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ABSTRACT.
—r

The normal theory for the predioﬁion of circulation in
water-tube boilers assumes that’the stean-water mixtures in
the heated tubes behave as a homogeneous fluid. A theory
is here developed which allows for the different vapour and
liguid velocitieé; there is ample evidence to indicate that
during tWonhase flow even with horizontal tubves the gas, or
. vapour, flows faster than the liquid.

The flow pattern is assumed to consist of an annulus of
liguid in contact with the tube wall, and a core of gas, or
vapdur,'with entrained liquid.. While this flow pattern may
not occur at all flow rates the application of the theory
gives good agreement over a wide range of experimental data.
The "Prandtl mixing lengths"™ throughout the two phases are
> agsumed to have the game values as during homogeneous flow,

From these assumptions the a&pplication of Prandtl's Equation

*T;xrelating density, shearing stress, mixing length, and velocity

f_profile gradient enables the velocity profile to be obtained
"for.a particular shear distribution, and the respective phase
- velocities determined. This led to an expression for the
ratio of the gas, or vapour, velocity to the liquid velocity.
The application of the expression is complicated by the
Dresence of an unknown quantity of entrained liquid in the
’S&S, or vapour.  Where conditions are such that the liquid
content of the gas may be assumed negligible, the equations
may be directly applied. Good agreement was obtained with

<

experimenfal/




experimental data for the downward flow of air-water
mixtures under such conditions.

On the,ofher hand where liquid is contained in the
core, the quantity of liquid must be known before a solution .
is possible., So far no direct'information is available
‘regarding the probable liquid content of the Qore. The
nearest possible approach to this information is to be
obtained from Armand's work on air-water mixtures.
Examination of the problem led to.the conclusion that the
“terms involving the water concentration in the core could be
taken as common'to both air-water and steém—water flow. This
enabled the equations to be applied to steam-water flow. .

Confirmation of the theory is obtained from the data
of previous investigators both for-air-watef flow and steam-—
water-flow. Test results which are obtained from a full- ;
scale two-tube boiler opérating up to a pressure of 1500 lb/iﬁ
and heat transfer rates up to 120,000 B.Th.U./hr. ft2 of
heated riser surface are also analysed. The proposed theory
enabled the prediction of pressure changes during steam—
Water flow within 22%, in contrast to the homogeneous theory
which gave errors as large as 60%,

The appendices include, in addition to detailed
‘calculations and developments of a number of the theoretical
equatiuns, the details of test equipment designed to permit
the study of steam-water mixtures flowing‘adiabatically étv

pressures/




pressures close to atmospheric. Also included is the
development of the theoretical equations to permit their

application to rough tubes;
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INTRODUCTION.

;
The present research was initiated to study the

fundamental mechanism of circulation in water-tube boilere.
To this end, a boiler was constructed consisting essentially
of two drums interconnected by two tubes, one of which was
heated by an electric furnace. The tube dimensions were
of the same order as met With'in practice, and the maximum
operating pressure was 1500 lb/inz,lwith heat transfer rates
to the heated tube up to 120,000 B,Th.U/hr.ft.2, The
experimental data consisted of the circulation velocity,
and the pressure changes over various tube lengths.
| The circﬁlation in water-tube bollers is governed by
two relationships or laws. Firstly, ih a tube bank all
~ tubes are subject o a common pressure difference, Secondly,
the net -flow into & particular drum, or header,is zero.
. These two statements are generally accepted'as the basis
of all circulation theories. What is not common to all
theories is the method of calculating the pressure difference
- over tubes through which steam—water, or as they gre more
generally called, two-phase mixtures Tlow, The problen,
therefore, reduces primarily to the study and analysis of the
flow of the steam-water mixtures in the heated tube.

Until recantl& it has been commenly assuned that two-phase
mixtures can be satisfactorily treated as homogeneous fluids.

During the last decade considerable experimental and theoretical

Work has however indicated that such assumptions‘are untenable;’a
Thig/



Coxii.
This hgs also been confirmedlby the data from the two-tube
boiler, ’

‘This thesis contains an original ~development of the
theoretical equations enabling the prediction of préssure
changes during two-phase flow.‘ Unlike previous investigators
these équations are developed'from the internal equilibrium
conditions of the respective phases. The flow form assumed
is symmetrical around the pipe axis, the liquid forming an
anmular ring af the wall, and the gas or vapour‘with entrained
liquid occupying the core. It may appear that such a flow
form is unlikely, particularly.during horizontal flow, buf
experiméntal evidence indicates that, even duxingvhorizontal
flow, wiﬁh turbulenée fhe ligquid tends to form a ring round
the wall. |

The startiﬁg point of the theoretical developﬁent is the
fact that during two-phase, and during homogeneous flow, -the
' interna1 shearing stresses must be transferred by viscous or
. momentum shear. While this concept is inherent in the theories
| Oflcertain previous invéstigators it has never been completely

utilized,




ROMENCLATURE. | xidi.

Fr. - Froude's Number . szg.d.
K - Gas~liguid or vapour-liquid velocity ratio U, /U..

417\:2 — Core-annulus velocity ratio U2/T «

M - Mass flow 1b/sec.
Re. — Reynolds Number P d.U//i.
T - Shearing stress 1v/£4°.
U - Velocity £t/sec.
X - Cross—sectlonal area of tube Iftz.
iq - " occupled by gas or vapour ftz.
X, - " "o " " liquid ftz.
X.v - . " oo . ' annulus ,ftz.
X, - " ! neoow cor;é o ff;z.‘
7 - g l—ﬂ,—w-fw/Kfz/T ,
‘ v I-q - J4tw
d° - Tube diameter £,
qQ = Gravitaﬁiqnal acceleration f‘k/ sec?.
0. - 4xial length of tube  f£t.
‘€; - Prandtl mixing length during single-phase flow ft.
g - v W " two-phase flow ft.
P - Pressure. lb/ftz,.

(_j%’) ~ total pressure gradient.

(.g!l?_)p- pressure gradient due to friction.

(%15)’0 _ wo " woow fluid weight.

| (%)m_ " " " momenfum forces.

@ ~ Dryness fraction, or ratio by we:.ght of gas to -
: total flow rate. = 1b/1b.

r - Radius .

r, - tube radius ft.
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~ Viscosity

SUFFIXES.

Water content of core per Ib. mixture-

Distance from tube wall r, -r

£t.

xiv,

1b/1b.

Ratio by volume of air to total flow rate ft%ﬁft3.

Friction factor.

Density

1b/£43.

Inclination of tube to horizontal

1b/ft. sec.’

degrees.

Applying to single—phase flow, or to the annular ring.

1
L
R : 3
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t
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uw

two—phase L

gas or Vapour.
liquid.

boundary betweenylpha‘ses°
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REVIEW OF PREVIOUS WORK.

1. EXPERIMNENTAL WORK ON WATER-TUBE BOILERS.

Iuch of the early work was carried out on medels having
glass tubes and observation windows in the drums. The method
proved valuable in confirming speculation based on operating
experience and in guiding the formulation of theory.

Congiderable full scale work was done by Thornycrofft,

Yarrow and others, Thornycroft introduced the use of an
"ovefall“ gauge between the sfeam and water drums, (see Fig.l)
a device used by later experimenters.

The greatervpart of this work was carried out during the
last ten years of the last century, and established the
following impoftant points:

(a) Circulation due to density difference
between riser and downcomer tubes.
(b) Importance of circuit hydraulic losses,
(c) Effect of steam-water nixtures eﬁtéring
downcomer tubes,
‘(d) Possibility of alternating flow and
reversal of flow, |

The circuit hydraulic losses were known to be governed

by the following factors: |
(a) The ratio of the tube length to diameter,
(b) The tube form.
(c) The discharge being above or below water

level,
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4.

ROBINSON (1933) published results of tests on four full
scale marine boilers, These tests covered:

(a) 1Incidence of steam pockets in water drums.

(b) Overall gauge readings.

(c) Direction of flow in various tubes
throughout the tube banks,

The wvelocities were measured by Pitot tubes.

A typical curve of the difference between the level in
the steam drum and the overall gauge level (y-Figure 1) is
shown in Figure 2 to a base of boiler evaporation. The
~drums were approximately a hundred inches apart.

The conclusions drawn from the tests were:

(a2) The difference between the steam drum level
gauge and the overall gauge (y) is a measure
of the difference in pressure between the

steam and water drums.

