"THE ADIABATIC FLOW OF EVAPORATING FLUIDS IN PIPES".

A thesis submitted to the University
of Glasg@w for the degree of Ph,D.

by

DAVID L. LINNING, B.Sc,




ProQuest Number: 13838395

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 13838395

Published by ProQuest LLC(2019). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346



CONTENTS LIST,

Acknowledgements,
Abstract,

List of Symbols,
Introduction.

® 80000000

PART I, REVIEW OF PREVIQUS WORK.

(1) On the capillary tube restrictor,

(ii) On the flow of evaporating water.

(ii1i) On the co-current flow of gas-
liquid mixtures. |

Selective summary of the review.

® 8 @ 000 0 28

PART I1, THEORY,

Flow forms.

Introductory note on development of annular
and separated flow equations.

Assumptions.

Annular flow equations.

Critical outlet conditions for annular flow.
Separated flow equations.

Critical outlet conditions for separated flow,
Frothing flow. |

Critical outlet conditions for frothing flow.

Page Number,

1
Z
5
-

32
33



PART III, WATER EXPERIMENTS AND ANALYSIS.

Page Number,

Aim and scope of experiments, 58,
Apparatus. co.
Mass flow measurement. €
Temperature méasﬁrement. G3.
Pressure measureﬁent. ©5.
Momentum measurement. e
Procedure, IS
Presentation of water results. 75,
Analysis of test results. 7e.
Interface velocity ratios and friction
factors. 79
Critical outlet conditions. 8%
Prediction of temperature distribution
curve, 38,
;PART IV. FREON 12 EXPERIMENTS AND ANALYSIS. ne.
Aim and scope of experiments, 117
Apparatus. | | 1,
Compressor unit. 122
0il separator, 122,
Condenser and sub-cooler., 125
Drier. 125,
Expansion valve, 125
26,

Evaporator and mass flow measurement,

Capillary tube and associated apparatus. 1.8,



Procedure.

Presentation of Freon 12 results.,

Analysis of Freon 12 results,
Critical outlet conditions,

Friction factors.

PART V, DISCUSSION AND CONCLUSIONS,

Discussion.
On water tests.
On Freon 12 tests.
On factors affecting the flow form.
Conclusions,
 On water,

On Freon 12.

® 6 s s 00000 .

BIBLIOGRAPHY,

APPENDICES.

1. The determination of mixture quality.

2. Sample calculation of relative velocity
factor and interface velocity ratio.

3, Prediction of temperature distribution in
the evaporating flow of water, given:-

mass flow, pipe diameter and initial

condition.

Page Number.
134,

136,

1739,

139,

148.

166
167
167

171.

=N
<
w

178
175.
176 |

207



Page Number,

The relationship between fluid temperature
and tube metal temperature.

The calculation of a critical outlet chart
for water,

To show that there are two, and only two,
values of relative'velocity factor which
satisfy the conditions of evaporating flow.
To show that there is an instantaneous
change in the rate of pressure and
temperature change with distance at the
commencement of evaporation,

The calculation of a critical outlet chart
for Freon 12,

The calculation of friction factors for
evaporating Freon 12 flowing in small

bore tubes,.

® o680 0o

125

>
)2
e

130,

232,



ACKNOWLEDGEMENTS,

The work described herein was carried out in the
engineering laboratories of the Royal Techniecal College,
Glasgow. In the early stages the work was supervised
by Professor Kerr, Ph,D., and following his retiral,
by Professor Thomson, D.Sc. For permission to use
the facilities of the College laboratories and also for
interest taken and advice given during the course of
the work, acknowledgement is made to Professors Kerr

and Thomson,

I further wish to record my indebtedness to
Professor Scott, Ph.D,, and to Mr, Laird, B.Sc., for

much helpful advice and criticism,

Messrs., L. Sterne and Company Limited, Refrigerating
Machinery Manufacturers, Glasgow, kindly supplied a

refrigerator test unit.

I offer my sincere thanks to Mrs, William Davidson
who so generously undertook the typing of the thesis.



N

This thesis deSOTLbCS a theoretical and experimental

investigation of the adiabatic flow of evaporating flulds in
nipes. The theory is develoned from the assumptionsusually
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mede in the subject of fluid flow, and i
with water énd also with freon 1lZ.
From a review of previous papers relating tp t

subject two main points emerge.

(1) An evaporetwng fluid, dependlng on the conditions, may
conform to any one of a variety of flow meghanisms,

(2) Thé_liquid and vapour components may flow with
different mean velocities.

o

Appropriate theory is developed for three flow *

]

rrs

which are knownto occur qnd which probably cover the majority

o
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of practicalycases. These modes of flow are character
as (a) annular, (b) separated and (c¢) frothing.

In the first two forms relative motion between nhaces
occurs, but in the last is prevented by a liguid network rnain-
tained by surface tension forces.

The theory for annular flow shows that the relotive
velocity factor (ratio of mean vapour to mean lisuid veloc ity

is a function of the thermodynamic propertics of the FLuié and

also of the inbterface velocity ratio (ratio of mean velocit: at

interface to rean licuid veloecity). This Lletter is the onlw
Y

empirical guantity influencing the relative velocity factor:

its value must be near to, but not less than unitw.
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Since there is no relative motion betiwcen haves
with frothing flow, standard thermodynamic theory is apnlicanlc
provided surface energy may be neglected.

Critical outlet conditibns readily occur with

evaporating flow because of the high rates of volume incroease

with pressure drop. The equations which exnress the
velocity factor throughout an expansion also provide the

criterion for the prediction of critical outlet conditions,

9]

For annular and separated flows these are icdentical.

o~

Critical pressure ratios for frothing flow are mueh
smaller than for a corresponding flow with relative motion,

Critical outlet temperature and pressure charts 7o

!

water and for freon 12 have been prepared and are given in the
text.

The main water tests were mide on a tube of 0,1:285*
bore, a few preliminary tests being carried out on a tuve of
.060% bore. By measuring fluid momentum at the tube ouvilet
an experimental determination was obtained of the rolative
velocity Tfactor .. Temperature and pressure measurements ere
made throughout the expansion and the technigue adopted for
these are fully described, Visual evidence of the flov Pornm
wag obtained by photographing the fluid as it loft tho b

Both observation and analysis confirn

Fal -y, P . — _ N 3 . n - .
Torm adonted by the evanorating water is of the cnnular $0
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e theorotical and easuroed valuvces of relative veolol

criticrl cutlelt conditions are 1n 024 anpodimins,

A

mental deta on critical outlet conditilions obtalnec Hrov-
‘ 3 < 1.4 ] Aty ayier
iously by Burnell on pipes of L% to 14" bore, also show

acroenent with the theory.

(o]

il

Friction factors asgociated with the annular {lcwy of
evaporating water were investigated and a method of corrcla-
tion is proposed., The wall shearing force is found to be a
function of liguid velocity and density,'the friction factor
being dependent on a Reynold's number,

The freon 12 experiments were carried out on o grnell
refrigerator test unit of a standard type, tests being nade
on tubes of .042" and .060" bore. Precautions were talen to
prevent frosting on the capillary tube.,

Critical outlet data showed conclusively that the
flow form in this case was of the frothing type. This haad

been assumed by some previous investigators but had ﬂevor heen
proved,

The fact that freon 12 adopts the frothing flow fors
is consistent with the general theoretical development.

The question of friction factors for frothing flov is
discussed but no attempt at a bomplete investigation could be
made because of the extensive nature of the experimental work
recuired.,

The factors affecting the occurrence of the various

flow mechanlisms are given qualitative discussion.
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LIST OF SYMBOLS.

Cross-sectional area of pipe

Cross-sectional area of a phase

W
=21 -y
=4 C2
l1-4aq VY

Diameter of pipe

Internal Energy

Wall shear force

Interface shear force
Gravitational acceleration
Total heat of liquid

Total heat of vapour

Mechanical Equivalent of Heat
Relative velocity factor (Vo/Vqy)

Latent heat of evaporation

Fluid momentum passing a section per

unit time
Interface velocity ratio (Vp/Vi)

Pressure

Quality of mixture (based on rate of

flow past a section)
Temperature
Velocity

Interface velocity

Specific wvolume

ft.
BTU/1b.
1b.
1b.
£t/sec
BTU/1b,
BTU/1b.

BTU/1b.

1b,

1b/£42.

ft/sec.
ft/sec.

£t3/1b.

Q)
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Weight rate of flow

Distance

Wall shearing force per unit area
Stanton friction factor
Viscosity

Entropy

Subscripts.

1.
2.

C.

N

1b/sec.
£t.
1b/£42,

1b.sec/ft2.
BTU/CF.1b.

Refers to liquid at saturated condition.

Refers to vapour at saturated condition.

Refers to conditions at commencement of

evaporation,

Refers to conditions at tube outlet.

Refers to expansion at saturated condition.
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TerrebuCrir,

The oresent investigotion was initiated with the

intention of maling an examination of the flow of refrigerant
fluids throush a “capillary tube restrictor®, This device

ig simply a length of small bore copper tubing used for the
purpose of metering refrigerant from the high to the low

pressure side of a refrigerator. Iits advantages in termig of

g
@
W
} et

economy and reliability have made its application unive:
in the modern mass-produced hermetic refrigerator unit.

he usval

Figure 1, 1s a diagrammatic arrangement of
set-up of this kind. The capillary tube is in metallic con-
tact with the suction line over a length of four feel or norse,
the purpose of this being to increase the capacity of the unit,
The una?tached length of tubing is always at the lov-onressure
end. Thus, the refrigerant in a balanced circult enters the
capillary'tube as a liquid, is cooled externally by the suction
vapour returning to the compressor, and ﬁommenoes to eveporate
at the point where the fluid pressure becomes egqual to the
liquid saturation pfessure. The subsequent evaporating low
is almost adiabatic, a small amount of heat being supplied fron
the atmosphere. Figure 2, shows typical pressure and temper-
ature varlations of the refrigerant as it flows through a
capillary tube restrictor in an actual unit.

From this brief description 1t is clear that the
essential problem consisted of finding or develoning an

aporopriate theory of evaporating fluid flow in uniform »ipves
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and verifrying this by suitable oxseriment,

A goneral svrvey of the literature relovant to
evaporating fluid flow in pipes revealed that, d@spite the
occurrence of the phenomenon in many fields of cenginecering,
approaches to the problem had hitherto becn of an emoirical
nature and usually of a type appropriate to some particular nrob-
lem of interest to the individual investigator. This was
particularly so in the case of the capillary tube restrictor,

. It was decided as a consequence that the present need
was for a more fundamental approach and that little purpose
could be served by adding to the already excellent empirical
data on the subject of capillary tubes. By extending the scone
of the investigation to include theory and experiments relevant
to the flow through pipes of evaporating fluids in general not
only wouid the value of the work be enhanced, but the probloem
would be rendered more approachable in that experiments could bhe
designed to sult fundamental reguirements rather than to over-
corne difficulties peculiar to refrigeration units.

The scopé of the investigation is therefore adecuately
described by the title of the thesis as "The Adiabatic Flow
of Evaporating Fluids iL Pipes',

Whilst the more general non-adiabatic tyve of flow is
of greater practical importance, it was only by limiting the

investigation to the adiabatic case that problem could bz kent

within manageable limits.
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REVIEW OF PREVIOUS WORK,
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The papers reviewved are divided into threc grouns
(1) On the eapillery tube-restrictor.

(2) Cn the ecvaporating flow of water,

(3) On the co-current flow of gas-liquid nixburecs,

1 in-

S I 4

Subsequent sections of this thesis are relative

dependent of existing literature on the subject because o~

differing methods of approach favoured by previous investisators.

A survey of the present sources of knowledge is nevertheless a

(&8

necessary preliminary to further discussion and

e
@

L was decid

™
oy

that this object could best be served by sumnarising @ll relevant

papers in chronological order, rather than by vresenting a

selective review.



12

SRS

iTheory and Use of a Capillary Tube for Liguid
nefrigerant Control®, by L.hi. Staebler, (Rofrigerating

noincering, January 1048.)

From the point of view of the refrigerator.designoer

this paper is perhaps the most suitable. It provides a lucid
description of the aims and technigue of design Ttogether yith

fpl empirical data relating tube bore and length to con-
pressof horse~-power, and condensing and evaporating temserstures.
It also emphasises thaf this data is for guidance only and tict
each new design must be submitted to extensive practical teuting
before being accepted as satisfactory. ﬁothing that hos since
been ?ublished alters this important conclusion. = Indeccd, the
variability of o0il circulation and heat exchange with different
units under varying conditions makes it geew.likely that this
will always be 80 no matter how much detailed information hecomes
availlable in thé future.

The theory provided is entirely qualitative, cdealing
in trends rather than in mathematical relationships,

Staebler introduccs the idea of the capacity balance
characteristic, - The restrictor is a non-adjustable metering
device and as a consequence condensing and evaporating touw ora-
tures are unicuely related for a given unit oversting at its
e The echarontor-

. E SR [P N

] -~ E 1 - o ° . - T o wa oy - 5 T - : N
istic iz the ecurve relating these temmeratiuroes, It 20 obtained



EvaporaTing Temperature.
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*apnlicabion and Characteristics of Canillary
Tubes’, by H. F. Lathrop. (Refrigerating Inginecring, 41 ust,

1948, )

Lathrop goes over again some of the ground coversd D
taebler, devolting a considerable part of his article to exu-
plaining in simple terms the purpose and operation of the
restrictor,

He introduces the idea of obtaining a charactoeri

0
ct

curve for a given unit by plotting compressor circulation
cavacity and tube circulation capacity to the saznie base; in His
case, suction pressure, The intersection of corresvondin::
lines provides balance points.

As an aid to adjustment of capillary tube length and
hore Lathrop proposes the following relationmships. If D, L

3

AP represent tube length, Dbore and overall pressure drop,
then mass flow varies as E) (/,) QXF3 These relation-
ships are very rough. Lathrop emphasizes the important and at
fhe same time unpredictable effects of heat éxchunge on circula-
tion rate. The difficulty lies in the estimation of the heat

exchange quantity.

14



Devico, by il. L. Belstad and #. . Jordan. (elfrigeracing
fngineering, Decerfoer 1948 and June 1949.)

This papeor apveared in two parts. The auvthors
develoned standard thermodynamic theory in the first part and

applied it to provide a method of calculating tube length and

bore for a required set of conditions. = Their method ig, in
effect, that proposed by Fanno in 1904 for compressible [flulds

flowing in vives of uniforu bore,

Bolstad and Jordan draw attention to the exwnerirental

-

LY
determined fact that mass clrculation in a refrigerabor unit
employing a restrictor is almost independent of eveaporator
pressure except in so far as it affects the heat exchange rate

between the capillary tube and the suction line, They also
found experimentally that using an oil separa*or.in their
experimental unit resulted in a reduction in the measured mass
circulation.

The second part of this paper showed a marked chonce
in the policy of its authors in that the theoretical apwvroach
wasg discarded as being of little practical valuve and an empirical

approach proposed in its stead.

‘This empirical approach was based on the idea tihat the
nass flow of freon 12 through a particular conillary tube could
be expressed as a funotion only of inlet pressure and initial
evaporator temperature, referred to by them as the bubble -oint

temberature, On +this basis thow nregsentad sori 2 3
LDQTPINUe, L LS DASLE T DreIeltac a series o7 oiparh

i
RNRG)

%)
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L LY

Aoletad and Jorcan Fall to meke it clecr Linst thoir

erpirical rationalisation is dependent on their cxzperinentol

observation that mass flow is largely independent of evasorator

DYessUre., They note that the method is alsc denendent on the

fact that variation in licuid viscosity, and hence in frictio:
factor, over the temverabture range encounbered, is small.

The chief reasons adduced by thesze authors for ris-

.

h
ty
o2

carding the theoretical approach were tediousness and in-coo:
the latter resulting from the fact that entrovy values curobed

in tables are only given to five figures,

It is not desired to go into detail —hich is ir-clovons

)
ta
1
"

to the main theme of this report but it is noted thet hotl- of

-

these defects could have been alleviated by the construction

a nressure-enthalpy chart with constant entrony linca, T

-

consbruction of such a chart for the wet fiecld is relctively

gimple because of the unicue relationshin bebtweecn tensirso =a
and pressure.

Thig development would not, of courss, hivse redorzd
Staebler'ts conclusion on the necessity for orzcticel feeti -~

invalid, a coneclusion which is re-iterated by Zolsztad =rc

Jordzn,
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regpure Drop and Change of Fhase In a sapillary

Tube’, by G. F. larcy. (Refrigerating inginecering, Januaiy
1949, )

Marcy proposes a method of caluulating pressure drop
during evaporating flow through a capillary tube which is bused
on the Standard Fanning equation. Friction factors'are hased
on a Reynold's number, the viscosity quantity belng that
aporopriate to the liquild phase, His justification for this is
the correlation of a set of fou: results, two on freon 12, and
two on sulphur dioxide. )

He ignores the effects of fluid momentum variation

juring expansion, thereby rendering his paper meaningless.

tGapillary Tubes: A Guide to Their Application on
Freon 12 Hermetic Condensing Units", by L. 4. Stabler.

