUC, (W/M2.C)=" ;14

"UONV.HEAT TRANSFER CUEFF AT 1Ce4 LOG.{W/HZ.C)=";BY

“PLULD TEMP AT COUL:R OUILET(C)=";qu; "™ =,
"CW BATH TEMP(C)=";TT; PRINY

Ed

RETUKN
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292u
2930
2%%u

N4

IHEUTY "TYSE Y78 To CONTINUE™ ;Car$
I¥ CN$ = "Y' 1HEN GovD 10U

P CHY < > "™y anp CH$ < > “N" TuEn GuTu 2v1u
END

'}
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APPENDIX - H.4 (SAMPLE OUTPUT)

IRRPOmAWPILYNANE Tyw B.9.35.01

SCAN MONTH= 1 SCAN DATE=v  SCAN TIHE=Y: 26

COMMENTS? SITES JUST QUENCHED,

ATH.PRESSURE(CH OF HG)m7b . RuOM TEMR{C)=25.3

SYSTEM PRESSURE(Ka)=306234 INLET SUBCOULING(CY=22.4

FLUID TEMP AT TEST SEC LHLET(C)=36.% AMD AT OUTLET(G)~38
HASY FLUX IN TEST SEC(KG/M2.Sy=388.6 REYNOLD'S ¢ AT TEST SEC=3z40
HMASS FLOV RATE(KG/S)}=.U4b  VUL.FLOW RATE(N3/S )=3.1897u317E=05
PREHEATER VOLTAGE(V)=0 HEATER POWER(W)=7U SET TIME~ OQu 23
'HEATER BOTTOM LOCATIUN WRT TEST SEC INLEL{uM)=z9

PRESSURE AT PIRST THERHOCGUPLE ELEVATION(Pa)=a0u547

SATN. TEMP AT PIRST THERMOCOUPLE ELEVATION(C)=54.7

TCML TEMP(C)=66.5 WALL1 5UPHT TEHE (C)=7.300u0001

REQD SUPHI(C)=THEHMODYNAMLC 1.6CAVITt RAD 44,2

TEMP DAFré#1(C) = 2y,38

TC#2 TEMP(C)=b7.5 WALLZ SUPHT TEMP(C)=8.900000U1

TEMY DIFF#2 = 30,16

1C#3 TEMP(C)=06 WALL3 SUPHT TEMP(C)=/ . 40u000uL

TeHr DAFK#s = 28,44

TC#4 TEMP(C)=65.8 WALL4 SuPHT TEHE(C)=s. 20000002

TeMP DIFF#4 = 28,02

HEAT FLUX (W/MZ)= 15751.8 {DE/DZ)1p = 18125 (UP/DZYZP = 22611
BOILING HEAT THRANSFER COEXF AT 1Cel LOC.{W/HZ, L)=202]
CONV.HEAT TRANSFER COLF¥ AT Tudr LUC.(W/M2.C)=53/

BUILING HEAT TRANSFER UOEF¥ AT TCHz Lyc. (w/n2.C)=17+3
CONV.HEAT THANSFVER CUEFF AT TC#2 LOG. (W/M2.C)m523

BOILING HEAT THANSFER CUEFF AT 1CP3 LOG.(W/MZ.C)}m2132

CUNY JHEAT TRANSFER COEFF AT TU#s LUC. (W/HZ.C)=354

BOILING HEAT TRANSFER COLFr AT Tuéa LoC. (w/n2.C)mz1y1
CONV.HEAT THANSFEK CUEFF AT TCeé LOC. (W/H2.L)=502

"~ FLUID TEMP AT CUOLEW OUTLET(U)=36.8 CW BATH TeHP{C)=34.1

*AFILENAME IS= B.8.26.04
SCAN MONTH= 1 SCAN DATE=s  SCAN TLHE=z2:54

COHHENTS? ALL SITES QUENCHED.

ATH.PRESSURE(CH OF HG)=/6 wOUH TEMP(C)=25.9

SYSTEN PRESSUHE(Pa)=368073 INLET SUBCUOLINGLC)=2B8.5

FLUID TEMP AT 'TEST SEC INLET{C)=47.7 AND AT QUTLETL(C)=3Yy.1
HASS FLUX LN TEST SEC(KG/MZ.5)=388.1 WETNULU'S # AT TEST SEU=3260
HASS FLOW RATE(KG/S)=,046 VOL.FLUW RATE(MS/53)=3.19530421E-05
PREHEATER VULTAGE(V)=U HEATEW POWERAN)=vy] SET TIMEw 22 39
HEATER BUTIOM LUCATLION WWT TEST sEC INLET(CH)=2y.y