(b) The level in the overall gauge will change.
with evaporation rate and pressure,

(¢) 1Increase in evaporation decreases level in
overall gauge till the point is reached
where the level will tend to rise. This
indicates a condition liable to cause
overheating of riser tubes, and is associated
with steam pockets collecting in fhe water

drum.

(d) y decreases with increase in gauge pressure.
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Fig. 2. Overall gauge data curve,




(e)

(£)

)

of generating

Q

Increase in number of heated row
tubes or the addition of unheated downcomers
will cause =zn increasge in the water level in the
overall gauge for & given evaporation,

The majority of tubes act as risers even at low
heat inputs, and no radical change occurs when
the intensity of heating is increased, although
reversal of flow may teke place in some tubes.
Alternating flow may take place in the
intermediate 2zone up to high working rates.

In this zone downcomers were found among risers.

Dight (1933 and 1936) published results on Shop Trials of

Hévél Water-Tube Boilers of Yarrow type. The influence of

firing rate on circulation was investigated using Pitot tubes.

The main observations may be summarised as follows:

(a)

(b)

(c)

(a).

(e)

Velocity in fire-row tubes upwards and increasing
to a maximum of 4 feet/sec. for 0.2 1b/ft2/hr. fuel
and then falling to 2.5ft/sec., at 1.2 1b/f+t2/hr.
Velocity in outside row is downwards and has
practically constant value of 0.6ft/sec.

Feed changes affect circulation : sudden change
at high rating gave reduéed flow in front row
tubes, and in some cases complete reversal to about
2.5ft./sec. downwards,

Reverse flow once established persisted until
firing rate reduced to low value.

No method discovered for producing reversal of

flow at will,




In later work, Dight stated the belief that fire-row
tubes were the critical factor in forcing, and introduced
the cilrculation augnmentor, increased the diameter of fire-
row tubes, added water walls, and fitted external downcomers
to improve condition in front-row tubes.

Schmidt, Schurig, and Behringer (1933) carried out tests

on an'experimental two-tube Dboiler, The plant consisted of
a steam and water drum connected by two vertical tubes of |
dimensions approximating to those obtained in normal boiler
plant. One tube (the riser) was heated by conduction from
metallic heating elements lying aiong the outer tube Wall;
The steam generated was condensed in a condenser operating
at boiler pressure immediately above the steam drum, and
from‘the condenser heat balance the steam generated was
estimated. The circulation in the boiler was determined
zusing a calibrated orifice at the foot of the downcomer,
Figure 3 which shows the circulation velocity to a
base of boiler pressure for various heating rates, is
representative of the data ob:.ained, sufficient data is
not supplied, however, to enable the formulation of theory.
Further tests were carried out to investigate tube wall
friction forces, and the effect of "relative velocity".
These are dealt with later. A

Lowenstein (1946) carried out tests on a gas fired

tWwo~tube boiler with an inclined riser tube and a vertical
downcomer, The maximwn pressure and heating rates were

1,100 1b/in2. and 91,500 B.Th.U/hr. f£%.2,
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A limited rmumoer of tests were carried outl to determine.
thne veristion of circulziion veloclty witn pressure and heat
inpuit. |

Congicerable testing was carried out fo determine

conditions producing tube rTupiure,

Scwab 1947 and Petersen and Baldins 1949, Both these

papers use test results obtained at the Central Boiler and
Purbine Resesrch Institute in Russia., o details of the
experimental layout cre given. The experimental values
given zre mass flow, gquality, and pressure drop over lengths
of vertical tubes where steam water mixtures flow adiavatic-
ally. Some of the test results are given later,

Discussion.

The previous eiperimental work divides itself into
three main categories, namely experimental work on model
boilers, full-scale multi-ftube boilers and full-scale two-
tube boilers.

So far it nas been found impracticable to obtain
complete similarity between model and full-scale boilérs.
Results ovtained from a model boiler are, therefore, useful
Ohly in so far as they may show general trends,

The disadvantage of experimental work on multi-tube
boilers is the difficulty in determining the precise
conditions under which individual tubes operate. In view
of this, the full-scale two-tube boiler, when the tubes!
length and diameters are of the same order as met with in




mﬂlti~tube boilers, offers the most satisfactory method of
studying the ﬁechanics of flow.

Both Schmidt's and Lowenstein'é‘plant conform to the above
requirenents., Unfortunately Schmidt's and Lowenstein's
published results are neither given nor analysed in sufficient
detail to permit the formulation of an adequate circulation
theory. On the other hand, the results quoted by Schwab and
Petersen are giveh in sufficient detail,‘ A number of these

results are analysed later,




11.

2, HYDRODYNALIC THEORIES AS3UNING
HOMOGENEOUS FLOWV,

As already mentioned, early experimenﬁal work
established many important factors influencing circulationo.
Nevertheless it was many years later that the first
detailed paper on the determination of circulation velocity
was published,

Lewis and. Robertson (1940) presented the detailed

soluﬁion of thé circulation velocity where the mixture of
steam and water in a heated tube 1s assumed homogeneous., _

A U—tﬁbe circuit is examined (Figure 4) and the |
equations developed for the particular case 6f uniform
heat distribution over the heated length.,

The first step is to determine the point at which
evaporation occurs, this point being referred to.hereafter
as the "point of evaporation", Evaporation does not
necessarily commence where heating begins, as the.
vtempefature at this point may be below saturation tempefatﬁre;
The introduction of cold feed produces such ah effect. -

The average density over the heated section is shown

t0 be
I I

‘ Log [1 -ﬁﬂ o
Wh'r) 3"(% : )

where g is the dryness fraction at the top of the heatéd

length.
The "driving head" producing circulation is due to

the difference in density between the heated and unheated
tubes/
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. ‘ 13,
~ tubes, and is evaluated in feet of water

This is - I
| | N O A N
(IT"K)“W Loge(Hq' /‘Za)— [+ _——-ﬁ/‘oﬁ?

G

for fhe circuit shown in Figure 4. No "driving head"
is obtained from the liquid below the level of point Q,
as the density is the same in both columns.

The driving head produces métion round the circuit,.
$he theoretical circulation velocity being that velocity
of flow at which the driving head balances the circuit
losses,

Those losses will be

(a) Entry losses fo the downcomer,

(b) TFriction losses.

(¢) ILosses due to the acceleration of .
the expanding mixturerin the heated length.

Evaporation with pressure decrease along the riser
length is neglected.

The entry loss is assumed —é—-g where U is the
velocity at entry to the downcomer.

‘The friction loss from the top of the downcomer t0

the point of evaporation is
» : 2

X £ - U
2.9 . d
The friction loss over the heated length is shown to

be

o .

A_u_[, 4
2.3.d

-

f;—/z)
7.

ol




Changes in steam and water densities are neglected.
The friction loss over the length RS is
A& U(H_q/ PG)
2-9- d I
The friction factor A is assumed throughout the

heated and unheated lengths to be 0,02,

The momentum, or acceleration, loss is

2
)
2Tt
Uz

The water is given its kinetic energy Eﬁ; at entry
to the tube, This kinetic energy 1s treated as a loss
as 1t is agsumed to be dissipated as heat at exit from the
tube,

Y.

As the driving head balances the circult losses
l‘l ﬁ'fé {t

(‘H'e')"‘ (ﬂ.~f%) 1‘039("‘_1 A )— 1+9 b~ [
7 7

U[z,g 5;—_7{(+h(f+%-%é)+ t(1+9 ﬁ/_,;’i)}

4

The circulation velocity U may be determined from

this expression although a trial and error procedure is

necessary as q is dependent on U,

Van Brunt (1941) The fheory detailed by Lewis and
Réberféon, and developed for the simple case of a‘U-ﬁabe
boiler is applied to the analysis of flow in a multi-tube
.higb pressure boiler,

. In addition, the effect of wvarious heat transfer

distributions on the available driving head is considered,

He/

14.
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He considers five different cases

(a) 1Ifezn density besed on heat absorption

proportional to the square root of the length,
(p) Hezn density with 60% of heat avbsorbed in

bottom half, |
(e¢) Hean density with 50% of heat absorbe&iin

bottom half. i
-(d) lean density for uniform absorptién.
(e) Arithmetic mean density.

The variation in the driving head for the five methods

is congiderable.

lMarkson, Ravese and Humphreys (1942), Mid4lyng (1942)

and Ledinezg (1944) develop theories similar to Lewis and
Robertson. The essential difference is in the method of

solution,

Baker (1950) applied theoretical equations similar

to those of Lewis and Robertson to the analysis of flow in
an Admiralty 3-drum boller,

As the equations are now applied to a multi-tube bank
the form of the equation used by Lewis and Robertson
cannot be applied directly.