3

(Refrigerating Engineering, January, 1950,

This paper 1is a condensed re-statement of Stabler's
earlier paper published in Refrigerating Engineering, January
1948, It was published as a contribution to a series of papers
on the design of refrigerators under the general title of

"application Data'l,
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paners Llo that none Tooir note of the impo:

guestion of the flow form adopted by the fluid during two nhace

flovw. In the papers proposing some form of relationshin

3

between varicbles it was assuned without cuestion thaet vapour
and liguid flowed with a common velocity at all stages in tho
exmansion.

It will be shown in a later section that this an.ens

to be the case for freon 12 but it will also be shown thal this

is not a supposition which could be accepted without experimental

~

proof.,



GROUP II. ON TEL FLOW OF BVAPORATING wWATZER,

"The Flow of Boiling Water Through Orifices and Pipes™

by W.T. Bottomley, (NeE.Ce Inst. of E. & S. Vol., LIII 1936-7).

The greater part of Bottomley's paper is concerned
with flow through orifices. He shows that in this case the
water can exist in the liquid state in a meta-stablé condition
during expansion through the orifice, thereby allowing a much
greater masslflow than predicted by Thermodynamic theory.,

In contrast to this he finds that the flow of evaporat-
ing water through pipes is in accord with standard theory and
the assumption of thermodynamic stability.

His experimental data was obtained by measuring the
pressure distribution along a 100 feet length of pipe in Barking
B Power Station. The mass flow was 260 lbs/ft.zsec
initial pressure 38 1lbs/in Sabs and outlet pressure 22 1bs/in &
abs. Using a value for friction factor of ,0l2 he finds that
the predicted pressure distribution is in close accord with
- measured values, The law value friction factor was attributed
to the high velocity'of flow,

He also draws attention to the existence of a critical
outlet pressure at the tube exit and finds that here again expe-
imental data'are in accord with standard theory.

These considerations lead Bottomley to assume that tle

liquid and vapour components of the water flow with a common

velocity during expansion in a pipe, and that the fluid is in
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thericodynanic egullibrium at all stage

Bolling .ater Through Hozzles, Orifices,

o

"Flow of

Pives”, by J. G. Burnell. (Engineering, December 1947.)

an
jAv]

.
)
]

Burnell carried out experiments on the flow of
boiling water through nozzles, orifices, pipes and also on
nozzles and pipes in series. He're~COVered much of Bottomley'!s
work oh nozzles and orifices and substantiated his results in
this respect.

His experiments on the flow of evaporating water
through pipeé, however, showed marked divergence from those of
Bottomley. Experiments on pipes of diameters ,529", ,204"
and 1.5" revealed that measnred critical outlet pressures vere
very much below those prédioted by standard theory based on
the assumption of a common liguid-vapour velocity. On the
same basis, an assumed friction factor of .018 lead to oredicted
mass flows very much lower than those obtalned experimentallwy,

To account for this important discrepahcy Burnell
suggested that the liquid flowed with a smaller velocity than

the vapouf.



"The Discharge of Saturated Water Through Nozzles*,
by ReS. Silver and J.A. Mitchell, (Trans N.E.,C, Inst, of

E. & S+ Vol. LXII, Dec. 1945,)

Silver and Mitchell carried out experiments on the
flow of evaporating water through convergent-parallel nozzles,
finding that the measured mass flow was much in excess of that
predicted by standard thermodynamic theory, They attributed
this to delayed evaporation and proposed a quantitative theory
based on the idea that this delay was due to the finite time
required for heat flow within the fluid. In constructing the
theory they assumed that the liquid flowed in a central core
and the vapour in the remaining annular afea, the liquid énd
vapour having a common velocity.

Experiment showed that critical outlet pressure was
dependent to some extent on the back pressure, In ome test,
reduction of the back pressure from 25 to O lbs/in2 guage
resulted in a reduction of the critical outlet pressure from
25:5 to 20.5 lbs/in° guage. This feature was attributed by

Silver and Mitchell to increased heat loss to the environment.

iThe Circulation of Water and Steam in Water Tube
Boilers, and the Rational Simplification of Boiler Design¥,
by W. T. Lewis and S.A. Robertson. (Proc., I. Mech., E.

Vol, CXLIII, 1940).



This maper covers a wide field, its chiel intereant
to the orescnt purnosc velng a description of tae flow
mechonism as water, flowing upwards in a hooted wertical tube,

evanorates. ‘"his descrintion 1s based on the experimental

Boarts, Badger
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vrorlc of Barbet;
Ileisenburg; Stroebe, Baker, and Badger; Lewis and Robertson.
®igure 5, which is.Copied from the paper being reviewed, shovs
diagrammatically the changes talking place.

Evaporation commences with the Tormation of a large
number of small bubbles which subsecguently coalesce to cause
slugs of alternate steam and water. These soon break un to
form an inner core of steam and an outer annulus of liquid,
the latter travelling more slowly than the sbeam core. Finally
the thin film of liguid on the tube wall disperses and the
fluid flows as a decreasingly wet mixture until it eventually
becomes superheated, The length of the tube occupied by the

different stages depends on the intensity of heatlnw and on the
ate

of water supply to the tube.
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GROUP TII. OIf THE ¥LUJ OF GAS - LIQUID HIXTURES IN PIPES.

“Isothermal Pressure Drop for Two-Phase Two-Component
Flow in a Horizontal Pipe®, by R. C. Martimnelli, L. M. K.
Boelter, T. He M. Taylor, E. G, Thomsen and E, H, Morrin,

(Trans. A.S.M.E. Vol. LXVI, 1944,)

This paper reports measurements of the static
pressure drop accompanying the two-component flow of air and
a variety of liquids, including water, benzene and oil. The
experiments were carried out on a %" galvanized 1lron pipe and
in a 1" glass pipe, flow conditions varying from 100% air to
1004 liguid. In addition, flow patterns existing at various
. flow rates were studied visually and an empirical analysis,
based on various non-dimensional parameters, was presented,
The subject is very complex and the analysis correspandingly
approximaté; Their extensive experimental data shows a
correlation of + 30% with predicted values.

Figure 6, a reflex of a figure given in the paper
being reviewed, shows the flow patterns observed in air-water
flow under varying conditions. The patterns are divided into
two groups corresponding to turbulent and viscous liquid flow
respectively. The air flow was sbated to be turbulent in all
cases although this would appear to be misleading in respect
to bubbling fiow. Table 1, quoted from the paper in question,

provides qualitative information relative to the occurrence of

the various flow forms, These forms can be listed under the
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rate 2 2 2

Table 1, Observations on flow mechanisms for air-water nixturcs

tlartinellil and co~workers,




self-explanatory titles of frothing, bubbling, separated and
annular, It is not clear from the Authors' description

whether type 4 would best be described as annular or separated.

"Co-current Gas - Liquid Flow". (Published by
A.S.M.E, for Heat Transfer and Fluid Mechanics Institute 1949.)

1, "Flow in Horizontal Tubes", by 0. P. Bergelin and
C. Gazley.

This paper continues the examination of the gas-
liquid flow problem on the lines developed by Martnelli and
his co-workers, concentrating attention on, what is termed,
the !'stratified! flow form. Stratified flow is described as
a flow in which the vapour occupies an upper segmental area in
the tube and is separated from the liquid by a smooth interface,

They show that Martnelli's empirical analysis reguires
modification to render it applicable in this instance,

The various types of flow are re-examined visually
and some relevant guantitative data given in a chart which is
reproduced here in figure 7, The following description of the
possible flow mechanisms is guoted.

"If one introduces increasing amounts of gas to a pipe
flowing full of liquid, the following types of flow successively
occur (a) bubbling flow in which the gas flows along the top
of the pipe in the form of bubbles (b) stratified flow in which

the liquid flows along the bottom of the pipe with a smooth




LIMITS OF VARIOUS TYPES OF FLOW

CO-CURRENT FLOW OF AIR AND WATER
"‘Tv IN ONE-INCH TUBES

NNULA'R FLOW

q

o

-3
1)
#
+___

FLOW T

O\x

o o

‘%\

"

& | stramFieD \\

€ o}—FLOW+—o

< AN

< \

\

s il

[ O JENKINS (6)
a O  HOLDEN (5)
6,% GAZLEY AND

BERGELIN (3)

. I

o0 200 300 1000 2000 8000
WATER RATE, Ib./he FIGURE 3
—f ——[

! d water in a
Figure 7. Co-current flow of air an
> : horizontal one-inch tube, 2
o (Reference: Bergelin and Gazley)




29,

surface and the gas flows above (c¢) WaveAflow which is similar
to stratified flow except that the interface is disturbed by
waves (4d) slugging flow in which occasional frothy slugs pass
rapidly through the pipe; and (e) annular flow in which the
liquid flows along the pipe wall while the gas flows through
a‘central core, At very low liquid rates the type of flow
changes directly from wave to annular, with no intermediate
region of slug flow",

They also state that bubbling, wave and slugging
flow are of an unsteady type whereas annular and stratified

flows are steady,

2. "Flow in Vertical Tubes®, by 0. P. Bergelin;

P. K. Kegal; F. G. Carpenter; C. Gazley. ‘ :

In this paper an experimental study is reported of
the downward annular flow of air and water through a wertical
one inch tube, The results were found to agree with previous
data obtained by Martinelli and his co-workers,

By calculating the velocity of the gas phase on the
rather artificial assumption that it occupied the whole of the
flow area, friction factors were determined. The values thus
obtained were much in excess of thosé appropriate to the
corresponding flow of air in a smooth pipe, this being attributed @

to irregularities on the surface of the water film flowing

along the tube wall. This data was applied to predict vressure



drops occurring during the condensing flow in a vertical tube,
of the vapours of water, alcohol, toluene, and trichlorethylene.

Measured and predicted results correlated very'approximately.

3. "Interfacial Shear and Stability", by C. Gazley.

The data reported in the earlier paper of this
series, "Flow in Horizontal Tubes', is uded to assess energy
transfer between the two components during air-water stratified
flow in a horizontal tube, Energy balance equations enabled
the Author of the paper to assess the energy quantity ost by
the air and'that gained by the liquid at the interface between
the two fluids.

For a stable interface these ﬁwo quantities were
found to be equal, but above a certain relative velocity the
interface became unstable and the energy lecst by the air was
found to be in excess of that gained by the liquid. This
latter feature was attributed to the irreversible work done by

the gas in forming unstable waves at the interface.



Selective Summary of the Preceding Review,

The features emerging from previous papers which
are directly relevant to the present work may be summarised
as below: |

1. The investigations of Bo‘ctomley2 and Burnell3 yield
conflicting results in relation to the evaporating flow of
water in pipes, the former finding support for his contention
that liquid and vapour flow with a common velocity, the latter
demonstrating very conclusively the existence of relative
motion,

The discrepancy between the two sets of data may
possibly be accountable to unobserved or unnoted factors such
as a detergent additive in the water used by Bottomley.,

Burnell's experiments on pipes, in contrast to those
of Bottomley, were carried out under laboratory conditions and
in consequence may be accepted with greater reliance as re-
presenting the true behaviour of evaporating water,

To account for his results,Burnell postulated, but did
not develop, the idea that relative motion exists between the
two phases during the evaporating flow of water in pipes.

24 Previous investigations indicate the occurrence of
several possible flow forms with two phase flow, Using the
terminology adopted by Bergelin and Gazle&% these are (a)
bubbling, (b) slugging, (c) stratified, (d) wave, (e) annular,

(f) frothing.
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THEORY ,
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succeeding secvions

=

The specific problem discussed 1

of this thesis is the behaviour of a fluld entering a horizen-

o

tal pipe of uniform bore at a temperature just below its boiling
point, and subsequently evaporating whilst rlowlng adiabaticeally
through the pipe. Bvaporation commences within the pipe when
the pressure of the fluid has been reduced by wall friction to
the saturation value corresponding withvfluid inlet temierature,
Throughout the subsequent expansion the fluid mass is mainly
associéfed with the liquid, whereas, except during a very small
initial pressure drop, the volume is Mainly associated with
the vapour.

FigureVB, illustrates the change of mass and volume

ratios for the two phases with temperature and pressure during

a typical adiabatic expansion of water,

Flow Forms.

The simultaneous flow of two phases in a pipe renders
possible the occurrence of a variety of flow mechaniems, as has
beeh shown by preViéus investigators, and it is necessary to
consider these qualitatively before going on to develop approp-
riate theory.

In Britain, Lewls and RHobertson, and in Amecrica,
Fartinelli and co-workers and also Bergelin and Gazleyihavo
devoted considerable attention to this aspect of the problem,

-

their findings being mutually consistent.
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Taking the worl of Bergelin and Gazle§2as beins
typical and referring to the guotation from their paper given
in the foregoing review, the observed flow mechanisms are
classified under the headings (a) bubbling, (b) stratified,

(c) wave, (d) slugging, (e) annular.

These observations were made on air - water mixtures
flowing through a 1" bore horizontal glass tube.

An incidental advantage attaching to the gas - liguid
flow as a medium for observation as opposed to the evaporating
fluid, is that volume ratios and relative flow rates remain
fairly constant along the length of the pipe. A major differ-
ence between the two sets of phenomena which is likely to affect
flow forms lies 1n the respective fluld accelerations incurred
during flow, Consequently, any data on gas - liquid flow must
be applied with vaution to evaporating flow, although the
summary given by Lewls and Robertsag of flow forms occurring in
a water - tube boiler, shows qualitative consistency with those
obgerved by Bergelin and Gazley.

Considering the published information with reference
to the present discussion the following observations are made,
Bubbling flow will not occur when the vapour volume is greater
than the liquid volume, which 1is, except during a very small
initial pressure drop, the case with adiabatic evaporating flow,
Stratified and wave flows can come under the common heading,
separated flow, and whether it be stratified or wave is not

relevant to the subsequent theoretical development,



Slugeing flow is not expected to be a stable form of flow,
since small slugs of liquild dependent on the agency of surface
tension are not likely to withstand the disruptive forces in-
volved in the high accelerations of the fluild. Annular flow
is believed to be of frequent occurrence, particularly at the
higher mass flow rates, and as will be shown is the form ob-
taining for water flowing through small bore tubes. Frothing
flow was not observed by Bergelin and Gazley although Martinelli
and his co=-workers reported its occurrence in experiments of a
similar nature. Under certain conditions, described later, it
1s a likely flow form,

The foregoing provides a basis for the following
postulate.

A particular evaporating flow will conform to one of
the three types described below:

(1) Annular flow, in which the ligquid phase is gonfined
to the wall of the pipe, the vapour flowing in an inner
core, The essential feature of this type of flow is
the existence of a continuous layer of liquid flowing
along and covering the complete wall surface, The vapour
need be neither regular in form, nor co-axial with the
pipe.

(2) Separated flow, in which the phases occupy segmental
areas of‘the cross~-section, the vapour flowing above the
liquid and being subject to wall friction forces.

(3) Frothing flow, in which a network of liquid encloses
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the vapour phase, the two phases flowing with a common

veloclitye.

Introductory Note on the Development of Annular and Separated
Flow Equations,

Frothing flow 1s amenable to standard thermodynamic
theory.and requires no introductery treatment, It is consider-
ed, however, that a few explanatory comments on the development
of the theory for annular and separated flow forms will not be
redundant.

In evaporating flow the high rate of volume increase
with pressure drop demands proportionate fluid accelerations,
the forces for this deriving originally from pressure variation
in the pipe. Since the acceleration of a fluid element is,
for a given force intensity, inversely proportional to its
density, it is clear that in annular and separated types of flow
~the vapour will tend to flow with a higher velocity than the
liquid. This relative motion will generate an important
shearing action between the phases, subsequently referred to as
the "interface shear force.

Interphaée forces are also induced as a result of mass
transfer and relative movement.

'In evaporating flow, the force actions which must be
considered are consequently due to (1) pressure drop, (2) wall
shear, (3) interface shear, (4) mass acoeleration, (5) mass
transfer between phases.

The mass forces can only be assessed when the separate



velocities of the two phases are knowirand it is clear that
this feature is of fundamental importance.

4 convenient variable to which phase velocitles and
mass forces are related in a simple manner is the ‘relative
velocity factor”, defined as the ratio of the mean vapour
velocity to the mean licuid velocity.

Since liquid and vapour phases must flow in such a
manner as separately to satisfy the three fundamental concepts
of continuity, momentum, and energy, six independent equations
may be obtained to relate the variables concerned, Conbining
these equations yields an expression which defines the relative
velocity factor in terms of the thermodynamic properties of
the fluid, and one empirical coefficient, It may further be
shown by rational consideration that the empirical coefficient
referred to will have a value close to and not less than unity.