PRESSURE AT FIKST THEKMUCOU YL ELEVATIUN(Pa)=3u0y70

SATH. TEMP AT rIHST THEHHUCUUPLE ELEVATION(G)=65.4

LTC81 TEMP(C)=/4.8 WALL1 SUPHT TENPAC }=y . 40000002

REQU SUPHT(C)~THERHOUYNAMIL L.TCAVITY vAL Jo.38

TEMP? DIFF#L(C) = J6.82

TCRZ TENY{C)=74,3 WaALLZ SUPHT TeMP{C)=8.%U00000%

TEMP DIFF#2 » 34,04

~LG#3 TEHP(C)=T5.8  WALLI sUpHe TEME(C)m1U. 4

TC#Y TEMp(C)=Tu.8  WaLLs SUPHT TrHp () w5, 4000000y

TEMP DIFFe#4 = 31.y8

HEAT FLUX (W/MZ)= 20¥64.3 (DP/DLZYIP = 21855 tDP/DZ)2P = 10202
BUTLING MEAT TRANSFER COEFF AT TU#1 LUC. (W/M2,.C)m224D
CONY . HEAT THANSKER CUEMF AT TCrl LOC.{(W/HZ.C)m569
HBOILING HEAT TRANSKFER CUEKF AT 1Ce2 LOC.(H/MZ.L)m235
CUNVHEAT TRANSFER COLFy Al TU#2 LuC.(w/H2.C) =381
BUILING HEAT 'URANSFER UOEFr AT TC#3 LUC.(W/Nn2.C)wz016
CONV.HEAT THANSFER COEFF aT TC23 LOC. (W/H2.L)=5062
BOIL1NG HEAT THANSFER CUEFF AT TC#G LOC.(W/HZ,.CY=388y
CONV.HEAT TRANSFER COEFF At TU#y LUC.(w/Hn2.C)=b5>

FLULD YEMP AT COULER QUTLET{C}=358.5 CW BATH VEMP{C)=z58

TEﬂg DIFFP3 = 37,26



APPENDIX - I
List Of Equipment and Instrumentation
<



117

APPENDIX-I
. ‘ o oy

l.Cartridge Heater, Model # H1-3, Fast heat, "Hi-Temp", 7.874 mm
diameter, 63.5 mm heated length, 76.2 mﬁ sheath length, 141.05
KW/m2 heat flux, 225 W, at 120 V. Acrolab Instruments, Windsor,
Ontario,

2.Computer, APPLE II Plus with RS 232 interface card, Progranm
language APPLE BASIC, Apple Computer, Inc., 10260 Bandley Drive,
Cupertino, California.

J.Congtant Current Supply, Model # PS-KIT-1, input 12V, output 1.5

A, Omega Engineering Company, Stamford, Comnecticut.

v

4.Constant Temperature Bath, Model # K-40, 115 v, 800 W,

Messerate-Werk Lauda, W. Germany.
5.Data logger, Fluke Data Logger, Model # 2240 C, John Fluke

Manufacturing Co., Everett, Washington.

6.Dial Pressure Gage, Model # RO7-200-RNKA, 0-11 bar(gage).

C.A Norgren Co Inc., Littleton, Colarado.

7.Differential Pressure Transducer, Model # PX83-005 DV, 0.345

bars differential, span 143.9 wV at 1.5 mA, Omega Engineering
Company, Stamford, Connecticut.

B.Glass Pipe, ﬁorosilicate glass pipe, PS1/ 18, I.b. 25.4 mm,
maximum working temperature 300 degrees G, maximum)working
Pressure 7.51 bars, Pegasus Industrial Specialities Ltd,
Agincourt, Ontario.

9.Filter Drier, Model # ALCO ASD 4586-VV, Mueller Brass Co., Port
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Huron, Michigan.

10.F]lowmeter, Model # FL-1504 A, with flow range 0.628 US gpm-
6.28 US gpm for water and with graduations at an increment of
0.1256 gpm. Omega Engineering Company, Stamford, Connecticut.
11.Preheater, Model # 220 1968, 282.6 mm long, oil immersion
heater, 300 W, 120 V, Temro Products Ing., Winnipeg, Manitoba,.

12. Pump, Model # J-7004-54, maximum flow rate 7.5 US gpm, maximum
head 5.18 m of water, Net Positive Suction Head (required) 0.1524
m; Cole Parmer Instrument Company, Chicag&, Illinois.

13.Pressure Transducer, Model # PX 82-100 GV, maximum pressure 7.9
bars, 111.3 mV span at 1.5 mA, Omega Engineeriﬁg Company;
Staﬁfo;aT_EBhnecticut.

14 .Printer, Model # 26-1168, TRS-80 Line printer VIII, Tandy
Electronics Ltd., Barrle, Ontario. -

15.5ystem Pressurizer, Model # ABOLB3T1AlK, 0.000946 m3 size,

206.9 bars, Parker Fluid Power, Des Plaines, Illinois.

16 .Thermocouple Plugs, Model # OPNE-1l4, with 2 self sealing
neoprene rings, QOmega Engineering Company, Stamford, Connecﬁicut.
17 .Vacuum Puﬁg, Model # 1399, The Welch Scientific Company,
Skokie, Iliinois.

18.Valve, 19mm, Model # 901 A, ball valve, Jenkins Company, USA.
'19.!gxigg, Model # W5MT3, 0-140 V, General Radio Company, Concord,
Massachussets.

20.Wattmeter, Model # 880, 0-250 W, Simpson Electric Company,

Chicago, Illinois.
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