The pressure change over each tube in the bank is
determined for a number of assumed flows and graphed as
shown in Figure 5. The pressure change 1s determined in
feet of water, and is referred to as the depression head.
This head is, in effect, the head obtained experimen%ally

on an overall gauge, but duly corrected for density.

The/
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The conditions to be satisfied by the circulation

are that the downward flow must equal the upward, and that
the pressure change over each tube in the bank must be the
same, nqmely the pressure difference between the drums.

By trial and error, the pressure change at Whidh‘the
downward flow balances the upward is obtained. The mass
flow in each tube is then known,

Davis and Timmins (1933) dealt with the problem of

flow in multi-tube banks in & similar manner.,

Discussion.
A It mist be remembered that while this particular

section of the review deals with homogeneous theories of

circulation, the greater part of the thedretioal approach
is of a general nature. The assumption of homogeneous
flow affects only the following:
(2) The density determination during steem~water
mixture flow, v
(b) The détermination of friction during steam-
water flow.
(¢) The determination of acceleration forces,
The point open to criticism in the majority of the
papers referred to, in addition to the aésumption of
homogeneous flow, is that resistances and driving heads
are evaluated in feet of water. During flow of an
incompressible fluid there may be much to gain by such a
Procedﬁre. There is little to gain where the fluid is

~compressible. It may, in fact, lead to misunderstanding.

For/
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For example, there are instances where the energy per

pound of mixture flow (i.e. ft. 1b,/1b,) has been

treated as feet of water.




3. DETERMINATION AND EFFECT OF THE STEAM 19.

VELOCITY RELATIVE TO THE WATER,

Where a steam-water mixture.flows in a tube the
apparent or effective density of the mixture is considerably
increééed if the steam moves relative to, and faster than,
the water. It follows that in inclined boiler tubes the
évailable driving hesd will be reduced by any relative
movement with reduction in the boiler circulation.

Schmidt, Schurig and Behringer (1933) carried out tests

to find the steam velocity in a stationary column of water
in a vertical tube. \

The steam bubbles were generated at an electric
heating element at the foot of the tube, and the gquantity of
steam flowing estimated from the electrical heat input.

- The pressure gradieht in the tube was measured, and on
~ the assumption that the pressure gradient was due only to
the weight of the steam and water, the velocity of the
ksteam bubbles was calculated, The results are shown in
Figure 6.

' Tests were then cafried out on ﬁhe two—-tube boiler
previously déscribed. A liner was fitted inside the riser
tube, and weighed to determine the friction drag on the wall
of the tube. The results were not satisfactorily analysed,
although it is of interest to note that with a "stationary"
column of water, ah upwar& flow of steam bubbles, and low
steam contents, there was a nﬁticeable‘dowﬁwéfd drag on the |
tube. |

Tests/
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Tests using steam and water had eventually to be
abandoned due‘to serious fluctuations, and extensive tests
were then carried out with air and water.
The final conclusion was that the relative velocity
during flow of the water column is considerably’greéter than

with a stationary column.

Nothman and Binder (1943) studied the effect of the

relative velocity (slip) by determining the effective density
for assumed.relative velocities over a range of pressure.
"Figure 7 shows the effect of’fhe relasive velocity on
the available pressure difference, or driving head, based,én i
the assumption that the mixture circulates in a U-tube
circuit in which the downcomer contains Waterfonly, while the
riser contains a ﬁixture, the quality of which varies
uniformly from O at the bottom to. g at thé top.
The quality q at any point is related to the efféctive

density A in the expression

/./O_/OG ;
K e p | |
€ I4-1§ ) r-r - o J

e P-A |
where ﬁ(fis the ratio of the steam relative velocity to the \
velocit& in the downcomer. %
The general conclusion was that the relative velocity
can have an important effect on the effective density, but
that to date it was not possible to predict the actual

nagnitude of ‘the relative velocity or the effective density.

Pebersen and Baldina (1949) analysed test results for
the/
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the vertical flow of steam-water mixtures by dimensional

analysis,
The most important dimensionless guantities influencing
flow are

(2) 2 ) Fro )

(<] .
”" / ) . .
where U, and U, are the steam and water velocities when.

each occupies the total tube cross-section,

f; and A are the steam and water densities respectively,

12)
" 3-d

and {% is the relative roughness coefficient of the tube,

Fr, is Froude's

Tests with horizontal tubes indicate that the normal
friction equation assuming homogeneous flow holds within
20%., This formula is assumed to hold for vertical tubes.,

” The pressure change due to the mixture weight over a
vertical tube length was obtained by subtracting the
friction pressure change calculated assuming homogeneous
flow from the experimental pressure change, From the
mixture weight pressure change the ratio of the steam to
.tube cross—-gections was determined, The ratios calculated
‘are shown in Figure 8 to a base of U,/b for various Frou&e S
Bumbers and for a boiler pressure of 150 1b/in? gauge.

It should be noticed that the denominator of the base ratio
is U, , the velocity of the water before evaporation |
commenced, This is a matter of convenience U, and U,
having similar magnitudes., As the tests were carried out

at constant pressure and tube roughness, @/ﬁ,and %4 do not
influence/
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influence the graph form.
It was considered that the curves obtained confirmed
the choice of dimensionless parameters despite the slight
variation with tube diameter, i,e. at any particular

pressure,

However, for a general solution, the density

dimensionless ratio must be included, i.e.
i
/O
_X_G.=4)(Fr.£°_. G)
X U A

4]
"The most suitable method for practical purposes was the

representation of this function as a correction coefficient

for the tube bore occupied by steam at a basic preSSure ’

X | X a-'AP
" 1
- where A,’ is also a function % and Fr n,

o

The basic pressure was chosen as 32 atmos pheres, and the .

U4
Yo

X
variation of -79 with respect to Fr. and 0
. (-]

is as shown in
Figure 9, | N
The magnitudes of AP are as obtainedfrdmf‘igure 10.
~ The effect of tube inclination is also allowed for in a
Simiiar manner as the correction for pressure, although'the'

limited number of results used in obtaining the necessary

Curves limits their value,

Discussion.
: ‘Séhﬁidt, in calculating the relative velocity for the

tests/
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tests with a stationary water column, assumes the measured

pressure gradient in the tube 1s due to the mixture weight
only. But tests carried out by Schmidt with a liner tube,

. indicate that even where the water is stationary there is
appreciable drag on the tube, hence it would appear that the
pressure gradient is due to the combined effect of density and
wall friction. This suggests that the relative velocities
shown in Figure 6 are inaccurate,

Petersen and Baldina have made the most successful
attempt to date in correlating results for the flow of
stean-water mixtures., One disadvantage, howevér, is that
the curves obtained are directly applicable only to cases
where there are no momentum forces,

Thé’friction equation used also detracts framlthe
final curves obtained Ifrom the experimental data, It is
assumed that the friction equation obtained for flow in
horizohtal tubes.will be applicable to vertical %ubes, an
assumption which is hardly tenable when the increased relative.
velocities which will occur with vertical flow are considéfed.

These experiments also indicate conclusively that the
assumption of a homogeneous mixture will give density values

considerably different from the actual experimental values.
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4, HYDRODYNAL:IC THEORIES INTRODUCING
"RELATIVE VELOCITY",

Schwab_(1947) in considering the flow of steam-water

mixtures in vertical tubes, assumed the flow pattern to be
that of a éore of large steam bubbles with separating layers
of water, and an annular ring of water as shown in Figure 1l.

The friction pressure drop due to the flow of such a
mixture was obtained by the following reasoning.

"The flow of water in the annular ring space iskgiven
by U, and hence it is possible to calculate with the aid of
standard hydraulic'formula the registance to flow ih all

sections oécupied by the steam bubbles,

_ £ U
V 28p = 2Z 75'55'/1

where A is the coefficient of friction and D is the
’hydraulic diameter of the annular flow area.

Assuming that frictional resistance takes\place only at
the solid surface and neglecting friction resﬁlting between
the water anmulus and the steam, the hydraulic diameter may
be expressed as 4 times the annular area divided by the

- wetted perimeter of the tube
: - 2
D= I"(di-d"z)u/h' = C{(’— ﬁ)
id - d*

The normal friction equation for homogeneous flow is

'Y

used over the lengths where the core is occupied by water,
From these assumptions the pressure drop over & given
length can be readily expressed symbolically. A solution,

however, requires knowledge of the values of f:,f;and dq .