It is noted that, in expressing the three fundamental
conditions, acconnt'must be taken of mass, momentum and energy
transfer between phases, and also of the reversible shear work
done by the vapour on the liguid. Heat conduction and radiation
are not involved in the energy transfer, the liquid and vapour
having a common temperature at all stages during expansion,

A critical outlet condition occurs when a further
expansion of the fluid within the pipe would render the laws of
continuity, momentum and energy, mucually incompatible, The
equations expressing these laws will, therefore be expected to
provide a criterion for the érediction of critical outlet con-

ditions, as is found to be the casé.



Assumptions,

The following assumptions are made:-
(1) The pressure and temperature are constant across
any section normal to the flow,.
(2) The fluid is in thermodynamic equilibrium at all
stages of an expansion.
(3) The mean velocities on the bases of continuity,

momentum and energy, are equal.
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Annular Flow Fguations.

Although the problem dealt with is classified as
adiabatic, there was in the expverimental tests carried out, a
small amount of unavoidable heat loss to the environment, In
order that this feature might be taken into consideration in
the analysis of experimental data, the annular flow theory is
developed to cover the more general non - adiabatic case,

Considering a normal section of the flow at any stage
in the steady state evaporating expansion of a fluid through a
uniform pipe and expressing the condition of continuity for

the two phases in turn,

oV = \/J(\—cpvﬁ ()
LV = Wo ~ (o)
Fro s VA, = k 9 . Y
m these, putting "7V and-t:{ 5 = C
O+ Q- A
a' = ee— - ——————
A 0+ A de)

From (o)  and (I1¢)

Vi =80+ A )
Where ‘

R = ¥¥(l—q}1ﬂ

Applying the principle of energy conservation to the
complete fluid between t he stage at which evaporation commences
and any later stage of the expansion, and taking into account

the heat @ supplied from the environment,

TH, + (KB + TQ = TH +(kE) 2a)
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where all quantities refer to one pound of flui@(kf)is the
kinetic energy of the fluid, and the suffix ‘¢’ denotes con-

ditions at the commencement of evaporation.

Now,
He = h, since q=0
(KE) = ;qvtz
H=h+gl
(k€)= =9 v + L kv"
q 9
= Vv .
Py V4 3fk D)

Sﬁbstituting in equation

‘iﬁT(hL—fh~oLL+Q) ——zV.?DnUIf—w)] ~\L® (210)

For a given value of k , equation Clkb specifies the
quality of the fluid. It is clear that g must be within the
extreme valués corresponding to ideal frictionless and full
throttling flow, In the adiabatic case these two conditions
cérrespbnd to isentropic and constant total heat expansion
respectively.

It is shown in Appendix 1, that for a reasonable range
of expansion in the wet field at normal or higher temperatures
the values of quality corresponding to these two conditions are
very nearly equal, and consequently little sacrifice of
accuracy 1is involved in assuming qu&lity to correspond to one
or other. That is, for the purpose of calculatihg q_ R

kinetic energy terms may be neglected in equation (Zb> s and
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This simplification, although not essential to a solution,
greatly reduces the amount of arithmetical work involved.

At this point it is perhaps worth noting that ﬁhe
quality of the mixture as here defined is the vapour to fluid
nass ratio passing the section during a given pefiod of time,
and that,‘provided k is not unity, this differs from the
vapour to fluid mass ratio for the fluid enclosed in an elem-

entary volume at the section.

Equations (1) and (2) refer to relations between
variables.at a fixed section of the expaﬁsion. The remaining
equations to be develdped prescribe thé changes which can take
place during a small pressure.or temperature increment during
unit time, Second and higher order dquantities will be negleckrd.
Reference will be made to Figure 9, which is.a diagrammatic
sketch of an elementary volume of the fluid enclosed between
two transverse plénes €x foet apart,

Applying‘the momentum law to the complete fluid,

~Agp - 8F — €M =0 Se)
where M is the change in fluid momentum across the element
during unit time, and SE& is the total wall shear force acting

on the element.
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Now,

M

il

%’(1—00\/. " ‘\g’oLk\/;
\—%V‘[I ¥ ot(k—@

)Sl\’l= \5‘/{[1 “LUM)] SV, + {('(—l)g(l " %SL{JV‘K

Substituting in(3e)

-Agp — gﬁ_.\ﬁfg@ﬂ(k-hjé\/‘ + [(k‘b%‘l ng]v,} -0 (3

i

Differentiatin

The momenfwn law applied to the liquid phase alone
yields, .
—abp —SF, + SR —sM =0 | “a)

where S is the total interface shear, - gn the element and
M is the gain in liquid momentum per unit time. = In
a‘ssessing SM. account must be taken of the momentum lost by mass
transfer to the vapour phase.
Considering the gainof momentum to the liquid element,
at the faces LF ,GH , and AC in turn.
Gain of momentum:-

At  Ef = ‘%’(l—q)v. 3

l

st dho= [V )8~ W]
W,
9

i AC = - q(v + Su4)
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Adding these together to obtain the total momentum

gain by the liquid element, and substituting in.(400,

abp — 86 + 2% ~%(-q) &% =O o)

The final independent equation is obtained by
applying the principle of energy conservation to the vapour
phase, The control element chosen for the purpose is the
vapour volume enclosed between two adjacent sections norma% to
the flow, represented diagrammatically in Figure 9, as a
truncated cone A B C D, It is not essential to the theory,
however, that this control surface be regular in any way.
In expressing the law symbolically, the pressure work
and shear work done by the fluid at the control surface, and
the kinetic and internal energy carried across the surface
per unit time will be considered in turn. For éteady state
flow and a fixed control volume the sum of these items is
Zero., All termé are expressed on the basis of unit time.
Pressure work done by the fluid on:- |
AB = —Wqpyu
cCD = W(CLPU‘ + CL‘D%U',_ + P‘JISC{ + 'U(;LSP>)
BE>::‘—VJP\& %?:

Summing these terms the total pressure work done by

the fluid element in unit time is:-

\M%(PQUL4'UISP> (&)
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Shear work done by the fluid element on:-

AB= O |
(b= O
BD: VP %FP*

The total shear work done by the fluid element per
unit time 1s :.-

V, $F. (56
where V, is the 'interface velocity'!, defined as the mean

velocity of the fluid particles 1ying on the line traced by the

liquid - vapour interface periphery on a transverse plane.

The kinetic energy carried out of the control volume
across:-
AB = *\%g%\/lz;
co = }fé (qV,z+ 2q V.8V, +Vf&t)-
BD = —\.% \/\'Lgcl

Adding these together and putting V,= kV, ana SV.= k SV,

+V,€k | the total outflow of kinetic energy per unit time is,

\,,g}{wv‘_gv, PV Sq v 2qWk gk} (Se)

The internal energy carried out of the control
volume across:-

AR = - T\A/%E2 ;

ey = I\,\/(qEL«LoLSElJrE,gi))-

BD = —TWE, SGL,
The total outflow of internal energy per unit time
is therefore;:-

TWq SE, . (Sol)
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Adding together the terms 6505)6?555(5C55(5d) , and equating
to zero, the energy equation for the vapour phase is obtained.

wq(logulwlg{;) + Vo SE :r\A/OLgEz

P [akuse HENsy v 2k k= o 69
Noting that T €W = T8E + pSu,+v. 8p | the equation

may be reduced to:-

TqWEHs + S+ }é

[21&\/,8\/‘ () V8 + ZOLV.Z)&S'K]‘ 0. (5

It is noted that there is no energy transfer by heat
conduction or radiation since the two phases have a common
temperature at all stages in the expansion.

The foregoing equations (1), (¢) NANEINC and (5),
can be solved if the interface velocity \é s is known in terms
of the liquid velocity V[ , The relationship between these
variables is of necessity empirical and requires to be deter-
mined by experiment, Meantime, it is expressed in the form,

\é/Q( = n @)
'N ' being termed the interface velocity ratio,

This ratio clearly cnnot be less than unity and in

the usual case of turbulent liquid flow it might be expected

that 1t will not greatly exceed unity.

~he main equations referr.ng to the annular type
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of f1lov liasted below for convenicnce.

Continulity:

Vo= B(1+ %) (1
Continuity:
—1 ‘————~———A N
O‘| I +_C/k _ : (l()
Overall Energy: : :
Q9 — T | (2)
Overall Homentum:
~Agp — SR, *‘%’{[\Hl(k@g\/, + [(k—l) SCL + chk]V,} =0 3)
Liquid lomentum: v
—a,8p — 8f, + S — Y@’Q-ot) V= O (4)

Vapour Energy:

3 1 2 C _ 7Y
TqWsHs +VeSE + \fé[z%kv‘ sv. +Hk-NV, SCL +2qV, kSkl=0 ( >
In‘éerface Veloclty ratio: A = \/P/v\ CGB

These equations can be combined to yield a single
equation expressing the relative velocity factor, K in terms
of thermodynamic properties, mass flow per unit area, and the

interface velocity ratio. Eliminating $Fe and S*,': bet":.reen(S),(”r)

and (8 ’,

Iﬂ\i\j”s — (A-a)$p +;—§ { L ( K-k s sk +\4[#(k’.1)'2(l<-ﬂ53§20 (1
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Tow,

il

k SV, + V.§k s (k)

kv = R({(c + k)

and |

The total variation of B over a typical evaporating
expansion is of the order of 2 per cent. It will therefore
be in order to assume B constant during an elementary change

and,

S(kV.) = B (% +gk) (7e)

Substituting for (K SV +Visk)and ,V  and further re-

arranging terms in equation.C7°”

@] Uz

{%U&ﬂxﬁusw H+5; [g(li-u)éz(k—:’h].gclgc O 7)

ey

For a given fluid, a knowledge of mass flow per
unit area, initial condition, and interface frelocity ratio
suffice t0 determine the relative velocity factors during
annular flow expansion as expressed in equation(?7\;

It is shown in appendix 6, by considering the signs
of coefficients, that equation (7> s Which is a bi-quadratic
has only two positive roots, That is, there are two values

of :\4! which satisfy the conditions. This result may be



comnared with that obtained by an analysis of the similar
phenomenon of flow in an open channel, where two liquid depths

satisfy the conditions.,

Critical Outlet Conditions for Annular Flow,

The criterion by which the critical outlet pressure
for a given fluid flow is determined is usually stated as that
condition at which the rate of supply of énergy is just equal
to the rate of increase of kinetic energy. This may be more
explicitly stated as thdt stage in an expansion beyond which
the equations based on continuity, momentum and'energy are
mutually incompatible. |

For annular flow, eguation C73 supplies the means
of expressing the above condition numerically, the three basic
requirements being incompatible when the roots of(7q are
imaginary.

| In Appendix 5, a description is given of the method
adopted in the construction of a critical outlet pressure chart

for water on the basis of equation(7ﬁ.



Separated rlow Eguations.

Figure 10, is a diagrammatic sketch representing
separated flow, éE- and SE are respectively the wall shearing
forces on the ligquid and vapour components of the fluid element.
The step by step development of the equations for separated flow
so closely resembles that for annular flow that it will suffice
to quote them in their final form,

The equations quoted refer to adiabatic flow in a
straight horizontal pipe.

Continuity: As for annular flow, M ana (1)
Overall Energy: As for annular flow, Cl> where Q=0

Ovérall Momentum:
-gE——gg__%%I|+qﬂv®S%~F[U@OS%+41QQM}=O (8\

Vapour Energy: 4&s for annular flow, (5)
Interface Velocity Ratiowz n o= VA, ©)

'Combination of these equations yields,

k T SHs . (c+k) SR
h U, §¥) c A

V(L %’{1 (K-8crgld + (YK - Z(I«]Sﬂ (9)

Except for the additional term involving the wall
shearing force acting on the vapour phase, this equation is

identical to that for annular flow,

Critical Outlet Conditions for Separated Flow.

A compressible fluid approaching a pipe exit at
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which a critical condition exists tends towards ideal friction-
less flow. Hence Sﬁ_tends to zero at a critical outlet con-
dition involving the separated flow of an evaporating fluid,
and equation (90 reduces to equation C7>‘, indicating that

critical outlet pressures for annular and separated flow forms

are identical.



Frothing Flow.

In this type of flow a network of liquid is main-
tained by surface tension and relative motion between phases
is prevented. If surface energy may be neglected, the
standard theory for compressible fluid flow is applicable,

The method outlined below for dealing with steady state
adiabatic expansion of a compressible fluid through a horizon-
tal uniform pipe was first suggested by Fanno., .

The continuity equation is:-

AV = Wuv (i)

The energy equation may be written asz?
T(rem 1) + 5g (W=VT) =0 (0

where the subscript’c refers to the section at which evapora=-
tioﬁ commences.

| For a specified mass flow per unit area, and initial
condition, H. and \{ are known constants,

Thus, during any such expansion

= F(n)

Since both these quantities are thermodynamic properties of
state, and since any two properties of state suffice to deter-
mine completely the condition of a fluid, v and H may be
found for any chosen pressure in the range of expansion.

This calculation invloves a trial and error process and a more

convenient approach may be used if a pressure - enthalpy



chart having constant volume lines in the wet field is
available., By choosing a velocity value, compatible values
of Vv and H may be calculated from equations(l0) and (.
Pressure may then be read directly from the chart.

To calculate wall shearing force for a given pressure
drop, the momentum equation is required. Considering the
forces acting on an element of fiuid enclosed between two

normal sections $Xx feet apart,

-Asp —SF, —5&V =0 02)
| : 9
An approximate but more convenient method of analysis is to
assume that the specific volume, during an adiabatic expansion,
is the mean of the volumes corresponding to isentropic and

constant total heat expansions fespectively; Appendix 1,

provides justification for this procedure,

Critical Outlet Conditions for Frothing Flow.

By the methods of the previous section, entropy may
calculated for any stage in an expansion, The point of
maximum entropy is the critical outlet condition since a
decrease in entropy is contrary to the second law and con-
sequently indicates an unrealisable type of flow,

An alternative and more usual approach is to use the
concept that, since at the critical outlet condition the fluigd
tends towards ideal frictionless flow, the rate of supply of

energy is equal to the rate of increase of kinetic energy,



obtaining the eguation,

2
W\© /]
(K = -9(dr)y (1)
The construction of a critival outlet chart for freon 12

on the basis of (I3) is outlined in Appendix 8.

The foregoing theory implicitly relates pressure,
temperature, specific volume and phase velocity for the three
postulated types of expansion and in addition allows the cal-
culation of wall shearing force on the fluid during a specified
pressure or temperature change.

Whilst from the thermodynamic viewpoint this is a
complete solution, the prediction of pressure & temperature
distribution in a pipe requires additional data relevant to
friction factors.

The correlation of'friction factor with other variablesg
is an empirical procesé and as such may be approached in a
variety of ways, the ultimate relationships adopted ®vequiring
the sanction of experiment over the whole of the range covered,
It will therefore be more convenient to deal with this question

in conjunction with the acquired data and accordingly its con-

gideration is léft over to a later section of the thesis,



WATER EXPERIMENTS AND ANALYSIS,



A

ATID AND 8C0PE 0F ArsRIilulls 0OI Jalil,

The essential purpose of the experimental worl
described in this section was ﬁo test the practical validity
of the proposed thermodynamic theory for evaporating fluid
flow. In addition 1t was desired to obtain some émpirical
data on wall friction factors and interface wvelocity ratios.

Water was chosen as the experimental medium beccause
it combined three fundamental requirements; (1) it was known
from Burnelfks data on critical outlet pressures that the t wo-
phases of evaporating water flowed with different velocities;
(2) the thermodynamic properties of water are accurately known
and feadily available in suitable form; (3) the saturation
temperature-pressure relationship is such that experiments
could be carried out on an open circuit.

The proposed theory predicts relative velocity
factors and critical outlet pressures and accordingly the
experimental fest rests on a measurement of these two guantities,
The former was achieved by measuring the momentum of the fluid
aé it emerged from the tube, the latter by concentrating a
series of thérmocouples near the tube exit.

In order to obtain data for the calculation of
friction factors the temperature distribution of the fluid was
measured over the whole length of the tube,

Visual data relative to the flow'form was obtained

by photographing the fluid leaving the tube,



59,

The main experiments were made on a btube of 12 feet
length and 1/8" bore, the choice of dimensions being to a
certain extent determined by available apparétus in the form
of two centrifugal pumps and two electric heaters. This choice
of bore had the added advantage of extending Burnell's critical
outlet data, his work being done on pipes between #“ and 135"
bore,

The test range covered initial evaporation tempera-
ture between 230°F and 250°F, and mass flow between 250 and
500 1bs/ft23ec. As the mass flow increases beyond this value
in the quoted temperature range, expansion takes place over a
decreasing length of pipe, and theoretical considerations
indicate an upper limit at which evaporation within the tube
is completely suppressed.,

A few preliminary tests were carried out on a tube
ofy§06" bore with the purpose of investigating experimental
technique, In these experiments slightly sub-cooled water was
supplied from a main boller via a condenser, initial evaporation
temperatures between 280°F and 300°F being obtained,

Temperatures were measured at tube inlet and outlet,
providing data on critical flow conditions,

In these preliminary tests trouble was experienced
in’maintaining steady conditions‘and in removing dissolved air
from the water su@ply. These difficulties made it necessary

to carry out the main tests on a self-contained unit.



6o,

e
Abanaluo

Figures 11 and 12 show a photograpnh and goeneral

avrangenent of the evoparatus resgpectively. ihe water Tlowus

i

in continuous circuit and the apparatus is entirely seli-
contained except for the power supply to the pumps. The
advantages of this are ease in maintaining steady conditions
and freedom from dissolved air in the water. The temperature
of the latter never falls below 180°F. at any point in the
circuit during a test.

Préliminary tests on an apparatus supplied with hot
water from avmain heating boiler via a condenser indicated that
the latter difficulty was one which could not be readily over-
come by other means.

The ciruulating fluid, on leaving the reservoir
passes through two centrifugel pumps In series in which the
pressure is raised to about 35 lbs/ingabs; The centrifugal
pump characteristic is ideal for this purpose since developed
head at low mass flows 1s almost independent of quantity. The
fluid then passes through two electric heaters which_are con-
trolled bﬁ variac and rheostat and is, in this way, supplied
to the tube with a controlled amount of sub=-cooling.

On emerging from the tube the fluid mixture impinges
on the momentum balance from vhich it draing back to the

reservolr.,
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During a test, measurement was made of mass Iflow,

fluid pressures and temperatures, and momentun at the tube

outlet.

Masswg}ow.

The mass flow meter, as indicated in the general
arrangement, consisted of two calibrated reservoirs in parallel,
The time taken for one of these to empty could be measured
without interfering with the steadiness of flow. The estim-

ated accuracy of measurement is * 2%,

Temperatures,

It would appear to be physically impossible to make
a direct temperature measurement of the fluid in a small bore
tube without interfering seriouély with the flow, Consequently
it was necessary to find a reliable method of measuring the
external surface temperaturé of the tube and relating this to
fluid'temperature;

Dealing with theilatter first, theoretical analysis,
confirmed by experiment, showed that the difference between the
fluid temperature and that of the tube surface never exceeded
0.2 degrees fahrenheit, The experimental check is given in
Table 2, and the theoretical analysis in Appendix 4.

In the latter it is shown that the effects of axial
heat flow in the tube metal may be ignored and that a con-
servative estimate of the ratio of equivalent heat donductances,

fluid to tube surface and tube surface to atmosphere, is 880.



4.

Thermocouples ! E.M.F, mv, Tube Surface |
(gﬁxélgegigt§rom | (R.J. 32°F) Temperature °F,

1 | 3,874 § 190,7
2 3,878 | 190, 8
3 3,882 | 191,0
4 3.889 3 191,2
5 3,890 | 191.3
6 | 7,888 | 191,2
7 . 3,895 191,14
8 3,885 _191.1
9 3,889 | 191.2
10 3,880 | 191,2
11 3,892 | 191,73
12 3.895 f 191.4
13 3,900 | 191.7
14 | 2,900 = 191,7
15 | 3,902 ' 191.7
16 3,902 | 191.7
a7 3 3,907 o 191,9
18 : 3.920 | 192,0
19 | 3.927 ‘ 192.7
20 | 3.929 § 192.8
21 3,922 é 192,5
22 3,940 193,2

23 3,945 193.4 |

Temperature of water at inlet by mercury thermometer - 193,50F
' outlet " - 191.0°F

Table 2, Check on thermocouple temperature messurements on
the .0Q1285" tube for water tests,



Thus, for an overall temperature drop of 170 deg.t., the
external surface of the tube is within 0.2 deg.t. of the fluid
temperature,

In a symposium on ‘'Temperatures', compiled by the
American Institute of Physics, Houghten and Olsen discuss the
problem of measuring surface temperatures, and a method to
which they draw attention was adopted in principle for the
‘present purpose, /

28 S.,W.G. copper-constantan thermocouples were used,
the two leads being wrapped round the polished copper tube at
adjacént sections as shown in Figure 13. This incorporates
the tube metal in the thermocouple circuit ensuring that the
electromotive force 1is generated at the contact area between
the tube and the constantan lead. +he method is feasable
because of the high purity of commercial copper.

In order to obviate possible error due to stray
electric currents during a test, each constantan lead was pro-
vided with an adjacent copper lead in the actual set up.

The thermocouples were finally checked in position
by passing water through the tube and measuring the temperature
at inlet and outlet by mercury thermometers, E.M.F. being
Vmeasured by means of a Cambridge Potentiometer. ‘he result of
this test is given in Table 2.

The copper-constantan thermocouples mere calibrated
using the ice point and the boiling point with standard apparatus.

The final conversion curve was obtained on the principle that

differences in e,m.f. between any two thermocaples of the same
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are nronortlional to The Tonmuerutlre ranse Levjcen
. . oy PRV, B T N N N S e D de ) 1 I
the refersnce poinl and the measuvred temporaturc. 08

table for copper-conetantan as quoted in the Temperaiture
Symposium of the american Institute of Physics was used as a
reference. In this symposium, the accuracy of the meth
adopted is quoted as + 0.4FC,

Figure 14 shows the distribution of thermocouples

on the tube.

Pressures

N

Pressure measurements were made at a few points in
the tube to check, in as direct a manner as possible, the

assumption regarding thermodynamic eguilibrium during exvan-

sion,
The chief difficulty to be over~come in this aim was
the possible occurrence of rags on the unburred tan holes. It
/

was decided to make these holes with a 030" drill rotati

1!
!
=
(6]
£

&
s n

the highest available speed of 2000 r.p.m., and checlk for rars
by measuring the pressure drop accompanying the flow of a
homogeneous fluid through the tube. The pressures were recordsd
on 6% diél close range Bourdon gauges and the method nroved
adequate. |

Figure 15, shows a detail of the pressure lead
connection and Figure 16, the distribution of wnressure tans on

the tube.

The gauges were calibrated in position by connecting

r

=
i3
o}
w3
Q
i

cury manometer to the tube outlet and sunolwin-
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| leadl.

- Frwuse 15 © Detail oF pressure lead adaptor
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Decause of the rapid rate of change of pressure with
distance the accuracy of pressure measurement was dependent
on the accuracy with which the position of the tap holes was
known. Since these tap holes could not be made until the
adaptor had been soldered to the tube their exact position was
subject to some doubt.

A conservative estimate of the accuracy of pressure

measurement 1is jllbs/inz.

Homentum reasurement,

A preliminary calculation indicated that the average
momentum force would be about 0.0l 1bs, .vrhis force is of the
same order as that measured‘by giffen and Crangiin their
experiments on small steam nozzles, reported in Eroc. of I.M.E.
1946, and accordingly the principle feature of their apparatus
‘were incorporated in the balance constructed for the presenﬁ
purpose.

As shown in Figure 17, the balance consists of a
carrier rod R, with an impulse cage, C, fixed to one end and a
balance weight, B, at the other, the whole being supported by
two fine'guage wires 18" long. A sensitive helical spring,
kS, attached to a sliding block, D, balances the carrier during
test, the spring being subsequently balanced against weights in
pan, P, This method of force measurement eliminates errors
due to a possible wrong setting of the electrical contact, E,

Oor deviations from linearity in the spring, S.

The momentum cage, C, consists of an impulse plate
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covarcd Dy soveral laverd of Tine wmesh gauze and profized by
a gericg of 1Y annular disceg whose purpose is To ensurc con-
plete destruction of the fluld momentum and to avolid induced
currents in the adjacent atmosphere.

The dimensions of the cage are given in the detaill
of figure 17.

Giffen and Crang testedvtheir moﬁentum cage in a
specially designed apparatus employing a2 null-deflection method.
It was thérefore gonsidered adequate in this.instance to check
the apparatus in place by passing water through the tube and
calculating the momentum from é measurementrof mass flow and tube

bore., The test indicated an accuracy of + 5%.



74,

Tests were carried out over the range available to
the apparatus covering initial evaporation temperatures of
230 to 250°F. and mass flows of 250 to 500 1bs/ft sec.

Conditions were presumed to be steady if the tempera-
ture measurements remained constant over a period of about 30
minutes. Gross variations in condition could be most readily
 observed on the pressure guages.,

The maintenance of steady conditions was found to be
impdssible in the sub-cooling range within about 5 degrees of
saturated conditions. Silver and Mitchelf’experienced the
same difficulty in their experiments oh the flow of saturated
water through nozzles,

Temperatures and pressures were taken and the setting
of the momentum balance checked at frequent intervals during a
test, mass flow being measured just before shutting off the pumps
and heaters, The spring force on the balance was measured

against dead weight at the end of each test.



5.

TEST RESULTS,

The complete data obtained from the tests on water
are presented in Graphs 1 to 12, Table 3 and Figure 18.

Graphs 1 to 12, present the temperature distribution
obtained for each test, mass flow and fluid momentum at tube
outlet being noted on each graph.

Table 3, shows a comparison between measured pressure
and saturation preésure corresponding to measured temperature,

Figure 18, is a photograph of the evapofating fluid

leaving the tube,



7C

Test | Gouse 1ol Ibs/in“ebs [ Gauge 10, 2. Tbe/in-obs.
7o, SOT e "FT 0S8 e | 14CESFLCES. | SOT. £LPOSS, liease r1CsSg.
1 1846 a9 21,1 20,6
2 20e2 20.1 i _ R3.2 12349 o .
3 2248 226 2646 2548
4 210 21.0 2240 Cled
5 17.9 1746 19,9 20,1
6 18.4 18.0 2045 20,1
7 1849 18.5 2ll.6 21,3
8 2245 2240 24,0 2348
9 2346 2367 2749 2740
10 2047 2042 2249 22.6
11 19.9 19,2
12 2340 2241

Pressure gaﬁge distance from tube outlet:-

No, 1 - 40" No, 2 - 9,3%

Table 3, Water Tests. "

Comparison of measured pressures with saturation

pressures corresponding to measured temperatures,



Figure 18. Appearance of evaporating water leaving
the 0.1285” tube.
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The awupearance of the fluild Jjet leaving the tube

(Figure 18) before it ieg dispersed as a result of free nressure
drop, is that of full bore flow, Bearing in mind that the

+£3

volume of vapour present is about 30 times that of the water,

and that vapour velocity is about 8 times greater, it would

could be assumed to be annular, a step which is OubSOlVep cly
justified by the correlation obtained between experiment and
theory.

In all subsequent calculations the basic variable
is temperature and the basic‘incremental dhange is 1 fahrenheit
degree. This is sufficiently smgll to reduce second order

£ J

guantities to a negligible amount and is at the same time con-

venlient for calculation, Tables compliled by Keenan and Keves

(1936) were used.

Interface Velocity Ratios and Friction Facbors.

The annular flow eguations inter-relate friction
factors and inférface velocity ratios via the temperature dis-
tribution curve, so that it is only necessary to obtain an
independent determination of one or other to solve this asncct
of the nroblen.

Both guantities can e estimated at the tube outlet
from monentum end critical outlet measurements and sroliminor:

v

calculation on this basis indicated that the following



v

~t

asgsumpbion regarding wall friction forces might be tentatively
made. The wall shearing force developed by the liguid annulus
is the same as that for full bore liguid flow at the same mean
velocity.

Expressing this statement symbolically, the wall

shear force per unit area,

AV |
1: = g?ﬁg ; (‘4)

where A. is the standard friction factor for pipe flow and

Reynolds number is defined by equation (15)
DV,

L gx)’,/ﬂ s

A further basis for presuming that this assumption is
at worst likely to be a good approximation is given below,

In full bore liquid flow the outer elements of fluid
are propelled by the dual forces due to pressure drop and shear
transmitted from the faster flowing inner core,

In annular evaporating flow the liquid core is replaced
by a vapour core of lower density but much greater velocity,
The wall shear force will be unaffected if the distribution of
turbulence inténsity is unaltered by this change.

Making use of this a ssumption to determine relative
velocity factors and interface velocity ratios, the wall shear

force may be written.

ATD 2o,
oKy = 897, V"8 (i6)

where OX is obtained from the experimental temperature distribu-



Lion curve.

sSubstituting in the overzl!l nomentum cguation, (o)

From equation (1)

o = B(ksoes)

Eibeing assumed constant across the element, For any selectead

stage in the expansion equations (17) and (18) relate com-
patible values of l and gl<-

Considering now two adjacent stages in the expansion
which willlbe referred to as A and B, and assuming that over
this range k is a linear function of T,

k, = k. + (8 ) (e-T) 0 9)
Bquation (19) supplies the condition for selecting unigue
values of k and %k at stages A and B, By repeating the procoess
for several stages L(,is obtained over the complete expansion.

It is now possible to calculate interface velocity
ratios by means of eguations (5) and (6).

Ap@endix 2 provides a sample calculation of test 1,
on the foregoing basis and also gives the calculation of out-
let relative velocity factor from measured fluid momentum.
Graphs 13 to 17 show results of the analysis of tests 1 to 4,
and Table 4 compares measured and predicted outlet relative
velocity factors on this basis.

It is found that the interface velocity ratio in cseh
test varies from 1 at the commencement of evaporation, to sbout

1.2 at the critical outlet condition and that this may be
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ororessed Uits reasonsble aceurney in thoe form

Nn=4+a ( Tc— "f)l (20)

where /CX‘is a constant calculated from the condition
™ = 1.2 when T =—T° » the critical outlet temperature.

It 1s emphasised that this is not claimed as a
general law, but 1s simply designed to cover the present

of tests..

o
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Critical Outlet Temperatures and Interface Velocibty Hatlios.

1

A critical outlet temperature chart, shovm in i'igure
19, was constructed to cover the range of results. The
methods of calculation are described in Apwnendix 5, the inter-
face velocity ratio at outlet being assumed equal to 1.2.

Table 5, compares measured and predicted values, the
agreement supporting the finding of the prévious section that
N = l.2 at the critical outlet condition.,

Figure 20, shows a critical outlet pressure chart
covering an initial pressure range of 8 to 100 1bs/in8abs, and.
a mass flow of 200 to 700 1bs/ftesec.

Table 6, compares Burnell's cfitical outlet data

with values taken from Figure 20.
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Fost Loagirad (redicted irocictoc
- = - = i vl i 1 = P U =]
110, :i%Tégw_ e OF g T f; OF\ﬂq T.2) J§ RGeS 1)
o It 'sec . . ; N
T 278 2AC. D | 212 <102 250
1 o
2 369 259 218 21 e
il] - [_L’
5 412 246, | 2272 224 c
) ~ T T
4 485 234,2 | 221 .5 221 C
b. 266 235 212 =212 223
Ge 282 23544 | 21.2 <212 230
T _ 1
7o 333 233.5 | 214 211 © c
T _ 7
8. 469 238 224 223 o c
i - T
9. 384 250 223 223eD o c
i - T
1C, 397 25 219865 218 o c
T = T
11. 410 230 217 214 o c
T T
12, 429 240,06 | 222 222 o ¢
13, 280 283 230 227 244
14, 337 500 243 242 256
15, 414 283 243 244 263
Table 5, Water Tests.

Comparison between outlet temperatures as
(a) Measured; (b) predicted on assumption of relative motion;
(c) predicted on assumption of no relative motion.
Tube borey; in tests 1 - 12 0,1285" |

in tests 15 - 15 0.060%
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mabe . lessured., Lo rrodicved.
Bore. 7K Do o Do o Do 1b/in~abspo fb/ln“abs
Inches lb/ftﬁsoc. 1b/in"abs.|1lb/in"abs. (ng = le.2) (k = 1)
«H29 410 24 14,8 16.5 Dn = D

. 529 353 14,3 10.2 | 10,9 Pec = Po

. 529 190 8.8 Oel 5,6 Pe = Po

« 529 225 14.3 740 746 Pec = Do
.004 | 313 14.53 8.7 10,2 Do = Do
904 260 14.3 8635 C.1 fgp = Do
«904 175 14,3 6e2 6.8 11.4

1.5 ___500 52.4 25,4 S1le6 43,0
Table 6. Comparison of measured critical outlet pressures,

. 3
as obtained by Burnell, with values predicted (a) on
the assumption of relative motion; (b) on the assumptim

of zero relative motion,
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prediction of Temperature Distribution Curve for a gfiven

mase flow, initial evaporation Temperature and Tube Diameter,

s 8

With the information acquired on wall shearing forces
and interface velocity ratios it becomes possible to oredict,
for a particular mass flow énd initial condition, the temnerature
and pressure variations in a tube carrying evaporating water,
The procedure is outlined briefly below, a full development
being given in the sample calculation in Appendix 3.
| By means of equétion (7), values of K and 5k may
be calculated for any number of selected temperatures in the
_eXpansion. It is found that for water, k\ is almost independ-
ent of gk . This greatly simplifies the arithmetical work
since the chief difficulty in differential equations not sus-
ceptible to mathmatical operations, other than numerical
integration, is the determination of compatible values of a
variable and its differential.,

Equations (1) and (18) provide corresponding values
of V| and QM which may be substituted in (17) to find BT
-at the selected temperature.