The se values can be determined if the ratio of the water in
the/ ’
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the core to the total water flow, and the ratio of the core

to annulus cross—sectional areas, are known.

The ratio of the water in the core to the total water
flow is determined from the experimental results. The ratio
of the core to annulus area is assumed to be that which will
give the minimum pressure drop. |

Very close agreement with the experimental results was
obtained,

Waeselynck (1948)applied the experimental results

obtained by Schmidt, Schurig, and Behringer for the flow of
steam bubbles’in stationary water columns. The theory is
developed for the particular flow pattern where the central
core is occupied by an emulsion consisting of water and steam
bubbles with an annular ring of water.

Considering the equilibrium of a single bubble, the
conventional equilibrium equation for a bubble under the

force of gravity is

' / 2 3

> p? C — 4.7 {_ )
m-R .z.é.(uﬂ), =3 /R 4,02 /’a’

where R ?q the bubble radius,
() J L8 W vie velocity relative to the mean -
nixture velocity;
/% is the emulsion density,
A is the steeam density,
and  C'is a constant. .
An interesting point is raised in that thevrelative
VelOCityO%lis not the value obtained by Schmidt,‘as

Schmig+t! s/
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Schmidt's value is the velocity of the bubble relative to

the mean absolute velocity of the water.(LE)is,the

bubble velocity relative to the mean velocity of the

mixture, where the mean velocity is defined as

U, = —>><<f-~ut+ —§i~ua

X, and X, are the areas occupied by the liquid and steam,

U, is the mean liquid Veloéity,.and U, the steam veiocity.
FProm this starting poinﬁ it can be shown that

where /< is the liquid density,

Ue is the relative velocity obtained by Schmidt,
and U, is a constant depending only on the pressure.
U, is the value of (, obtained by extrapolating to the
condition 4=p . ) '

Graphs of the ratio of the core area to the tube area
to a baée of the ratio of the steam afea to. the tube afeé
indicate that the theory is inappliceble at high steam
contents. For example, at 100 l’b/in2 gauge a value of the
ratio of steam %o tube area of 0.7 gives a value of the
ratio of core to tube area greater than unity, which is
impossible.

By a series of graphs obtained‘by.extrapolating}f,”'i =
SGHMi&t's results, the effective dgnsity of a steam water
eélumn éan be determined . e |

The pressure drop during the flow of such a mixture

due to friction is estimated in the fallowing‘mannér:

' The/
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The loss of head in an emulsion containing a large
- proportion of Steam, can be calculated in the same manner
as for a homogeneous fluid of the kinematic viscosity of’
water at saturation temperature, having the same mass flow
as the emulsion; and a mean velocity U, as defined above.
In the case of emulsions with relatively low stedm,
contents, the equation approaches that of a homogeneous
fluid with the kinematic viscosity of'water at saturation
temperature, and the emulsion density.
No indication of the accﬁrac& of these friction
equations or the range in %hich,they,are applicable is given.

Discussion.

The annulus hydraulic diameter used by Schwab in
calculating the friction preséure change during two-phase

flow is that which exists when there is no shearing force ;

at the inter-face between the core and the annulus. The

ratio of the core to annulus cross-sectional areas is

asumed to be'that which gives the minimum ﬁressure droﬁ.

These assumptions are presumably the explanation of the

large discrepances found by Petersen on applying Schwab's

theory to larger diameters (2 inches) than those tested
by'Séhwab (1"inch). The error amounted to as much as |

| 200% with & 2 inch diameter tube.

The theory developed by Waeselynck has the dlsadvantage
that 1ts theoretical basis is correct only for low steam

Contents and it may prove of considerable service under

such conditions.
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5. "THEREODYNAMIC" THEORIES OF
NATURAL CIRCULATION.

Silver (1946) considered the motive power of circulation

to beAdue to the work done.by the steam in expanding during
formation. The expanding mixture was likened to that of a
cylinder piston, No account was taken of any possible
relative motion between the steam and water.

Davis (1948) expanded the above theory introducing the

effec% of relative velocity which was assumed to be that
obtained by Schmidt with a stationary water column,

Heywood (1951) indicated that the thermodynamic equations

give identical solutions to those obtained by the hydrodynamic

equations,

Discussion. ‘
‘ -The'ﬁheories by Silver and Davis, while they may contribute
to a clearer understanﬁing of the driving force causing
circulation, have been clearly shown by Heywood to be more
laborious in application. _

Heywood indicétes the underlying unity of both theories,
and it'therefore, follows that due to its relative simpiicity

the hydromechanic theory is that to be recommended for use.
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6. IVWO-PHASE FLOW IN HORIZONTAL TUBES.

The first detailed paper on the flow of‘evaporating

water through tubes was given by Bottomley (1936).

Throughout the theoretical development the steaﬁ and water
mixtures were treated as a homogeneous fluid with the
vigscosity of the water content.

Benjamin and Miller (1942) and Allen (1951) used

equations'similar to those dé#eloped by Bottomley in indicating
the method of designing piping to carry a "flashing" mixture

of water and steam, as did Davidson end othexs (1943) in

considering.the flow of boiling water through<héatéd coils at
2
pressures in the region of from 500 to 3,300 1b/in. and

lcAdams, Wood and Herman (1942) in analysing the flow of

bénzene—oil mixtures in tubes.

Both Devidson and lchidams evaluated the apparent
friction factors during flow, and assumed that the
discrepancies in the friction factors from the values expected
were due to the velocity of the steam relative to the water,

Martinelli and others (1944) carried out an extensive

expérimental and‘theoretical investigation into the isothermal
flow of two-phase mixtures through horizontal fubes,
Experimentel reazdings consisted of the phase mass flows and
Pressure drops plus visual and photographic observations.
Tests were carried out with air and the following liguids,
Wwater, kerosene, diesel fuel, benzene, water plus nekal, and
Water plus kemenol. The addition of nekal and kemenol

enabled the effect of liquid surface tension to0 be investigated.ﬂ

It/
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It was observed that if increasing quantities of air
are introduced to a tube flowing full of water, the following
types of flow succe331vely occur: |

(a) Bubbling flow in which the air flows alono the

top of the tube in the form of bubbles.

(p) Stratlfled flow in which the liquid flows along

the bottom of the tube with a smooth surface,
and the air above,

(c) Wave flow, which is similar to stratified flow,

except that the~interface is disturbed by waves,
(d) Slugeging flow. in which occasional frothy slugs
pass rapidly along the ﬁube.

(e) Annular flow in which the liquid flows along the
pipe wall while the gas fills the central core,
The liquid surface was covered with capillary waves,

A% very low liquid flow rates, the type of flow changes
directly from wave to anmular, with nb intermediate region
of slug form.

The reduction of the water surface tension by adding
nekal produces éonsiderable foaming, flow pattern (a) being
predominant., It is also of interest to note thatthis
change did not alter the pressure drop recorded.

The analysis comménces by assuming that the pressufe
drop will be the same in both phases, and that the pressure
drOP in each phase can be represented by the normal friction

formula;
db _ A ur.
al 2-9-

. RL

pn
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*

for the liguid phase, and

2
_db _ Xa-Us o , . .R2.
al Z'Q'Dc

for the gas phase,

The symbols D, and D, represent the hydraulic diameters

£ the respective phases,

. el . iT Q -5 3
For a cylindrical flow pattern -Z;D-X relates the

hydraulic dizmeter to the cross—sectionszl area.

For & nore complex cross—sectional ares the followimg
P

1
relationships may be written:

=o(('ﬂbD,_2)‘,, .. ....R3
x=BG%). .

/ . . . l
where & and B are, in effect, the rztios of the actual

crosg—-gectional areas of flow to the area of circles of

diameters D,_ and Da regpectively. Consideration of the gas

fom i
flow indicates that the gas flow arez is approximately
. . ., ! . .
circular at all times, so that /3 may be considered umitye.
The friction factors A and A may be expressed im the
general Blasius form :
= /I
ﬂ) -C
A, = —k L C e e e
k 7 M:. )n
l“ ‘ DL 'ﬂL ‘ g

e e .. .R5

(u)m Ca

( ) _ﬂ%

The verious diameters are related

2 ] 2 w2
°('£DL+%DG =%d

2
«D?+ D' =d. . ... ..... R
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where d is the pipe diameter.