The summation,
s

| ) ()57 = o ()

provides the reguired information,

Graphs 22 to 25 show the comparison between measured

temperatures and predicted curves for tests 5 to 8, In each



case the summation was begun at the tube outlet temnerature

Table 7, compares predicted and measured outlet

relative velocity factors.

0
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PART IV,

' FREON 12 EXPERIMENTS AND ANALYSIS,




AT AND S00PE COF Wik

As indicated by the feview prefacing this report, a
considerable amount of reliable expirical data has Dbeen ac-
quired on the flow of evaporating fregon 12 in connectilon with
the capillary tube restrictor, Wone of these investigations
concerned itself with the flow form adopted, but implicitly
assumed the fluid to behave as though it were a homogeneous
" mixture. It is necessary to resolve this issue Dbefore making
further studies of the problem and accordingly it is the
primary object of the present investigation to obtain the data
- required for the purpose.

The thermodynamic properties of freon 12 are markedly
differént from those of water, A calculation of relative
- velocity factor based on the assumption of annular flow gives
a value which 1s almost constant at 1,25 throughout expansion
in the normal range of temperature. On the assumption of
separated flow the value is slightly sméller.

The properties of the fluid do not therefore demand a
high relative velocity between t he phases and it would appear
that the frothing form of flow is a possibility.

The difference between fluid momenta and temperature
distributions for the various flow forms are too small to
provide a positive determination. The corresponding critical
outlet conditions are, however, widely divergent and it is

this quantity which supplies the required criterion.



Capillary tubes of various internal dalanet

1

tried in the apﬁaratus. Tt was found thit the combressor
capacity was too smail to produce critical outlet conditions on
a 0.06" tube, while with a .03% tube steady conditions could
only be attained running the compressor at éﬁ inconvenliently
low speed. The 0.042% tube provided the most satisfactory
running conditions and it is on this tube that most of the
experimentai data were obtained,

Visual data were obtained by observing and photo-

graphing flow in a pyrex tube,
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TS

APTFAR:

=

Figures 21 and 22 show a photograph and general
layout of the apnaratus respectively. The circulating freon
12 on leaving the compressor may flow through or bye-pass the
0il separator according to the valve setting. 0il from the
separator collects in the reservoir and is metered back
to the sump via & reducing valve. After flowing through the
water-supplied condenser and sub=-cooler the refrigerant may
pass to the drier and expansion valve or alternatively to
the capillary tube, and thence throughthe evaporator to the
compresser,

Thus the experimental apparatus consists of a standard
refrigerator test unit having a capillary tube in parallel with
fhe expansion valve,

When the unit is operating on the capillary tube the
stable condition is very sensitive to the quantity of charge
circulating and it is a useful feature of the apparatus that this
may-be‘conveniently fixed by using the liberally dimensioned
drier as a reservoir for excess freon,

Since the refrigerator unit is standard apparatus
whose function in the present experiments is limited to
supplying sub-cooled freon 12 to the capillary tube and measur-
ing the rate of mass circulation, a brief description of its

component parts will suffice.
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Compressor Unit.

This unit consisted of a Sterne's 'A' type compressor,
1" stroke by 15" bore, belt driven by a D.C. variable speed
fractional horse-power motor. The standard rating for the
compressor is 500 r.p.m. but it may quite safely be run at speeds
up to 1500 r.p.m. for short periods,

The speed of the unit was controlled manually by

rheostat, a stroboscope being used as the reference.

0il Separator.

In small freon 12 refrigators the design is usually
such as to encourage o0il circulation throughout the unit, For
the present tests 1t was desired to limit this effect to a
minimum and to achieve this a "Supreme Vortex"” oil separator
Waé fitted in the vapour line immediately following the com-
pressor,

This separator achievesits effect by means of a vane
ring so proportioned that it induces a high whirl velocity in
the fluid without serious loss of pressure, The relatively
dense o0il particles are thrown against the wall of the separator
casing and drain into a reservoir, made from a boiler sight
glass. Since there was a considerable quantity of freon
dissolvedlin the separated oil it was neceséary to meter the
mixture back to the compressor sump at a steady rate. Figure

24, is a sketch of the separator and reservnir.




¥
¥
S ¥
i +2300
\ + 302
E JORuT.Y
i
) ——
. ===
i
&a126
2216
307
3508
a05

123

GHTH

. a%ces -

g
x g | 1 =
o = ————n 1
- AT eSS :

Figure 23.

Compressor arrangement,



VoQTE\
SECLARATQR

Perspex
Cover

\F‘Qng{f: Screwed 1o
- P({oe S(gmenf
\ 1A Diameter Boailey
? — j Siahf Glass
. _’.)'—. -
)
V

Metal Sq?erj
////_ Sheoud

SEPAQ ATaR RESE R VOIR

—

F Sealer 5350z 2
To Sump via a
l-ﬁ&ﬂgmﬂg Valve

r—————-—— | 8 Overall

EGUQE 24—




Condenser and qu:gooler.

The condenser congisted of a cylindrical vessel
24" x 147", containing a coil of copper tubing through which the
refrigerant passed. The condenser was supplied with water
from a constant head tank.

The sub~cooler was of similar construction but
smaller in size, and had an independent supply of water.

It was found convenient to separate the functions of
condensing and sub-cooling because of the controlling influence

exercised by the condenser on the high-side pressure.
Drier,

A minute quantity of moisture is sufficient to
cause serious troubleé in the operation of a refrigerator
having freon 12 as refrigerant, Before charging, the present
seb-up was carefully dried by circulating it with nitrogen and
subsequently connecting it to a vacuum pump for a period of
24 hours. As an extra safe-guard a drier containing silica-gdl

was placed in the ligquid line.

Expansion Valve,

The expansion valve was of the constant pressure
diaphragm operated type. The seat diameter was 0,04%, and the
maxium capacity at 20°F evaporating temperature and 100°F

condensing temperature, was 5000 BTU/hr.
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Tho Gvanorator fnd Lagn Slow leasurenent,
e gccondiry evenorator is an example of o sbandard
nie of avnaratus which is almost unicue in that all its

characteristics are advantageous to its purpose.
It ig simple in construction, quickly brings the
unit to its stable condition and provides an accurate ileans of

measuring mass rlow.

Figure 25, is a sketch of the evaporator. It con-

e

sists of a closed cylindriecal tank having an electrical heater
element immersed in the secondary fluid. The coiled tubing
which carries the primary refrigerant occupies the vapour filled
volume above the heater element.

hen in operation the secondary fluid condenses on
the primary coil and drips back to the bottom of the tanls to
repeat the cycle. The heat supply is adjusted to maintain the
secondary fluid at atmosphericrtempérature, thereby entirely
eliminating heat exchange with the environment. The small
temperature difference is compensated for by the large heat
ﬁransfer-coefficients associated with condensation and cvapora-
tion. The low temperature of the hea? gsource has the additional
advantage that it enables easy control of the amount of superheat
imparted to the primary vapour. Provided the available heat
transfer area is ample for the capacity of the unit, the primary
vapour always leaves the evaporator at a temwerature just below

that of the secondary £luid.

A sensitive pressure or temperature measurerent of the

=1

gsecondar

;.:
Q,)

fluid is a necessary guide to the control of heat
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Finally, the response of the secondary evaporator
to altered conditions is immediate and consistent.

Because of its high electrical resistance and low
sgturation pressure at atmospheric temperatures, freon 21 was
used as the secondary fluid in the present instance.

The calculation of mass flow 1s based on a simple heat
balance. The accuracy of the result depends on that of the
electrical power megsurement and also on the accuracy of the
Thermodynamic data.

The electrical instruments used were substandard and
' were reckoned to have a combined accuracy of * 1.2%, this being

inclusive of parallax.

The Capillary Tube and Associlated Apparatus,

Two different tubes of .060" bore and .042% bore
respectively, were used in the tests. With the former, pressure
and temperature measurements were made and with the latter,
temperature only, it being observed from the first set of measure=-
ments that pressures and temperatures during expansion were in
agreement,

The technigues and apparatus employed for these
measurements were identical with those used for the water tests
and are described 1n a previous section, Figure 26, shows
the distribution of thermocouples and pressure taps for the tubes.

Before being fitted to the circuit each capillary tube

was degreased and cleaned with alcohol and dried with nitrogen.
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The ends were carefully finished by stoning and examined under
a magnifying lens for small rags.

In order to assess the effective roughness and check
for partial blockage by pressure tap rags the .06“ bore tube
was tested with dry nitrogen supplied from a pressure cylinder
via an automatic reducing valve, mass flow and pressure drop
being measured over a fair range of Reynold numbers. Figure
27, shows the friction factors thus obtained to a base of
Reynold!s number.

During normal test conditions the refrigerant fluid
in a capillary tube falls below the freezing point of water and
as a consequence the last two or three feet of Tube becomes
externally covered with dew or frost, the iatter giving up
unknown quantities of latent heat. To overcome this difficulty
the last six feet of tube were enclosed in a gas-tight jacket
made from 25" diameter copper tubing, the jacket being filled
with nitrogen whose measured dew point was -40°F, Figure 28,
is a sketch of the arrangement. The capillary tube was cen-
tralised -in the jacket by means of a number of 3 - legged
supports made of stiff rubber and the thermocouple leads were
taken out between thick rubber gaskets covered with a layer of
vacuum grease, In order to reduce heat‘gain at the pressure
gauge leads and tube exit, advantage was taken of the neoprene
seals to make a break in the continuity of the copper.

With this arrangement the heat gain per foot length of
tube for a temperature difference of 30 FO was estimated at

about ,001 BTU/sec.ft. The corresponding heat gain at the tube
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exilt and pressure guuge leads was ,00004 BiU/sec. which is
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PROCEDURE.

Tests were carried out over a range of delivery
pressures between 110 and 160 1bs/in? absolute providing a mass
flow range of 450 to 950 1lbs/ft.%sec.

It is impossible to pre-set the conditions for a
refrigerator test because of the complex inter-relation between
the quantities controlled by the operator. Increase in com-
pressor speed tends to increase mass flow and delivery pressure,
and the same effect is achieved by increaseadf charge quantity.
Increase of the rate of condensation decreases dellvery pressure
and mass flow but increase in the degree of sub-cooling causes
an increase in mass-flow rate.

The following procedure was adopted during testing.

- The compressor speed and cooling water supply to the condenser

and sub-cooler were fixed and the circuiéting charge increased
until the sight-glass before the capillary tube showed full bore
flow, The electrical input to the evaporator was adjusted to
maintain the secondary fluld at its saturation pressure correspond.
ing to atmospheric temperature and the conditions thus obtained
were accepted for testing. From thils starting point, different
test conditions were obtained by slightly varying one or other
of the controllable quantities in the reQuired direction, A
particular set of test conditions were accepted as steady when
the unit ran for % an hour without variation.

The following gquantities were recorded in repeating

sequence during test:-

(1) Tube temperatures.




(5)

(7)

Tube pressures.

Flectrical input Teo the evaporatur.
Evaporator primary pressure and temperéture.
Evaporator secondary pressure.

Delivery pressure and temperature.

Compressor speed.



PRESITLITION OF FREC 12 RESULIS.

Temperature distributions and corresponding nuss
flows are given for a series of tests on the ,06" and .042"
tubes in gravhs 26 to 40, Tables 8 and 9 present critical
outlet measurements and compare these with values predicted on
the assumption of frothing flow, while Table 10 compares meas-
ured fluid pressures and saturation pressures corresponding
to measured fluid temperatures,

Pigure 29 is a photograph of evaporating freon 12
flowing in a 0.06" bore pyrex tube.

No independently published data on critical outlet
conditions for freon 12 were available, although Bolstad?and
Jordan referred to the phenomenon and indicated its occurrence
in their tests., A letter sent to these experimenters request-

ing quantitative information received no reply.



Visual Data.

The only fact which can be deduced frowm tae photograph
of Figure 29, is that the liquid and vapour do not separate and
the appearance is that of full bore flow. | In addition, obhserva-
tion by eye revealed no sign of slugging flow. The fluid
entered the .06" bore glass tube as a clear colourless liquid
becoming slightly milky in appearance at the point of evaporation.
In a distance of a few inches this changed to an opaque whiteness,
the appearance remaining unaltered for the r emainder of the

expansion within the tube.
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AWALYSIs OF #REOCIT 12 Thol3,

Critical Outlet Conditions.

The methods employed in constructing the critical
outlet chart for freon 12 on the assumption of frothing flow
are given in Appendix 8. Two charts are shown in Figure 30
and 31X, It is noted here that of the two charts prepared
relating critical mass flow and critical outlet temperture to,
in the one case, outlet guality, and in the other, initial
evaporation temperature, only the first is.exact.

The second chart is derived from the first via the

approximate equation

_ Qs + Lu

7 > (22)

this receiving general justification in Appendix 1. In order
to assess the magnitude of this approximation calculations on a
typical.expénsion, 70°F. to ZOOF., were made, the result being
shown graphically in Figure 32. The error involved is devend-
ent on mass flow but in the range of experiments does not exceed

+ 2%.- In terms of temperature this ié equivalent to * 1°9F,

or in term of mass flow about j 1.3%. These figures are of the
same order as the experimental error and the approximation is
considered satisfactory,

A critical outlet chart for annular or separated flow‘
was not prepared since the experimental data correlated well with
values predicted on the basis of frothing flow. However, in

order to obtain an idea of the thesretical divergence between the









|42,
two forms, A typical ezpansion was calculated and ~ave the
following comparison.
* Initial Evaporation  Critical Outlet  (Critical Mass Flows.

Temperature, Temperature. Frothing. Annular or
Separated.

82°F, 20°F, 688 ébs/ 965 122/
ft%sec. £t .

The theoretical critical mass flow for annular or
separated flow under these conditions is 41% greater than that
for frothing flow,

The above comparison between annular and frothing
flow is expressed in terms of critical oﬁtlet temperatures

below:

Initial Evaporation Critical Mass Critical Outlet

Temperature. Flow, Temperatures,
Frothing. Annular or
Separated,
82°F, 965 1b§/ 38°F, 20°F,
' ftisec.

-
It is not possible to make an exact estimate of what

may be considered an acceptable correlation between measured
and predicted critical mass flows, The following estimates,
which are expressed as an equivalent percentage error in mass
flow per unit area, are liberal,

Equivalent percentage error in term of mass flow:-

Power input to evaporation + 1.2%.

Critical Outlet Temperature

1+

Le0f
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A
A4,
Tnitial evaporation temperature + Oo4dyie

Estimated increase in total healt pher 1lb., of

fluid in evaporator ¥ 045%,
Accuracy of predicted mass flow + 145%.

In addition to the accildental errors listed above,

which total + 4,6%, the following sources of érfor might produce

‘a constant deviation.

Area of tube bore 0.8%.
Published thermodynamic data on F 12 - Unknown.
Criculating oil not removed by separator - Unknown -~

probably negligible,
It is reckoned that the overall correlation should
be within + 5% in terms of mass flow,
In the range of test conditions encountered this

is equivalent to about + 3°F, on critical outlet temperature.
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Comparison of measured critical outlet temperatures

__these predicted on the assumption of frothing flow.

!
: R vl g
Test 110, wass Flow‘ ) ; §§§i§;°§§§$.
1b/ sec.ft2 Op, To COF, o OF,
10 652 735 15 1405
20 654 777 15 1645
21 588 7268 20 18.3
22 698 79 20 20
25 714 | 81 22 e
24 716 86 24 29
25 732 77«5 23 Llec
26 854 6565 2865 2045
27 858 73 28 2966
28 013 7648 3465 358
29 960 64,9 52 3346
30 965 962 40,2 40,8
Table 8, Freon 12 tests on 0,042% tube,

with



o

Percentage difference

" those calculated from

temp

eratures,

. — R —
Test _wlanurc C e, -A.._.-,.I_,, B
Tnitial | Cutlot | Bvas RETRE B EFLE R VE I R R R
o, |iemp. Temn., tor Teup.| 1lbs/g ical kass|age D1f{-
O, O3, O, £t Flow 1/ |eorence.
sec.it’”
19 735 15 -4 6352 640 -1.,25
20 7 15 860 654 630 568
2l 7248 20 Y 688 715 ~ 568
22 749 20 0,5 698 695 Ced
23 81 22 360 714 716 - 9
1
24 86 24 4,8 716 756 -2.7
25 7745 23 12 732 745 ~1.8
26 6545 28,5 1745 834 870 -4,1
27 73 28 15 858 835 268
28 7.8 5465 19 . 213 940 —2e8
29 8469 32 2665 960 940 2,1
30 06,2 40 28 965 056 L.
Table 9. Freon 12 tests on 0,042" tube.

between measured mass flows and

the measured critieal outlet
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3

Critical oubtlet data show the flow form to be frot
and consecuently indicate:r the lines on which the nroblem of
correlating Triction factors should be approached.

3

It is reasonable to assume that the inertlia forces
and. fluid heads associated with a fine froth are a function of
the mean density. On the other hand the equivalent viscosity
does not annear to have ahy clear meaning and in adcdition the
existence of a large area of liguid-vapour interfaces nalres sgur-
face tension a factor of possible importance.

From this it follows that the guantities which nay
influence the wall shear fOPC@ﬁ,qu , are,tube diameter, D s
fluid velocity V/‘, mean density P s liquid viscositj/bh
vapour viscosity/ul , surface tension ¥ , mixture quality<1

nforming to e usual grouning pattern this leads
Conform to the usual groupil patter lead

_ 8T, pov s pDV
)\—-}P\,; _F(/uv N P"T’@

It is possible that, on a basis of extensive exper-

to -

imental data, some of thesc groups nmight be eliminated or combinal
to the great simplification of the otherwise scarcely worthwhile
task of correlation. The problem was considered to be, in any
case, too formidable to be added to the present programmc.

It wras decided, hovever, that it would be of interest

to determine ction factors on the basis of mean fluid densit

=T
v'

for the six tests, 16 to 21. The values obtained were Tound to
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e of The sawe order oF g bhhogd Oy FESER VRS
ainle mhase flov, and arce HLotbel i grocoh AL, aained
Reynold's number defined as,
RD = 2 (Z 4)
Q=3
i
/AA v

It is explained that no claim is made for the use
of the above number as a suitable or complete correlating
parameter. It is included here chiefly to enable a nlot of the
calculated friction factors and also because it represents th
first obvious step towards an elucidation of the meaning of

2/,
S
viscosity in a froth mixture.  The term/u\[W(“ﬂP/Qﬂ

representing the effective viscous forces, 1s the liguid
viscosity times the relative liquid area, For the purposes of
comparison, the friction factors obtained by measuring the flow,
of nitrogen through-  the 0.086 tube are given in graonh 41,

An exarple of the method adopted in calculating the
friction factors is given in Appendix Q

In conbrast to the above method of analysis, a cal-
culation of friction factor on the assumption of annular flow
and using liquid density as a relevant variable yields results
which bear no relation to normal values. Results for test 17,

obtained on this basis, are summarised below:-

_ W = 507 lbs/ft¥__ Te = 80.5°F,
Test No., 1% A meboe To = 93%,
T %% 59 49 39 29 23

)\ .,0121 ,0081 ,0053 .0041 ,0031,
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PART V,

DISCUSSION AND CONCLUSIONS.
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He Annular flow ‘neory and sater mxperiuents.

1. General.

Relative motion between the liguid and vapour con-
ponents during the evaporating flow of water confers an extra
freedom on the fluid resulting in a reduction in the momentum
and kinetic energy assoclated with a particular mass flow,

In consequence the mass flow associated with a given rate of
pressure drop is greater than would be obtained were there no
relative velocity,

Equation (7) expressing the relative velocity factor

for annular flow is a bi-quadratic in.L< vielding, a= is shown

in Appendix 6, two positive and two negative roots. The latter
have no physical significance. The theoretical deduction that

there are two possible values of k\ may be compared with the
parallel case of flow with a free surface in an open channel in
which two different depths satisfy the conditions.

The appropriate value of relative velocity factor
under various conditions is a matter for further investigation.
The lower value was found to hold in all of the present
experiments, although it seems possible that in vertically
upwards evaporating flow, as in boiler tubes, the higher value
might operate,

The critical outlet pressure is independent of the

allernative l< values, but the rate of pressure dropn with pive
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lenath is not,

Ae}

Critical BLxamination of Experimental ifvidence,
L] 2

Of the threc assumptions on which the theory 1s based
the one most reguiring experiméntal support is that concerning
thermodynamic equilibrium. The behaviour of fluilds undergoing
phase transition is notably unpredictable. Having Justified
the assumption for one set of conditions it is, however, possible
to extend its application with considérable confidence to all
similar conditions of the same fluid.,

Since, in the annular flow equation there occurs the
empirical factor 'l ', two independent sets of data are
required for complete confirmation of the theory. iThese are
provided by the critical outlet conditions and measured outlet
relative velocity factors respectively. Of these two exper-
imental checks the critical outlet condition is the more
direct since the equation relatimg relative velocity factor to
fluid momentum involves the basic assumptions.

An important direct check on the thermodynamic
equilibrium of the fluid during expansion is the correspondence
between measured pressures and maturation pressures correspond-
ing to measured temperature,

The assumption regarding wall shear forces i1s confirmed
over the test range within the limits of experimental accuracy
by the outlet momentum measurements., That the assumption is
true for all stages in the expansion is not directly confirmed.

The value of interface velocity ratio calculated on this basis
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is, hovever, reneated with ~rent c noistercy and 18 ontilrely
in aceord with inbtuitive ideang veorprding Lhe Tlow, Surtner
if the assumpbion holds near the tube outlet, there seems no
recson why it should not hold at other sections where the
proportion of licquid onres ent in the mixture is greater.

It is considered that the foregoing evidence 1is

sufficiencly strong to be accepted as conclusive.

3 e Critical Outlet Conditions.

The measured and predicted critical outlet temper-
atures for the experiments on small boré tubes show excellent
correspondence., Burnellis experimental results, obtained on
pipes of larger bore (5" to 13" dia.) are slightly lowor
than those predicted by theory, the discrepancies being larg
than can reasonably be attripbuted to experimental error.

As a preliminary to discussing possible explanations
as to why this should be, the critical outlet phenomenon is
considered from the view point that the fluid velocity at
outlet should be not less than the local rate of propagation
bf a rarefaction wave,

In this respect it is tempting to treat the licuid
and vapour components separately. However, such an apn»roach
would be untenable because of the inter-relating effects of the
volume~pressure characteristics of the two components.

An element of liquid just below saturation pressure
when subject to a pressure rcduction, increases very slishtly
in volume until seturation pressurc is reached at which stag

[

evaporation vegins. “his results in o larse effective



coclficient of volwme exnunsion Lito
the conversse occurs wibihy an oloment of vuooar Just
above saturation oressure when subject to a pressurec increase.

“lhen considering the effect of a free pressure drdp
at the tube outlet on the continuous annular liquid component
of the fluid it is, in the light of the above, more correct to
look upon it as a highly expansive medium than as an incom-
pressible liquid.

Now any deviation from predicted critical outlet
values mﬁst réfleot upon the validity of one or more of the
three basic assumptions. These are conslidered individually
below,

(a) "'he pressure and temperature across any section normal
to the flow are constant®,

A continuous layer of sub-cooled liquid, such as
might occur in the laminhar sub-layer, adjacent to a pipe wall
losing heat to the environment would be capable of transmitting
a pressure reduction of amount dependent on the degree of sub-
cooling. )

(b)  "The fluid is in thermodynamic equilibrium at all stages
~in the expansiont,

The oceurrence of free pressure drop at the outlet
presents fhe fluid with the possibility of a very rapid rate of
pressure change. If under these conditions the liguid medium
can exist temporarily in a meta-stable state the transmission

of reduced pressures within the tube becomes possible.
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(c) Wihe mean veloclibles on the bages of continuilty,
T'?]Olil@l’lt"‘d_m_, and CNOTT o are ciithl

This assumption, although never strictly true, has
proved to be a satisfactory basis for dealing with many problems
in turbulent fluid flow. Its effect on the present phenomenon
cannot be dismissed although it seems unlikely that a reduction
in pipe bore would minimise its effect, as is indicated by the
available experimental déta.

S8ilver and Mitchelfﬁhave observed in experiments on
the associated problem of the flow of bolling water through
convergent-parallel nozzles that the critical outlet condition
is not independent of the back pressure, In one test reported
by them, reduction of the back pressure from 25 to O lbs/in2
gauge resulted in the critical outlet pressure falling from
25.5 to 20,5 lbs/in2 gauge, the méss flow increasing from 970
. to 1240 1bs/hr. in the process.

Since the nozzle was exposed to the back pressure
steam they attributed this to the effects of inereasing in heat
loss in suppressing steam formation,

In view of the high mass flows and smali surface areas
involed in these experiments it seewms unlikely that the direct
effects of heat loss on steam formation can be the sole cause

of such a large variation,

B. Frothing Plow and Freon 12 Experiments,

From the thermodynamic point of view a Tfrothing flow

18 simply one in which the liquid and vanpour cowmponents have a
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conmon velocity, The eritical ontleh ool obboined on Uno

L040% ftube and listed in wable 8, nrovides «@itblo
the flow of GVaporating freon 12 in small bore tubes is of this
type. The calculated relative velocity factor as the assunp-
tion of annular flow is fairly constant at 1.25 over the test
range, indicating suitable conditions for frothing flow. In
this respect the observed flow form ié consistent with the meouJ
thermodynamic theory of evaporating flow.

The data also indicate that the surface energy
required for froth formation is sufficiently small to be neglect-
ed in connection with the energy relationships.

Tﬁermodynamically, the problem of frothing flow is of
a standard type and as such demands little comment. In its
hydromechanic aspects, however, it presents a new field for
experimental investigation. N

As mentioned in the section on the analjsis of the
freon experiments, the extensive investigation of friction
factors for frothing flow is outside the scope of this work,

The data obtained from six tests and presented in graph 41, do
not provide a sufficient range of variableée to form a basis for
authoritative statement and consequently the following eomments
are of a tentative nature.

. Referring to graph 41, in which friction factors on
the basis of mean fluid density are plotted against a modified
Reynold's group, it will be observed that friction factors for

the ,0427 and .06% tube coincide at the lower values of the

group.  Since, in this range, the fluid is mainly licuid and



the indliuvence ox gu

At the higher values of the modified Reynold's number

the friction factors for the two tubes show a distinct diver-
gence. This probably indicates surfoce tension effecte since

both velocity and diamecter terms occur in the surface tension
-parameter, In making this deduction it is ecssumed that
‘modified Reynold's group, intended to represent the ratio of
inertia to viscosity forces, is a sultable parameter, HJothing
definite can be deduced from the experimental data as to whether ”
or not this is the case,

In C@ntrast'to the friction factors calculated on
the assumption of frothing flow, those obtained by Tthe methods
appropriate to annular flow bear no relation to normal values
and show a disproportionate variation over a single expansion.

This further confirms the finding that the flow form

is of the frothing type.

Ce Factors Affecting the Flow Mechanism,

The only satisfactory method at present available
for determining the flow meéhanism appropriate to a particular
fluid under a given set of conditions is direct experiment.
However, a few éeneral inferences may be drawn from the acqguired
knowledge on the subject. ‘

The most impoftant factors influencing the flow
mechanism are; (1) thermodynamic properties; (2) mass flow

')

per unit area; (3) frothing characteristics.



(1) e theoreticnl value of relative velocllyr focltor ac

4

tion (7 ) may ve regarded as a measure of

@

calculated from cqua
the forces tending to produce relative motion.

The experiments on water and freon are consictent
with this contention.,
(2) Bergelin and Gazleﬁlhave iﬁvestigated the effect of
varying mass flow per unit area on bthe flow mechanism for air-
water mixtures, gﬁe data obtained being shown in rigure 7.
The annular form was found to hold in the highéfAmass flow
range; that is, in the range which is likely to be of most
interest to the engineer,

(3) An analysis of the frothing characteristics of a fluid

Hh

I_l:

Qonstitutes a difficult problem in physical chemistry. It is
generally found that; (a) a ow value of surface tension
coefficient is encouraging to froth formation; (b) solubtions
are more susceptible to frothing than pure ligquids.

In connection with the latter statement it is noted
that a small quantity of unseparated oil was present during
the freon experiments and that this may have been to some
extent responsible for the maintenance of the fro: th in these

tests,



A Cn the Adiabatic Flow of EHvaporating Jater in Fines.

The first two of the following statements recceiw
exnerimental support from the work of burnell?as well as that
of the author, covering a pipe diameter range of 0.08" to 1,5,

The remaining statements refer To flow in small bore
tube, being based on results obtained from the 0.,1285% tube.

1. The liquid and vépour components flow with different
mean velocities. These velocitles can be calculasted by theory
derived from the usual.assumptions made in connection with
fluid flow.

2 Critical outlet conditions readily arise because of
the large rateé of volume expansion associated with evavoration.
Critical outlet pressures, temperatufes, and velocities may be
calculated by means of equation (7).

For small bore tubes (.060" and 0.1285%) experimental
and predicted values correlate completely.

For pipes of larger bore (.529" to 1.5%), measured
values are slightly lower than those predicted by theory.

Se. The flow form is annular.

4. . The interface velocity ratio increases from unity at
the beginning of evaporation to about 1.2 at the critical out-
let stage.

S Eguation (7) enables the walculation of relative |

velocity factor for any stage in an expansion.




Ce The wall shearin~ force =ner vwniit cren is o fuwnetion of
velocity and density. Sor sumooth plpes the friction iactor

is that given by the standard Stanton curve, the length tera

e

n the eynold's number being pipe diameter and the other terms

being those appropriate to the liquid.

B. On the Adiabatic Flow of Freon 12 in Small Bore dubes,

The following statements receive support fron

ments carried out with tubes of 0.042" and 0.060% diameter

®
™
o
D
o]
.

fitted to a refrigerator test unit. Although a separator

was emoloyed in the vapour line there was undoubtedly a smll
quantity of oil in the circulating freon 12.

1. The flow form is of the frothing type.

2. Standard thermodynamic theory fér‘compressible fluid
flow may be employed to calculate veloecities and critical outlet
- pressures and temperatureé. The surface energy reguired for

froth formation has a negligible effect on the flow,
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'T'h ,uot\m dnabion 08 LLIXTUre woiid LUV

hilst the approximation iwmnlied in equaition (2)
may be Justified Tor = »articular fluid by a f

o o Iy o - -

culatlions, some morce general form of argument 1s desirable.
In an adiabatic expansion, the quality of the mixbture
must lie between values corresponding to constant entrony and

constant total heat respectively. llaking use of this fact it

l_J.

s possible to express, in general terms, a limit of error in
the assumption of constant totul heat expansion.

In Figure Al.l, the lines 12 and 13 reprcescnt

@]

La

s
I

pansions 1rov the same.initial condition at constant entrony and
constant total heat respectively.  Since the expansion is in
the wet field, changes at constant pressure are also chang

constant temperature and,

Hy—Hy = To(Bs - &) | (A3
Hence,

| L 3
H-Hy = Tolgs-9)  ov I Vg elp = ‘of og. (ard)

For a change taking place at constant total heat

olg = (a 2). cp = 8!-\3 (BH olp = ——%cip

Thus, substituting in equation (Al.o),

[ondp = (% oup

or

f[” 9, (V- Uﬂo(F f 2{vi+q (u- v)cl ~ Ad)
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ecvation connot he integrated unless some ecuation reloting

N
f

n, V , anad U

insnection that, since

L7 < e

then - 2{; . - T

N assuned

a1

v

but it is woseible to stote

V., is negligible relative to Vi

AL

4 Lo
and since %;]o :> 91

H'O

where Tec and To

are the absolute temperatures of the fluid at the besinnin

and end of the expansion resvectively.
the 1imit of error could be still further reduced b¥ assuming

Tt

q, the actual guality during expansion, to be the rean q

¥

~
i
-]

It is evident that

and

184.
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Sample Calculation of Relative Velocity Factor and Interface

Velocity Ratio.

3iven the measured temperature distribution, mass
flow per unit area, and pipe diameter it is required to find
relative velocity factors and interface velocity ratios throw h-
out the expansion, on the assumption that friction factors arec
as defined in eguations (14) and (15).

The equatiamss necessary to this purpose are:-

VS Y VR GOV R ) IS

8qyu;
V= B(I+ ) Q)
SV, = BA:. (kSc-c Sk) | (18)
ski)= B (§c + sk | (Te)
ko= ln + (SK/8T), (Te—Ta) (19)

The dependent variables in this set of equations

i

arek , 8k , V. , §V. . The remaining quantities are ocither
WXperiméntal or else functions of the thermodynamic properties
of the fluid.
These latter being determined, equation (17) was
solved for each selected temperature in the expansion as follows.
A value of k was chosen and by trial and error the
;compatible value of SK found between (17) (18) and ,(7@\
Repeating this urecedure for other values of Kk at the .same

temperature a curve relating k ana Sk was obtained.



A gimilar curve wag calculoated for on odiocont stoze
in the expansion, eguatlion (1¢) being then uscd to find unigue

values of k and %\& o

By rewncating this procedure for several overlapping

ct

steges in the expansion the varliation of \4 and \/\ was obltained
over the complete temperature range.

As can be seen the calculations are extremely
repetitive and are particularly suited to tubular methods.
In the following pages an example of each type of table used B
given, the data referring to test 1.

Thermodynamic data- for steam and water were obtained

from the tables compiled by Keenan & Keyes (1936 Edition).
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Detormination of uality.

he h @

9@~ L

is used for the purpose,.

Eouation (2)

The heat loss to the atmosphere, -Q, was estimated
from the bemperature drop in the liguid stage over a number

of experiments. The following empirical relation expressed

the finding.

BT Ve Az

e

W
where Q is the cumulative heat loss, L the length of vpirpe
taken up by the expansion (feet), W the mass flow (1lbs/sec.)