Combining Equations RI,R2 ,R5 , Re and R7 gives

| . Ll . 25 |
&) - (%) ,No-z.s(ﬂ)f‘”(_e)"’f‘_w_a L ks
df d[a /UG /2 MG )

where (%%L i1s the pressure gradient when fhe gas flows

alone through the pipe. This is the form for the particular
case of both phases flowing turbulently, where Cp = Cg = 0.184
and n = m = 0.2, Using this equation to analyse the
experimental results a plot of c(o¢5to a base of its multiplier
in Equation R8 gave results lying with a scatter of ¥ 30%

about a mean line. By means of this mean curve 1t would

then be possible to pre&ict pressure drops during two—-phasge
flow, - | |

Armend (1946) carried out tests with air-water mixtures

‘Similar to those. carried out by llartinelli. In addition
the tube was weighed during the mixture flow; so making it
Possible to estimaﬁe'the respective cross—sectional areas
occupied by the phases. The pipe length, weighed, was
Joined by‘flexible piping to the remainder of the plant.
If L represents the effective length, and if Wy represents
the weight when filled with ligquid, and W the weight when

the mixture flows, then

and '
W = XqL/aq +XL'L'/?
Therefore We-W _ XLA -Xelfe ~XLA
Wo XL‘)ﬁ
_ Xa AR-
X 7
Xe

X
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as /7 is small compared with £ .

The results are shown in FPigure 12. The vertical
We-W
W,

(<]

axis represents and the horizontal axis the ratio (B)
of the steaﬁ flow volume to the total volume. |

In addition, tests were carried out to determine the
distribution of the mixture throughout the crossésection.
This was done by +raversing the tube with a small sampling
tube, and, at exit, by cutting up the stream by knives and
measuring the conteht in various cross-sections. From this
work the following four fundamental flow patterns were
defineds:

(a) The water wets fully the tube walls.,  The
central pbrtion of the water carries in it air
bubbles non-uniformly distributed over the |
cross—section,

(b) The water flows in the lower, and the air in the
upper part of the tube. |

(¢) The water forms & film on the Wall; the air
flowing in the central portion of the cross~section,

(d)  The same type of Tflow as(d but the air entrains

| with it small water droplets, The water is
distributed uniformly throughout the air.

The analysis was developed along the following lines.
The particular case of annular flow was considered,
The equations utilised are

= 2. ﬁ~/' @ﬁ-)dy

'Where £ equals the thickness of the water film on the wall

and where -y { ;_ )4/7(’3&j)’/7.
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A is a numerical constant,
Equilibrium of an element of length of the mixture
gives ‘

207 T.-60 = i-7-8p

and the geometry of the flow pattern gives
Xq
§ = T@‘/X)
Combining the above equations gives
/
db_ (b A~
dl dl), (,_\‘/_&)(Hé\/%q)w

where (g;) is the pregsu re gradient 1if the liquid occupied
[e] .

the tube cross-section alone, and A is a numerical constant.
This equation, which was developed for the particular

case of annular flow, was further simplified to the form

b _ (dﬁ)(,_ﬁ') L RY

dl

The value of 4’ and n were found to vary with the
- ratio -;% , the experimental pressure drop results giving

the following:

Xe _ 0 b, 065 - %=(jll?)o('

X |- )3((5 )H,.Z.

|_%__

Xa _ 045t 09

(_h) 0-478

X dﬁ (l- __)
x‘ d [-73
76' = 09 to 099 A—E ( ) (I- x_q)l ol




42,
To enable the prediction of 2@en1expfe551on was

devel oped as follows:
The air flowing in the core ig assumed to obey the
same friction law as in the case of flow inside a tube, 1i.€.
_dh _ a(y-u)a
o 2g-dyg |
and it is finally shown that where % > 072 (01‘ /32 0‘9)

, 7
/__2(_6= L+ BM
X ‘ 5.+'n1(7f%;»+-§9 “

where 3 is the ratio of the air volume content t the

total volume of flow and where

y [La
= ha- Re® /P
and where from the experimental results
a= 069 + (/—ﬁle«f?/-?‘/Fr).ﬂ .. .. R0

The equations give satisfactory agreement with the
extensive experimental data obtained,

Armand (1947) in the following year applied his theory,

used in the air-water experiments, to the analysis of
steam-water flow in horizontal rough tubes. The friction
factor . )\ was 0,026, The teml—&‘was evaluated where
ﬁ'>0 9 using Equation RI0 and where ﬁ<<0 9 by the expression
x& = C- ﬁ} T
where C w 0.833 + 0.05 1og€p and where p is thé pressure in

Ka,/m?

The results on analy51s gave the follow1ng forms of
Equation R9,

X é_b='d)__'___.....mr |
G—OtoO55 . dﬁ (Z‘go(‘_'%%)o-s |




x 2908 ) e - R
ﬁ<0'q ol djo (,“)'(X'G)

where n = 1.9 + 1.48 x 10 P.

A variation in pressure from 10 to 180 zitmospheres
veries n from 1.9 to 2.17.

For f grezter than 0.9 the most satisfactory

correlation was obtained with the formula

gé____(gg) 0o2sp+o005 pp.
dl déo ("ﬁ)l‘ﬁ

Eguations R.11 to R.13 enable tae predieﬁion.of the

pressure gradient due to friction during the horizontal flow
of gtean-water mixtures with considersble zccuracy. The
majority of the results are within * 20%.

Burnell (1947) dealt with stean-water mixtures flowing

adiabafieally through pipes where the prezssure at exit was
normally the critical pressure, énalysing the test results
by the method detailed by Bottomley, considerzble &iécrepancy
wag obtained between the theoretical and experimental critical
Pressure, and the theoretical and ezﬁerimental mass flows.
The ﬁheorétical,masS fiows.were'lower,.aﬁ&'the pressures
higher than those measured. )

Burnell showed that this diecrepancy could only be
due to the wrong assumption that the steam and water moved

With the same velocity. He snowed that for ceriain tests

the steam velocity must be approximately twice that of the

water,

Bergelin/
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Bergelin and Gazley (1949) continued the work of

Ilartinelli, The paper is primarily devoted to stratified
flow, where the liquid occupies the lower and the gas the
upper part of the tube.

During experiments on stratified flow "the interfacial
position was measured by connecting a calibrated height gauge
across opposed pressure taps located on the top and botiom
of the section."”

The interfacial measurement indicated that in particular
circumstances there was a change in the respective cross-
sectional areas occupied by the phasesalong the length of the
tube, .It follows that there will be an exchange of kinetic
energy between the phases, a condition not allowed for in
-lartinelli's thebretical development nor in other theoretical
developmen%s to date.
| Analysis showed considerable discrepancy between
theoretical (Ifartinelli) and experimental results, the error
being as great as 100%.

Bergelin, Kegel, Carpenter and Gazley (1949) carried oud

tests with air-water mixtures flowing veritically downwards.,
The conditions at entry to the pipe were such that the

liquid flowed along the wall. The data,'c;mpared with
values based on Martiﬁelli's Theory, showed & scatter of

30%, The trend of the exﬁerimental results, howe&er,vvas
Ooﬁnter to that expected from the theoretical develdpment,
Suggesting that all relevant factors had not been considered.

Application/
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Application of the theory to weritical tube condensers
with a wide range of condensing vapour Javes & nazimum error
of 142%.

Linning (1952) carried out tests similar to those

carried out by Burnell, but with considerzbly smaller tube
diameters., Burnell's tests were carried out with tubes from
% to 1% inches diemeter. Linning tested with tubes of 0.128
inches bore and 0,06 inches bore.
4L theory is developed for the cases of znmular and
stratified flon, and introduces the effect of variation in
velocity between fthe steam and wager,
The method of obtaining the ratio‘of the steam and
water velocities is'by equating the following eguations:
() Steam phase continuity.
(b) Water phase continuity.
(¢) Overall momentum.
(d) ILiquid momentum.
(e) Overall energy.
(f) Steam phase energy.
and (g) Relation of water velocity to interface veleeity.
The friction pressure drop is assumed calculable [oiva
the normal equation, where the velocity uséd is that of water,
and where the friction factor is that corresponding to a
Reynolds Mumber based on the water velociﬁy, density, and
viscosity, and on the tube diameter. Satisfactory agreament

between theoretical and experimental results is obtained

over/



over tne linmited pressure range investigated by the author,

Discussion.

The experimental results and analysis of Armand,
Burnell end Linning indicate conclusively that considerable
error is involved in the assumption of homogeneous flow.

The steam velocity is considerably greater than the water
velocity.