Graph.(AZ.l) is the experimental temperature dis-
tribution curve for test 1, the cumulative heat loss per 1b. of
fluid being related to the temperature by the straight line
expressing equation (AZ.1).
humber

In the following Table 'Qf i1s calculated for a

of selected temperatures, the result being shown in granh (A2.2).

Table AZ.1.

Test No, 1. T. = 240,5°F. T= 2129,

T he N Q h-h+Q Lt q

°r, BTU/1b | BTU/1b { BTU/1b|. BTU/1b BTU/1b

240,5| 208.34| 208,34 0 0 0 B
236 204.29 | ~.45 3,60 954,8 .0037Y7

252 200,25 | =450 7459 O57.4 L00795

528 | 196;205 -.65 11,51 | 960,1 _ 01108

224 192,17 | =72 515.45 § 952, 6 .01606

220 | 180,13 | ~.79  19.42 % 965,2 02012

=216 184,10 | ~.84 125,40 | 007,80 .C2420

2z | 100,07 | -.08 |7.51 | 970,5 | ,0%0%




Tn ordar to Jemonotrote  oummtiuotivel o Lo Coowoo
of avprozination Involved Ln assuiulily, ciaad q ey we calculated
on the ascumption that kinetlic cnergy terms in ccuation (2 b)

are neg

=2

ligible, iable AZ.2 compares values of C{ and OL for
: . a

an exnansion in the wet fiecld from saturated liquid at 240°9,

Table A2.2.

TF 240 230 220 212

CLu 0 0106 ,0209 ,0291

s 0 .o104 ;0205 .ozss
O, -
LO¥ o 1 2 2




N8O
Determination of ( SIV%T') Ag o Pmetion of 1.

The standard‘methods of numerical differentiation
are only worthwhile when a large number of experimental poinﬁs,
evenly speced in berms of the independent variable are avalil-
able or when the mathematical form of the equation is known.
Neither of these requirements can be satisfied in the present
instance, |

The method adopted was simply to tabulate distances
for fixed increments of temperature and calcuiate the mean
slope. This procedure has a diginct advantage over graphical
methods in that errors in adjacent increments are compensatory

Table AZ.3, and graph AZ.S, iilustrate the procedure

in relation to test 1.

Table AZJ3. Galoulstion of /& Test 1.

T oF | X inches Ax Boir % | TaoF
240 24,0
258 18.9 5.1 2,55 239 |
256 15.5 B4 1.7 T
254 12.7 2.8 - 1.4 235
252 10.53 244 1.2  zss
250 8.5 2.0 1.0 251
028 6.5 R .8E . 289
226 5.15 1,45 75 e
024 4,0 1.15 575 225
202 2,85 1.15 L BY5 | |
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T°F X in Ax BT g I F
220 2.0 85 «425 2]
218 1.3 70 sl 219
2106 75 005 275 217
214 30 055 « 225 215
R12 0 30 «l5 213
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The (aleculation of com-atinle values ol k ancl €;k~tﬁ7”

gselectod temmarature.

In the following calculations the basic incremental
* "IO 177 ¢ 7 3 RISy ] o a e G )
change is - 1 . guantities which increase ag exiunsion
proceeds are made to have a positive rate of change.
The following quantities are required in the solution

and are given in order of their occurrence in equations (17)

and. (18). At the selected temperature of 225;501?‘;

A

O

1}

DV '
F({f/"«—c—.) veve..See figure (42.1)

.0107 ft.
V = ;01679 £t°/1b.

& = ;045 £t oF

A =90 x 10 rt2

p = - 50.6 1b/rt%°F,

\% = ,000776 lbs;secgft.

9 = .01655

3q =,00102 /°F.

8 ﬁ'vﬁ(l—cpu' = 4,887 ft/sec.
C = 21,83

§C = 1,775 /°p,

In Table A2.7 the terms of equation (17) are cal-
culated for two values of Q(,( at each of three values of '/\ .
Since the exnressions contained in (17) form a linear function
of gk these calculations are sufficient to obtain cormpatible

values of k and %k over the range selected for the chosen

temperature, The result is siven bolov.
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T —- 0 c»)o,
k = 5 5.5 G
8k = 0,48 0430 0.15

In graoh A2.4 curves of compatible values of k
' ) .0
and Ok are given for temperatures of 229.5017‘., and 2235 F.,
BEquation (19) is used in Table AZ.8 to determine the

actual values of k and Sk at these temperatures.



Table Adsie

e et e et
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Test To. 1. Te = 220.8°F  lo= 212°¢ % = 278 1b/ft"sec.
Equation: v= R0 + C/k) (1).
T % 2235

B ft/sec | 4,587

c 21.853
K 5 545 6

Y 4,37 3.98 |  3.64
Vi rt/sec | 24.6 22.8 21,7

Table AZe5.

Equation: QV, = BAS (kSe-c Sk
T °p | 225.5 |
|
ol °F -1 i
T
B . ft/secl 4.587 %
C 21,83 | ?
S % 1. L | |
K 5.0 Bu5_| 6.0
% . : E . _
K  ft/sec| .1853 .185 | .152 | 152 127 127
Sk Som | g a0 .4 0 4
ke °F je,gr £.87 | 9.Y5 . 9.5 10.62 10,62
}cgk °% o 8,75 | 0 BJ75 0 8475
TE?“‘gk °F 8,87 | .12 | 975 1.00 10,62 1.87

o] _ ‘ - 1 - - B
sV o/ L, | 162 L0210 1448 0 L1820 1,35 237
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] i
Mabhlo o0

_-_-..__

mouations: 8<k\/\> = B (Sc + 8k>
= ft/sec 4,587
Sc /%, 11,773 | 1,773
Sk /°F. 0 . 400
octSk O, 1,775 | 2,173 il
LSV £t /s0c0F. 8412 9.96

Table A2.7.

_ AmD o
Eouation:  &qV, V& - A gP - %‘J{(‘"@g‘ﬁ +H{k1)Viq ﬁ-Ci_(S(.l&Vu)}

or X + Y + 7 = ©

T °F 223,5
ST °6 |-
K 5 5 5.5 5.5 6 6
v Meee | 2246 24,6 22,8 22,8 21,7 ‘21.*7
Ro 87.8x10 87,810 81,2x10 77452 10; i
A L0217  |.0217 0219 o221 |
E= ‘ i . !
vi 603 605 520 520 470
| !
o i/ . 045 L045 | ,045 045
TFD/ ! —
Bgy, .00778 1,00778 | G07Y8 oC77e |
AT 1b
A3 8% % X -100458 |-£00458 | ~:00398 | = 00598 =, 00364 ~00364
- Sp +50.6
\ i
ABp T Y| oass . 00455 L CO4E5 |
~7 |
X+ ~. 00003 |~, 00003 |+00057 |+00057 |+,00001 +.
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e . e
Sk 0 (1 Ued G  Ced C O,
SV 1.62 | .02056 |1.48 | 152 1.35 . 237
& (kv) 8.12 9,96 18,12 | 9,96 8.12 19,96
q 01655 _
\-q .983
(-4)8v (@) | 1.590 | .0201 |1.452 | .149 1.385
(k-1 §¢ b)) 101 |.1010 |.107 111 111 _
q. Slkw) (¢)| .156  [.1620 1,156 |.162 .156
atbrc Cl1.827 |.e83  l1.695 42z 1:572
‘\%Z[C"’b”]‘?% 7| 200142 . 00022 | -200151] ~,00053 | =.00122 -, 000D
X+Y +Z 8 | _ 00145|-,00025|-,00074 +:;00024 | ~.00051|+:00052
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Tabnio Aislle
/ ™ .._
Fk _
Iquation: kg: ka + ( /%T/)A~S.[ R TQ
Ta = 329.5013‘ —-B = 223,5°F (Refer to figure Al.4,)
< a Ska Ak ke Ske
4 0 1.8 5,8 el
4,2 o2 1.2 5.4 34
4.1 .26 1.66 | 5.66 | 426 -
Hence:
at 220.5°F k=4,

‘ S )
and at 223:5 F Kk = 57

By repeating the whole of the above procedure for
several overlapping stages of the expansion the variation of
k and \/. is obtained throughout Graph 13 shows the variation

of k and V‘ to a base of temperature for test 1.
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. [ D S R S ~ wr e K
The Colculation of interfoece velocity ratio,

The ecuations required for tiiis are.

n= {— Tq sty — 3 (R ksl +&-)Weq] A1)

Vo
st = & r afp +Y(1-gq)8Y (4)
e . ATD 2 (16
%m—»8qm Y ex )
_ A . : \c
a= Toor (1<)

Equation (42.2) is developed from equations (5)
and (6).
In the following tables a sample calculation is

carried through for test 1, | = 223.5°F:

Table AZ2.9.

Equation: a = A | Qc}
[+ %
T 2235
A rt2 90x156
k 5.6
e 3,91
Oy 2 18:35;156




Tablo A10.

_NTID VS \
Eguation: of., = _SCT‘}'_JN ox Ney
T oF 22345
M ft/sec | 2246
-3
Ry x Vo 8046
" /\ | 0219
%y, . 00778
Ve 510
&x et | .045
8K 1v/°Fr | .0039
Table A2.,11.
Equation: Sh = SR, + O"QP + \L,_j/(l——q) v )

T °p |223.5

Oh  1p/%F | .0039

o s
A £t 18,4x10

(o]
5P 1b/rtor | -50.6

W - -
9 1b, sec/ft| 000776

- q ,983

N £t /500°F | .69

w
st )81y, jom . 00053

of 11/ . 0055




Tablo Alele.
., 3 . R B
Equation: N = \'/Téﬁ; {-J%%HS - lgLZq_kv,S(k‘/‘) +(k-1/ v, OCZJ (A2 2)
T O 22545
1 01655
SHs mru/1vor - 365
—Jq 8Hs W) |4s68
K 566
v, ft/sec 2246
KV, ft/sec 12635
S(kV) £t /s0c®F 925

2qkusid)e 2 /500 - (2) 38,7

K =1

5042
vi? £t /sec” 510 -
59 /°F 00102
(IE—DWSQ ftg/seczoF—-(b' 15,7 —-=
(2) + (3 5444
~19( 2 + 3] (4)|- ;845
O+ ® rpop  6)sies
W 1b/scc « 025
v ft/sec 22.6
S 1b/°F . 0035
WASR On/rp -(8) |a316

N = CS))(@)

1.2




The dotermination of the outlet rolative veloelty factor From

the momenbum measurenent.,

The momentum of the fluid at any section may be

written

M = %—’(l-et)v. + ¥qwn

=5V E‘*"L(“"ﬂ '

Substituting B (' + 4 ) for M and
rearranging the terms,

\%/q_6|<2~ [M-—\’—‘gl—B{HoL(Cﬂ)]j lz(‘ + %‘—’BC(I—qﬁro

In the following table the calculation is given for
~test 1. In tests having a critical outlet condition the

measured momentum must be corrected for free pressure drop.

Table A2,13.

Test No 1
Te °F . 240:5
To °F 212
% oS . 000776
& f/sec. 4,51
e I . 0035 1
1 . 029
Y% 4% 1,.015x3,54
Mo b .0306
< 47.8




- q(C—O

:Le;’;'\ )
\%‘3[|+ L0 o L U050 e
- ) B
M-E[iraed] b | zeexio
" -4
5Bc(1-9) b | 1622x10
The ecuvation in k for the outlet c’ondition is
therefore

: 2
roisk” —222k + 1622 = o
anol |K=760r | for the given momentum value,

The relevant value is obviously 7.6.
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APrEy DI S,

rrediction of temperature distribution in the
evaporating flow of water, given; mass flow, pipe diameter

and initial condition.

The required equations are:

kTSH, oo

n v,

| _,_(\;J_QY|+‘é>0‘7£%9){?\o[(‘;‘,~|>(‘&+€k> ¥ (l+i)[lh(l<l-\) - z(k-ﬂ&ﬂ =0 (7

n= 1 + oa(T-T) | (20)

where N = 1,2 when T =To

SE, = —Agp—\%’{mo@?\/‘ )% sq + CLS(I«V,)} W
V= B8 (v+ SA) (1)

sv = B2 (kSc —c 8k) (18)

skv)= B ($c + sk) (7e)
- 89 Vi vn)— h A
bx = Swo— oh te)
T =T
Sx | ()
o T=To

A sample calculation is given in the following

pages, the data referring to test 5.
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De L,of 11_0 ation of | Lz b ALty

This was done as indicated inAppendix 2, the graph
of q~ﬁ>wﬂ being shown in graph A3.1l. A knowledge of the
temperature distribution was presumed in assessing the cxternal

heat exchange.

Determination ofl< and Sk\,

. For a given mass flow per unit area, and initia
condition, equation (7) enables the calculation of k and ok
as functions of temperature, The value of 'k ' is relatively
independent of Sk;, this being of'convenience to the solution
of the equation. By calculating Kk at adjacent stages for
guessed values of Sk , a sufficiently exact estimation of Sk
may be directly obtained.

Téble A3.1 shows the caluulation for test 5, at the
selected temperatures of 219.5°F. The arithmetic is carried
through for the guessed Sk value of 0.2, and repeated for the
corrected value of 0,1l. As can be seen, the resulting
alferaﬁion in l< is negligible.

Graph A3.2 shows the solution obtained by plotting

- ~——I‘§ s (Vo4 Y(—“’) [ K )6ersw) + (14 )[,i\(kl—‘)—l(k-lﬂ Qc&

against -SP.
Repeating Table A3.1 for various temneratures the
- graph of K %o a base of | s glven in graph 18 was obtained.

From the equation,

V= 80 +%) 0
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V om coleuvlavod and ’;,3T cluor . vl .v:;;',z;:;c: CTai .
mouation: T gf\ - l/\r:{%—tjs U\z\Hh %i ’{2(1 kﬂ' %L*w it & "" " Z\k]gc&
or wn o= e - Z
Test Wo. 5. Wha = 266 1bs/ftZin. T = 2355°F. To= 21207,
Taee A3 1 D = 1285¥%,
T  °p 219.5 | | | L
N l.12 |
9 . 0153
8q /°F .00101
C 21.65 i
Sc /°F 1,838
Uy 3/“0 20457 i
vy Pl 01676
~sHs  5TWfoor . 566 | .
Kk 4,6 5 544 4,6 5 | Bg4
Sk /oF 0.2 0.2 0.2 .11 D11 G11
-Sp  frop 47.6 |
it SRR
— k I8s v Y | s50.0 |54.4 | 58,9 ;
Bk + 8¢ 2.038 | 2,038 2,038 1,948 1,948 _1.948
- Sel4 3.40 | 3.82 [
lq(Sk+%cX§—s) (@), .195 211 | .237 | .186 %.201 . 226
V o+ Y 541 5.55 | 5.00 1 ‘L
A (k=) =2 (k-) 11 15.2 | 16.2 | | |
CHidaRa2beilsy ) 165 | Love | .oss
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(@) + (o) CLusD o aeB0 lenaU LEdT o075 509

R =7
U (1-Q ) . = .
Usag 2.5410 | 2.5410 |2.57

L+ ke 1.7912 | 1.231 |1.249

U S

<\L/ 1 4 4
) 7elx10 | 7o1x10|7.1

A,
AV)

[y

’ Ul( |
W) (i+% <) 'CL @l 22,1 22,5  |22.8 | 22,1  22.5 | 22.8 |

cla+ k] Z\| 5.7 | 6.32 |7:28 | Bi5 | 6.1 | 7.05

- l,
Y Z , /F+?T°F 44,29 48.1 51l.6 44,5 4845 51,8
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Determination ol ( 8hg/gT ) ag o funetion of temeraturc.

The required equations are (4), (18), (7c), and are
all incorporated in Table A3,2.
(ghﬂ;)is gshown to a base of temperature in graph

A3.5.

Table A3+2,

Equations:

SF, = —A€p —\%z{m 9 Y + (kDViSq + ig(kv) )
sv, = B (ksc-cgk) s

s(kv) = B (Sc + Sk), o (1e).
Test No. 5, %% = ,000745 1bs sec/ft.  \.= 235°F.
T,= 21209, |

T _Or. | 285 | 229.5 | 225,56 | 219.5 | 215.5
) ’ 0 .0052 | 00924 ;0153m,£ 01955 |
I-q 9948 99076 | .9847  ,08065 _;
oq /o ,00101 | .00101 | .00101 ? . 00101
- , 6.1 11,63 | 21,65 £29.59
oc °F 1.185 | 1.489 | 1.838 2,107
B P L.26 | 4,44 1,405 | 4,585
k 4 soe8 | 2.0 5 |
sk /°F .10 g0 a1 s
e 279 L 242 185 .15 ‘
k §c 4,74 6456 9.0 1i.4 |
¢ £k o OL LelG e DE L 5.ab é




212,

SRSV S — .,__, ’

ir\ g( - C Bl’\ ' _ 1‘;,1__:'”“__‘ Joet _‘i L4 V e L)

sV, Bge o€ 1,15 [1.26 1.1 (1,16

Y 11.2 16,46 25,86 26,58
%+ Sk 2285 11,589 1,948 2,237

S (k) BJ72 7,04 8.56 9.8

neglig- \
q (kW (@) iple  [.0298 1,0650 | {131 1,190
' neglig-

(k-1 )Vh 6q (o) ible  [.0340 | .0546  ,094  .126
(1-9)$V) (9  l1;5 1,140 1,219 1,190 1,158
a+bytc 1.2038 11,5686 11,415 1,454
Ylavord oo | 50007 | 000895 001015 .001035_,001082
-ASp lofor | 00530 |.00500 | 400469 | ,00428 | .00401
(85/51) oot | 0oas  loosr  |ooser |ooszz |oozus
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{ S ) fL i da 2 = -
“he Determination OfksuVéT;ana e prodiection of the
tormeratiire drsbtribubion curve,

The equations required for this purpose arc:

G SE, B3y
ST ST A uDV* Qe
T T™=7
¢ _
'x’\ = z ‘g"_r\) ST @ \B.