The theories developed to date to include the effect of
this relative velocity are either applicable to a restricted
set of conditions, or are based on untenable assumptions.

Lartinelli's, theory falls within the first caitegory.

Hartinelli, in effect, relates the liquid hydraulic dismeter

to the respective phase mass flows, densities and viscosities,

the‘relationship being obtained from results with horizontal
tubes, This relationship, will however only hold under tae
&oove conditions. For example, inclining the tube will
increase the velocity of the gas relative to the liquid with
& consequant change in the liguid hydraulic dianmeter, This
i¢ & possible explanaiion of the large divergence obitained
by Bergelin on comparing experimental results for vertical
tubes with theoretical results based on Hartinal%i‘g theony.

The experimental work and analysis of Armand is

exemplary, althoush the formula proposed for the determination

6f the ratic of the steam to tube cross-sectional area is no%
in g fcrmvapﬁli@able to inclined tubes or to flow where
inertia foroces occur.

The/
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The theory developed by Linning has'already been

criticised in a contribution to his published paper,

47.
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7. GENERAL DISCUSSIOK.

During the flow of steam~-water mixtures through
horizontal or inclined tubes the work of many experimenters
indicates that the steam moves relative to the water.

Petersen and Baldina show that this relative velocity is of
such a megnitude that the effective density of the steam-water
mizture is appreciably influenced.

Therefore, theories of circulation, such as that of

- Lewis and Robertson, based on the assumption of no relative

movement, will give inaccurate results. A satlsfactory

theory of circulation will require consideration of the effect
of relative velocity. This will affect the density, the
momentumn forcesg, and tube friction.
= The problem is primarily the theo:etical determination
B of the relative velocity. The theoretical development
‘should be made on a basis which allows for the influence on
the relative veloclity of the following important considerations:’

() The effect of momentum forces.

(b) The effect of tube inclination.

(¢) The effect of tube roughness. |

Of the papers published to date, those by Schwab and ﬁ

Linning are the oniy theories which would appear to satisfy
the above important considerations. Schwab assumed that
in the flow of steam—water mixtures through vertical tubes,
the flow velocities were such as to give the minimum

Dressure drop over the tube. This assumption has no

theoretical foundation,

Linning/
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N ~Linning in developing his theory, introduces an error

into his steam phase energy equation. Developed correctly
1t will no longer be independent of the equations used in
determining the velocity ratio.

It may be said in conclusion that as yet no theory has
been'developed on a sufficiently broad basis to enable its
application to the various conditions of fiow met with in
boiler practice.

In the theory developed in the following sections an

attempt has been made to fill this gap.
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PART II.

i

THE PROPOSED THEORY FOR THE DETERIMINATION
OF PHASE VELOCITIES DURING TWO-PHASE FLOW.

Page
8. ﬁode‘of flow ces .o cee .o P cee 51.
9. Ratio of the gas to liquid velocity oee NP 55.

10. Approximate form of the gas to liquid velocity

ratio oo cos cee o N PN 59.

1l. Shearing stress ratio Ty/r oo .o cse  ess 63.

12, Distortion of the annulus profile .. cese ces 67.

13, Effect of heat transfer on flow conditions ess . T2,

14, TFlow in downcomers .o cee . see ees voe - T4.

INTRODUGTION.

) One of the main difficulties in developing satisfactory
relationships enabling the prediction of pressure changes
during two-phase flow is the presént lack of knowledge
régarding the respective phase velocities. The foilowing
sections contain the development of the fundamental

relationships governing these velocities,
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8. MODE OF FLOW.

The experimental work of Armand indicates that during

the flow of a liquid and a gas, or a liquid and a vapour,

through a horizontal tube there‘are Tour possible flow

patterns,

(a)

(v)

(c)

(a)

The liquid flows in the lower, and the gas

in the upper part of the tube, The liguid wets
only part of the tube wall, This form is |
referred to hereafter as stratified flow.
The‘liquid wets fully the tube walls. The
central portion of the liquid carries in it
gas bubbles non-uniformly distributed over
the cross-section.

The liquid forms a film on the wall fully

wetting fhe surface, Gas flows.in the

central portion of the tube,

The flow pattern is similar to (c), but the

gas now entrains with it small liquid droplets,

which are uniformly distributed throughout

the gas.

Forms (b), (c) and (d) may be described by the general

term "annular flow" in so far as there is an annulus of

1iind surrounding a core of lighter density. Flow pattern

(d), where the core consists of gas entraining with it small

liquid droplets wuniformly dispersed, may be regarded as the

more general case, and it i1s for this form that the following

theory/
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theory has been developed. Separated flow occurs only
with small gas contents.

In addition the following assumptions are made:

(a) Both phases flow turbulently.

(b) The central core is uniformly dispersed
around the tube axis.

(¢) The 'gas and entrained liquid forming the core
behave as a homogeneous fluid, the liguid
having the same velocity as the gas.

(da) The Prandtl mixing length distribution is
the same during single and two-phase flow.

The distribution calculated by Nikuradse for

single-phase flow is shown in Figure 13.
This above assumption would appear contrary to
the observation that diffusion does not occur throughout
the two-phase mixture. If the above assumed independence
of the mixing.length on the respective phase densities is
true, it might be expected that the liquid would disperse
throughout the gas, the equilibrium condition during
horizontal flow being when diffusion upwards in the vertical
plane balances the "free" downward velocity of %he liquia
relative to the gas.”E That this does not occur must be
- attributed to the effects of surfage tension, as
Martinelli has shown that decréasing the surface tension
‘tends to produce foaming or diffusion.
’ Martinelli also observed that at the interface the

‘liquidAsurface was covered with capillary waves., While
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the sufface tension tends to prevent diffusion at the
boundary, the wave amplitude is analogous in its effect
to that of the prandtl mixing length. - The action of the
gas on the liquig wave produces forces similar to those
occurring due to momentum transfer within the phases. It
'may therefore be approximately the case that within the
phases the mixing length is not affected by the surface
tension at the phase boundary.

Having assumed the abowve mode of flow, the ratio
of the gas to liquid veiocitiés follows as shown in the

folldwing.

P ‘
"Turbulent Transfer Mechanism and Suspended
Sediment in Closed Channels" - Ismail.
Am, Soc. Civ. Engrs. Vol.77, Feb. 1951.



9, RATIO OF THE GAS TO LIQUID VALOCITY. -

Prandtl has shown that, during the turdbulent flow of a
~ homogeneous fluid in a pipe, the shearing stress T at a

radial distance Y from the wall can be expressed in the form

T,=;o'.{’,z.(éa§)f'/9 AR

where ,ﬁ, f and (du) are respectively the density, Prandtl

mixing length, anagthe gradient of the velbcity profile,
‘For ligquid flow under such conditions the felocity

profile is represented by curve o0cO’ in Figure 14.

During two-phase flow with the same liquid mass flow in the

annulus as for the single-phase case, and with a central

core of gas, or vapour, and entrained liquid the velocity
profile is shown by curve Oabfdeo’.

- The velocity profile in the ahnulus is agsumed at
present to be the game for both the single and two-phase
cases., This 1attervpoint is dealt with in further detail

in Section 12. |
%, *_t At a point a distance Y from the wall, within the core,

Prandtl's Equation will be :
2 (du /
7—2=/02.(2.(d5)1 g .. ... ...

‘The suffix 2 denotes properties of the core.

Combining Equationsl and 2 gives

(_2%)2 _2 (du) ,/"17”_ .. .3

e
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As discussed in the previous section the mixing length

ratio fb/%z is assumed unity, giving

It will be shown that 7&/LE is constant throughout the

core, hence U3y and U3y' the mean velocities in the core
during single and two-phase flow relétive to the velocity at

the phase boundary are related thus (See Appendix C).

/ AT
Uy =U3/72_T,—5

If U, is the phase boundary velocity, the absolute

velocity of the core mixture U, is

Now the core contains a mixture of gas and entrained
liguid, Let g and w represent the respective proportions
of gas and liquid in the core by weight per pound of flow.

Then
9+ v I

Y+ wIr
As Lu/%.is presumably small relative to ‘%/E this

/2

expression may be reduced to

9+ w .
/O‘Z=YT~/OQ.‘.‘>. e s e - ...8

Also as the annular ring contains liquid only
fo= /i e e e e e 9

18/




It can be saown from the continuity eguaiions thet

elated to the mean annulus

B

the mezn liguia vzlocity U, is
velocity U, in the expression (Bquation 4,11, Appendix 4).

— -9 A 11
UL_ Ul "‘CL'LU"’UJ/KQ

where K, is the ratio of the core %o annulus velocity,
and is ovtained by dividing Equation 6 by the annulus

velocity, i.e.

This ratio 1s greater than the gas to ligquid velocity
ratio, as the mean liquid velocity is greater than the
nean annulus veloclty, due to part of the liguid possessing
the core velocity. On the otuner hand, the core veloclity
is also the gas velocity.

The gas to liquid velocity ratio is obiained by
substituting Zquations8 and 9 for /A, and A respectively.

in Equation 6, then dividing by Equation 2.11, i.e,

(o le _ U _ U Lowroks s rq-wrok, o
UL UL U l"i U' “.%
Ue Us _ .
It should be noted that T and ' are velocity

ratios associated with a single-paase VOlOCIbJ profile,



10. APPHOXIIIATE FOHI OF THL.

Ga3 TO LISQUID V.LOCITY R.LTIO.

Present knowledge does not extend to the evalusition
of the liquid content of tae core, nence it is not possible
to apply BEquation 11 in its present form.

From inspection of a single-phase velocity profile it
is evident thet t:e ratio L&/ﬂh is slightly greater than
unity. 48 1ts multiplier in Zguation 11 will be slizghtly
less than unity for sﬁall values of W and/or for values of
near unity, it is reasonable to assume the product unity.

Equation 11 therefore becomes

| Uy 1-q-wrw/i, | 4
K = | +——lr (_q/ g

2
v T

RN

If the symbol Z is used to denote the expression

Uy 1-9-w+wfka| 4
'IZ' -9 g+w

Equation 12 reduces to

K'=|+Z f;I&.B
AT

At a particular pressure during steam-water flow the
term Z will be dependent on the core to tube cross—sectional
ratio, and on the annulus mass Ilow, The wvariation in
turbulence with annmulus mass flow rate will be an important
factor governing the mixing between the phases,

Consider now the possible variation of Z with pressure,

For/



For a particular core to tube cross-sectional ratio, UQ/U‘,

Wwill very only slightly with Reynolds' Jumber, The

change in dryness fraction with increasing pressure may be

predicted from Equation 4l2, i.e. _
Xa _ _ YA L m2
YR+ K9k

The velocity ratio equation indicates that K does not very

as rapidly as /2 hence for a particular X¢/X ratio the
dryness fraction will increase with increasing density.
Botn the viscosgity and surface tension of water decrease
with increasing pressure suggesting that the mixing will
increase with increasing pressure. Hence both g and w
will increase Withvincreasing pressure, with the result
that Z will tend to rewmain constant with pressure variation.
This also suggests that Z nww'haﬁe approximately the same
value during both steam-water and air-water flow.

As K may be determined from Armand's experiments with
air-water flow, Z may be calculated from Equation 13.
The procedure is detziled in ippendix D, and the values
obtained graphed in TFigure 15. They are plotted to a base
of ges to tube cross—-sectional ratio for various liguild
flow rates. It was not possible to relate Z 4o the more
correct reference axis of core fo tube cro ss-sectional
ratio for various annulus flow rates, as the water content
W was unknown,

o direct measurements of the velocity ratio K for

steam-water mixtures are available, hence the values of

cutaine d/

60.
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Obfained with air—waterfmiktdfes are aséumed to hold for
the flow‘of steam-water mixtures._ The values of Z will
however, be applicable only to émooth tubes, as the-air;
water fests‘were carried_ou% for this condiﬁion; The
équations are developed to.ihclude the effect of tube

-

roughhess in~Appendix K.
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11. SHEARING STRESS RATIO To/T .

Equation 13 for the ratio of the gas to liquid
velocities contains the sﬁearing stress ratio T./T, .
This ratio is now determinéd by considering the equilibrium
of an elementary cylinder in the core as shown in Figure 16.
The tube is inclined aF an angle O +to the horizontal, and
‘ the flow is upwards. Incremeits in the direction of motibn
are taken as positive,
The following are the forces acting on the cylinder in -
" the direction of motion. (Second order differentials are
néglected),

(2) due to pressure change

b o, o 2
~Fﬁ-5f-u-f
dllp |
(v) due to shearing stresses on the cylinder walls.
~ T, 207 8¢
(¢) due to the weight of the cylinder.

—p Wrh 8L snb

(d) due to the core mixture momentum force

- .72 UzSUz
—/%-l!r' g

In developing this expression, and all similar
' expressions, the velocity and velocity'changes are treated
 as the mean phése velocity and velocity changes respectively.

This involvés the substitution of mean velocity for root

mean/
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mean square velocity, together with a simplification of

the same order in which the variation of mean velocity with
cylinder radius is ignored,
As the above forces are in equlllbrlum,
——(;ﬁé) St =T, 2nr 80 - 5 Trist sne
/0 ij y2 Uz ol Uy §U, - 0

9
or ‘ ' .J '
d &Ug Uz :
z=_32:[(?,£) "'@Sm@ + §¢- 9 ] e e

For the case of single-phase flow this reduces to -
| T (d .
n--I(% s
' 2 \d¥ /g
where T, and (db/d{)ﬂare the shearing stress and friction
pressure gradient respectively during single-phase flow,

 Hence by dividing Equation 14 by 15

( _é) /5 Up §Us

E m9"""58-9,..........lb

U,

It will be seen that, as assumed in the development, the

ratio 1s constant over the core, ,

In applying this equation /8 is substituted for /5
as w is unknown. Since the gradienfs due to the core
weight and momentum force are small relative to the total
pressure gradient, little error is normally involved in
this assumption.

Also, as will be discussed in detail in the follovding
section, the pressure gradient during single-phase flow is

assumed the same as that obtained during two-~phase flow for

a/



a particular annulus flow rate,

This reduces IEguation 16 to

7 _ (), + 5 sme + Boletle .

B (&)

If there are no momentum forces .this becomes
[ db) ‘
(Feb)z + /2 - 8N 8

().

and further if the tube is in the horizontal plane

—@=ﬂ = (%)”: B
! (g?}? (i%)ﬂ

?inal Equations. The velocity ratio equations are

Tz _
T -

therefore a??iied in the following forms:

(a) Horizontal Tube No momentum force,
’i,
K= 1+7 /%
/5
(pb) Inclined Tube. No momentum force.

g + Lsing
K=1+Z J/ﬁtéﬁ%L q
e (%)

(¢) Vertical Tube ( SnB =1 ) No momentum force.

e ).+

K= 1+ 72 e (%)FZ

ﬁd) Vértical Tube lKomentum forces.,
4 - Ua 8U,
(Zté)z tlhat 89

()

dl Je2

K= | + Z

8% |~y
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12, DISTORTION-OF THE ANNULUS PROFILE.

In develdping the théory it hés been assumed that‘the
~velocity profile in the annulus is the same for both the
single and two-phase prof;les consldered. The actual

profile will be determined by the shearing stress distribution
in theamulus. This distribution is now determined by
considering an elemeﬁtary cylinder with a radius 7 ,

greater than the core radius TL as shown in Figure 17.

The following forces act on the elemental cylinder in

the direction of motion (Second order differentials are

. neglected) | o %

(a) * due to the pressure change

(2#) e

(b)“»&ue to shearln stresses on the cylinder. walls
1
—-T -Zﬂr-S{’
(¢) due to the welght of cylinder

{/2 ”-f 8{-,-/0 ‘7(1‘ T Sf}SMB

(d), due to the core mixture momentum force

L 2 U8,
—/0‘-117. : 3

(e) due to the momentum force of the annular ring

of liquid
-——/O l((r ﬂ

R

As/
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As the above forces are in equilibrium

__1 smo—(p-p) Lo £ 1 bl ﬁ( Tb)“”v .
T 5 (gf)-r/’ n (f@) Sun9+se " q +6€' 7 q 4

Now the pressure gradient (El'!?'z is egual to the sum

of the pressure gradients due t friction (iP)Fz

mixture weight (éb) y and momentum force é}l
dL/Pe , dL

It can be readily shown that

| 2
(5—}7}9: —Psné +(ﬁ—é)}r%_51n9. 2]
2 ° ;

M2

and .