—

To T=To
The calculation of(sx4§3 is carried through for

test B in Table A3.3 and the result plotted to a base of

temperature in graph A3.4.

X | . The numerical integration (21) is given in Table
AS.4. Graph 22 compares the predicted-curve with measured
temperatures.

Table A3.3.

Bguation: ' | g—c = 2:.“ : f‘i;;v‘z Q€>

Tost Wo. 5.
T °F o lesa 230 | 226 222 218 214
v Meec 15,7 10,7 | 15.8 | 20.8 |25.5 | 50
Rux15* 21.4 | 39.4 | 56.6 | 73.5 |88.5 | 102
A L0286 | ;0245 | ,0251 | 0225 | 0217 | 0210
W s52.5 | 115 | 250 | 433 650 | 200 ﬁ
v Py loiese | orena | oiesz | olo7o | o1evs | olevs
YAWE 1 01885 | .00598 | 00291 | .00174 | ,00119 000884
B3 7660 | | |
Pt lobE | Gose5 | L004 | L00572 | L00B4E | L0OBLG _oozee |
SUEr fAr | o5 | asa | 085 | Loass L0288 | L0195
SX/%T ‘n"_F 7426 2,20 008 . 544 . 546 | L 054 |
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The relationship between fluld temperature and

tube metal temperature.

Figure A4.1, shows an element of tube carrying an
evaporating fluid. Heat is supplied by the fluid to the
inside wall of the tube and is lost at the outer surface by
convection and radiation. Further; since the tube metal
temperature changes along its length there is an axial flow
of heat where magnitude also varies with length.

Since the heat quantities involved are relatively
small, as will be shown, and the conductivity of copper very
high, it will be reasonable to assume that the tube metal
temperature is éonstant across any normal section;

Using the nomenclature of Figure A4.1l, the steady

state heat ecuation applied to the metal element is-
RMAMC(—Z-TL“ Sx + &8Q. — 8Q,., = O (A4
. cxz F =
The effects of environmental heat loss and axial
hear flow on the fluid-tube metal temperature relationship
will be dealt with separately. This is possible owing to
the linear relationship between heat flow and temperature

difference.

1. Temperature effects resulting from heat loss to the

environment.

he following equations are used:



Freure A41
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sho Diim conduchance between the Fiuid and tac tubce

LR R B T Feymaryia ] e B
by uggelial fovrwldln 1o

~ o oL
he = 0225 %i (R (R) " BTUA swor (A4

where Re= fluid conductivity BIU/ft2sec®r.,
D, = internal tube diameter, ft.
The radigl . conductance of the tube metal referred

to the outer surface area 1is,

o 2- Ay x 1G4 12“,, R T U/
hm , D, Log (DO/DO /Fl—.Sec.OF (A4-3)

metal conductivity

it

where bm

D,

external tube diameter. ft,
The conductance at the tube-environment interface is
influenced by convection and radiation. The convective

conductance 1is,

'5"@)(|5Q (Ter;Bo.l{ ‘ R.T-0/p2 " .
lqc - S | o /F-‘ -Sec.°F (4 4>
The radiant conductance is:
he = < &b <T:—T;;+> B.TTU-/C-q-Z:Se(-oF (A4'5>
e ~-12

where, & = Stefan - Boltzmann constant = ,483 x 10 BTU/ftzsec
F

- = a factor dependent on the emmimsivity of the tube

. = the configuration factor.
A typical set of conditions relétive to the water tests
.are as followsg:
Q= .1285%; D = .,198"; V, =7ft/sec; k= 230°F; e = 60°%,
(The velocity of the liquid phase in a typical expansion in-
creases from about 7 ft/sec. to about 36 ft/sec.).

Substitutine these values in the foresolng ecuations



[CRENRIREE TN coONCIVCTLnCcos CO LG OUTer guriiice area UL DL

h, = 0.65 BTU/rt2secOF.

hw= 15  BTU/ft7secOF.
he = .0007 BIU/Ft2s50c0F,
he = 5000044 STU Tt secOk.

Thus the ratio of conductances fluid-to-~tube and
tube~to-environment is 880 under these conditions and for an
average overall temperature drop of 17OOF. the outer surface
of the tube is approximately O.2QF. below fluid temperature
due to heat loss to the atmosphere,. At The higher velocities

this figure is even less,

2e Temperature effects resulting from the axial heat rlov.

The heat supplied by the fluid tQ compensate rTor
change in the magnitude of axial heat flow over an elementary
length Sx s 18 given by

C{ T
8@y = — R, Am 75 Sx (A46")

The temperature drop from the fluid to the tube

asgsociated with this heat flow is:

N G )
FT T RRD, Bx AD: he (A4

If ( cﬁﬂ;égxz) is calculated in OF/in2 units,
( A4f7) applied to the water tests 1s approximately given by:

ey =~ dT e

o

F (A4+8)



a hase oif tube

- = T2 e e o A
ctavle indicates the

magnitude of the temperature effect due to axial heat flow,

showing it to be negligibly small.

Test 1. 1. = 240.5%F l, = 212°F.
Distance from
tube outlet - | 10 2 1 0.5
inches.
— (o] . . .
Te= T °p. ;04 | Lo3 | o7 | .10
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Calculation of Critical Outlet Chart for water,

In the text, the criterion for critical outlet con-

5

vhich the

[y

dition is given as that stage in the expansion a
~roots of equation (7) just become imaginary; that 1s, at the
stage where the two positive roots in k are co-incident.

It is more convenient, in constructing a chart, to
find the critical outlet condition and quality, thereby snecify-
ing all the thermodynamic quantities, and to calculate the mass

flow corresponding to the critical condition, For any arbitary

(W

value of K there are two possible values of A ), the

POOULTG@ value being that at which these are coincident. This

is equivalent to the statement that the cr al mass flow for

a given outlet condition must satisfy the equation:

( 3;$§> = O (f\57\>.

By fixing outlet temperature or pressure, and mixture quality,

the unknown guantities in equation (7) reduce to%£ ,\< s é%%

, and if the last can be determined the critical mass flow
can be found by caleculating %{ for a fow selected values of AN .

Since the cexact determination of Sk makes the

arithmetical work very unwieldy, the following approximation

was addnted, E)k\= %;— i
o lc

AR . . !
his being based on a number of caleculations for g“< over tho

[

equired range.

ow, Sk occurs in equation (7 ) in the factor

1+ gl‘/gcj, and ror vater in tho rmnse considored Sk/bc e

)



volue widlceh varies from about C.1 to about 0.2, A5 4
consenuence, the rather inexact approximatlon cuoted above Ior
. . . . o <k
Sk., ig sufficiently accurate in terms of the factor (| + Sc

The above nrocedure cnables the construction of a

chart in which the variable are /A, lo and q& . ih

‘_J.

8 may be

readily transformed to one in which the variable are > le and

»IK

T e

1; as given in Figure 19, or %{ R F% and f% as given in Figure
20.

Although the chart refers to adiabatic expansion,
small amounts of heat exchange with the environment may be con-
veniently taken into account by calculating a fictitious initial
condition giving the same outlet quality as the actual expansion.
This procedure assumes that SCL at outlet remains unaltered
which-must in most cases Dbe nearly so, since the change of
temperature with tube distance is at its greatest vélue at the
pipe outlet, The applicability of the theory to expansions
involving high rates of heat exchange has not yet received

experimental investigation.
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APFEIDIX 6.

To show that there are two and only two values of
relative velocity factor which satisfy the conditions of

evaporating flow with relative velocity.

Expanding equation (7) and putting
\/;/ - 0\(‘“‘1} Y —_ . —
(A} 13 = L 1q(8t+8k}- ﬂ S h=1

(making N = 1 slightly simplified the working and in no way

affects the validity of the conclusions.)

The following expression is obtained.

Ba)k ¢ Tasqli-0) + Be] K
N [:5\45/0“& v RO-%) + (i 4}3{] by
¥ [lgq[“i>"ﬁ" gP/<]l< + C gi =0 Q%G'(>

It may be found by inspection that the signs of
coefficients are: |
positive,
positive (provided C £ 1),
Positive or negative,

positive or negative,

positive,

In the bi-quadratic‘equation (A6.1) ‘there must be
either two changes in sign or none. By Descartes! rule of
signs it follows that there must be two positive real roots of
- the equation or none.

he number of variations in sirn of F( “'k,)
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is ¢ither two or four, indicating that there may be four,
two or no real negative roots,

In physical terms this means that there are two
and only two values of l< or alternatively no values oflﬁ

which satisfy the conditions of evaporating flow in pipes.
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APPENDIX 7.

To show that there is an instantaneous change in
the rate of pressure and temperature change with distance
at the commencement of evaporation.

Y

The liquid velocity at any stage in the flow may

be written as, :
V= B+ <)

= X[0-u + % cLLr:J
Assuming that \& has a fixed value near to the section at

which evaporation commences, and differentiating,

dV, = \i{[(l'(l)ohr, ~\f,dci +"/k‘clalu1 +t0‘mﬂ

At the commencement of evaporation Cl =0 , and notihg that

U and. dv;, are negligibly small terms relative to V., and

\
cg , '
: W W
9 @jyﬂ - W o ndq
c A <

Since there 1s a fluid acceleration at the instant
of evaporation there must be an instantaneous change in the
slope of the pressure distribution curve, and since tempera-
ture is a continuous function of pressure there must also be

a change of slope of the temperature curve.
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APFIDIZ S,

The Calculations of a Critical Cutlet Chart for Freon 12,

£3

In this apnendix a brief outline 1s gilven of the
method adopted in constructing a chart, shown in Figurq 350,
which relates initial evaporation temperaturé, critical outlet
temperature and critical mass flow per unit area for the
adiabatic flow of evaporating freon 12 in horizontal tubes,
The flow form is assumed to be of the frothing type.

The baslic equation expressing the critical outlet

relationships is:
/\* . l .
<\”;:\“> - 79 <§\%>¢ (3.

It 1s convenient to express Cl%ﬂ in terms of

q,(z, and Q; for a given temperature and accordingly, as a
first step, a chart was made relating l » 9, and %% at the

. A
critical condition.

U= C‘*Cl)ui + g
clu, = (k—q)dq -.u]d%¢ +clcb3-+\gdq¢
With the exception of G“1¢ , bthe above variables

may be calculated directly from the tables.

Calculations of okl¢
g = & +gle-2)
dg = clg, wlol(px—sz:) +H(@m@)clg = O

for a constant entropy change.

i

>

Hence,

d _ [d% +%CWwﬁﬂ
Cl¢ N2
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The above etuctions were used Lo cal
crifiiend moss flow ror outlet gualitics of UL, C.2, .3 and
C.4, ob outlet fomnerctures of 10, 20, 3¢, 40, 509F,, the
chert being shom in wigure 31,
“his latter chart was converted Lte the morce convenicnt

form shovm in rigure 50, by means of a third chart relating

(]
T;.: '0" and CL' :
o ' —_
In calculating the conversion chart relating-z ,lo s

Cl » the approximate equation,
o] .

'cLszf +CLH

Q9° )

was used, The error involved in this approximation is

dependent on the mass flow as shown in rigure 32, and a formula

for a maximum limit of error is given in appendix 1.



APPEIDIX Q.

The calculation of friction factors for evaporating

freon 12 flowing in small bore tubes,

The eguations recuired are:-

A= if:gogx (A o)
R Tt (Ag-2)
Vo= BV | (10)
1= e an
-8F, — A€p ~\§lgv=o D)

A sample calculation is provided in the following
pages, for test number 16, The experimental data for this test
are given in graph Z26. Thermodynamic data for freon 12 were

obtained from the tables complled by Buffington and Gilkey.

The calculation of mixture quality.

It is necessary to consider first the effects of heat
exchange between the freon and the environment on mixture
quality. The capillary tube, of 0.12% outside diameter, ig
housed in a copper pipe of 2&" diameter, the pipe being filled
with dehydrated nitrogen under a slight pressure, The heat
losgs from the fluid due to conwection, radiation and conduction

under these conditions is given for Test 1, by,

_ 125
SQ = 7x10M (T -T) + 7xet (T 4 8 s (Th) ETO
o fr. Sec .

TInere

>



FADN

ent loss in RTU ner £t. length pipe per 1b., of fluid,

oD
£
0

lp = Pluid temperature oF,
T. = =Environmental temperature  °F.

The influence of this heat exchange on mixture
grality is small being, less than 1% over the greater range of
expahsion and reducing to about 0.1l% at the outlet. The
overall accuracy of the experiments 1s expected to be_about +5%
and the accuracy of the freon tables, whilst not known definitely
is probably not as good as +2%. It was accordingly considered
that the effects of heat exchange on mixture‘quality might be
neglected,

Graph AS.,1 shows guality and percenfage error due to

neglecﬁ of heat exchange to a base of temperature.

The determination of rate of change of tube distance with

fluid temperature,

The procedure adopted is described in Appendix 2.
Quantities which increase as expansion procedes are made to have
a positive rate of change. Graph A9.2 shows the curve of

to a base of temperature.

The calculation of velocity and acceleration as functions of

temperature.

Table A9.1 and graph A9.3 give calculations and curves

for fluid velocity and acceleration with respect to temperature,
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mouations: U= U+ OL (v, —uv,) CA 9-?.)
Vio=(%) v (o)
Test Mo, 16. )
\“:{/\ = 450 H’/@f.sec.

: e OL Ck(ua-u,) U, v \V4 AV %»l_/_ T
°F P*?/Ho B3 Pr Yo Fr Ao | Frdec C%tc.l"F ﬁj;c.’F °F
80 1 ,412 { JOL77 | ,0077B | ,0123 | ,02008} 2,04
78 | 4486 | .025 «0L065 | 40125 | 402205110,30 | 1,26 .63 | 79
70 | .48l | .0556 |, .0264 ,0121 | .,0385 17,32 _
68 | 4906 | ,062 . 0308 L0121 :0429 19,301 1,98] .99 | 69
60 | +H63 | 090 | « 0507 , 0119 | , 0626 |28,20
58 | +58l | 0865 | L0501 %.0119 . 0680 130,60 | 2,40({1.20 | 59
00 | 4661 | 123 | ,0814 ‘.OllV 20831 141,9
48 | 4683 |".130 . 0887 00117 | ,1004 45,2 363 11,65 | 49
40 | ,780 | ,183 .1192 | .0116 | 1308 |58,7
58 | 4807 | 4159 « 1285 0116 | 1401 |C3.1 4,4 2,2 39
30 | «9227 | 4183 1698 .0115 | ,1813 [81l.6
28 | .961 ;{1885 L1815 | ,0115 | .1930 (87,0 | 5.4 [2.7 | 29




The

Calculation ol

Friction

HFactors,

is carried through for test 16.

In Table AQ

235,

+2, the calculation of friction factors

with those for other tests in graph 41.

Table A9.2.

The results are plotted alomg

Equations: F S % ‘
1 o _ _ AfP __ MW 8V 02y,
ST ST q ST
Bgu sE  $T
A — (no 1)
TOV: €T Sx :
Test No. 16.
_ /
%::4501M@Lwc D 68 O
Toef ST Sp | ASp | SV \%/gv Sk | Sx |V | A
O O: “b _
\' l Bt 20F Ho/'LN- Ff'/gulo HO/IOF “0/2’0\:. Fl'/zoF F%CC'
79 |-2 | 416 .00814 | 1,25 . 000342 | ,00780 | ,726 |10,0 | .0390
69 386 00728 | 1,80 » 000464 | .00679 | 379 18,3 | ,0365
59 333 006581 | 2,45 . 000672 | 400B8B4L | 204 L29.6 + 0350
49 294 00575 | 3430 . 000905 | ,00484 | ,118 43,5 | .0340
]
39 ‘259 « 00507 | 4,30 « 001180 | 00389 | ,0716/61.2 | ,0322
20 22 L.00442 | 5,40 .001480 | ,00294 | ,0417|84.2 | .0302
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