(;Jé) =_f_a.ﬁ.wz_ﬁ(, )U'SU'.......Z(,
M rz

4 e 9 14 9

Subbtltutlng Eguations 25 and 26 in 24 gives

T 2[(2&) (f’ A (- Yz)me_gz(_;z_;x/’%‘w ri-léz-ﬂ/z)...m

This equation indicates more clearly than Equation 24

ﬂ

the variation of the sheafing stress within the annulus.
For a single-phase fluid the shearing stress distribution
bears a linear relationship with the radius. Bquation 27
indicates thet with two-phase flow the shezring stresses
vary non~linearly, except for the case of horizontal flow,

Wwith no momentum forces, when Equation 27 reduces to

'=—%(%){z“”””'”28

For the case of upward flow (i.e. Sin@ positive) the
shearing stresses vary less rapldly with decreasing radius,

than /



than for the case of single-phase flow, as will also the 70.
veloclty profile gradient, itn reféreLcé to Figure 16, if

Cféc[xepresents the annulus profile with linear shear
distrivution, then CD/GICJ’ represents the profile with the
non-linear stress variation obtained during upward flow in
inélined tubes. ‘The mean veloclty is the same for both curvés
as the mass flow in the annulus 1s the same for both thée single
and two-phaée cases considered.

The actual profile during two-phase flow is, therefore,
represented by O/e/d’f’rather than o’ec{{ as assumed in
the developuent. AS Ti//T, is constant throughout the core
there is no distortion within the core. The only outcome,
therefore, of this effect is its influence on the magnitude of

Ub//U, . The form of the theoretical equation for the gas-
liguid velboity ratio (Eguation 11) is unchanged. The approx—
imations made regarding the term containing Uh/U, will still be
approximately true. Mo allowance for thig effect is made in
applying the equations.

A further influence of distortion is the_change of the
shearing stresses at the wall for a particular annulus mass flow,
For the same velocity profile in the anmmulus during single and
two-phaese flow, the wall shearing stress, and consequently the
friction Pressure change, must be the same during both flow
conditions, If, however, the two-phase profile is distorted
then the velocity gradient in the laminar wall layer mist
change (for the gsame thickness of laminar layer), altering the
sheering stresses at the wall and the friction pressure change.
Fowever, ip developing tae friction equation (Section 15) this

3 Lo oo .
4lsvoriion effect ig neglected.
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13, DLFFECT OF HE.T TRANZTFLL
ON FLO./ COIDITIQNS.

The mechanism of heat transfer will have a considerable
effect on the flow of an evaporating liquid, Where the heat
- is transferred through the tube walls evaporation will occur
close to the wall, Presumably bubbles of vapour form close
to the wall and move axially relative to the liquid, and &l so
radially inwards to coalesce with the core of the liquid and

vapour Iflowing in the centre of the tube.

innulus Demsity. In the development contained in Section 9,
the flow in the annulus has been assumed that of a homogeneous
_ llquld. It w1ll be appreciated however, that in the case of
heat transfer there is a mixture of liquid and vapour in
the annulus.

| Present knowledge of the axial and radial movements of
vapour bubbles in an annulus of liquid 1s insufficient to
predict the annulus equivalent density, hence it is
suggested that the theoretical equation be applied assuming
the density in thé gnnulus is that of the liquid. The
"velocity ratio values thﬁs obtaihed will bé greater than
those obtained using the actual anmulus density, as
inspe ction of Equation 11 indicates that K increases with
the annulus density.

Laminar Boundary Layer. The formation of steam bubbles in

the region of the wall will presumably produce disturbances
8% the wall similar to those produced by rough tubes.

Hence the velocity change over the laminar layer will be

reduced/
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reduced, which will have the effect of increasing the

ratios Us/U, and Ug/b, in Equation 11, The effect is
neglected. This approximation will tend to counterbalance
the assumption made above in neglecting the change in

density of the annulus ligquid,




4.
14, FLOW I DOVNCOLER TUBL3.

o e

The theory nas been developed for the case where the
shearing stress ratio Ti/17 is positive, ‘During the
downward flow in inclined tubes this ratio may be negative.
The manner of applying the equation under thesg circumstances
regquires care,

Let 1;’ denote mnegative values of T, .  The
Tundamental relationsinip between the velocity gradients and
the shearing sitresses can be Written

(duf_ f’Tz. R

However, on this occagion, as the shearing stress
ratio has changed sign, so also must the gradient. Hence
the velocity profile will be as shown in Figure 19, The
remainder of the theoretical development i1s unaffected.

The final form of the Velocity Ratio Equa tlon is, therefore, g

The general form may, tnerefore, be expressed

If the positive sign of T2 is chosen, -then the

3

Positive sign must be used before the square root term.
Similarly with the negative sign. The appropriate sign - :
1s that which will give a real value to the square root

term,

Where/
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‘here flow occurs in a vertical downcomer tube, and

inertia forces are negligible, Equation 31 is obtained in the

form

fE’M.........sz
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16.
17.
18,

PART ITIT.

THE PROPOSED THEORY FOR

PRESSURE CHANGE DURING TWO PHASE-FLOW,

Pressure
Pressure
Presgsure

Combined

change due to friction ...

LN 3

change due to mixture weight ...

change due to momentum forces...

equations and solution ... PN

INTRODUCTION.

82.
84.

ring the flow of a homogeneous fluid, or a

two-phase mixture the pressure change along the pipe

may be due to the three distinct actions:
to the friction at the tube walls ;
the effect of the mixture weight;

forces required to accelerafe the fluid.

effects are dealt with in turn in fhe following

sections,

secondly,
thirdly to
These

firstly,

to

77
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15. PRESSURL CHANGE DJE TO FRICTION.

During the flow of a single-phase liquid the friection

pressure change is obtained from +the equation

_é) (0 - NSeutp 5
déF( ' 230(

where U is the mean velocity. Let U, represent the velocity

in an annular ring during such flow conditions where U, =

el

The friction equation may now be written

_(gﬁ%’)m.gg___ A'Sg'gég') ﬁ R 1A

If during two-phase flow the velocity in the annulus

is U, and the annulus profile is the same as for the
single-phase case, then the friction pressure change is
‘ o\
o ( ) _ase(@u) A 3
dl /e, 2 q - d :

As already discussed in Section 12, distortion of

the annulus profile will influence the friction pressuré‘
gradient. This effecﬁ 1s, however, neglected and the
above equation is assumed to hold where the annulus
profile is distorted.

Now from Equation All(Appendix A), the mean
velocity of the total water flow is related to the annulus
Veldcity in the expression

-9 Y N
I-q- w+ w/k, '

and




79.
Substituting Equation A1l and 9 in 35 gives

{_E} §f = { -9- w+w/m} A 80Ul R
F2

dt 9 ‘ 23-<1 |
o MSEUEA s
- where 2
| G ={a."q”‘”;w/&).........37
'.—

The term a from inspection of a single-phase
velocity pr0111e is slightly greater than unlty. The
second term, as discussed in Section 10 will be Slightly

less, Consequently G was assumed unity giving

(—‘3) o ASLULL 3
F2 _

4¢ 2q.d

"It 1s evident that where evaporation . occurs at the
wall the additional tﬁrbulence will tend to disrupt the
laminar layer causing an increase in the friction
Pressure change., Inspection of the experimental data
suggests a corfeotion factor of 1.25 to allow for

evaporation with heat transfer giving for this condition
2
() e mias LR
&l /2 24d

For certain purposes the friction equations are

- More conveniently expressed in terms of mass flow rates.

From the liquid continuity equation (Equation 45)
()% =Uof o RS

Substituting this in Equation 36 gives on rearranging

(;E)z s - ¢. At 5£ {(, ‘) } {_z;_}z ko




The friction fachor A will bs Hast

to the Reynold's Fumber associzted with the annuius mass

flow. This is arrived at in = blullar manner to the

devéLooment of the rriction equaetion,

During flow of & single-phase fluid, Reymold's

Number is deTined as

Ro = LdU 4
! /U,
If U, is the flow in an annular cross-sectional area
.of the tube where U,=é‘1 then
Re — L-d-a-u ... 42
' /(j’

During two-phase flow it may therefore be assumed

U, in the annular ring

:?e.?_= ﬁ‘id/'U,a.U' ...~......ll‘3
-9 Y - 1]

=U"/?w+w/,l('z
= A .

UL
| A
. |
n M= Mo

equations gives

that for a velocity

Now

Wbstituting the above
. d-u 45

Po. — {5 /-%—w-&wﬂa s L
, =

/"% _/UL.

Here again the bracketed term may be assamed unity

giving ’ .
' ng Reo = 2.d- U U A S
2 /AQ

This is the Reynold's Number used in evaluating

the friction factor A .
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The weight of minture over o lencih §€ Is calarmced
by the pressure change along the Jube, i.e.
g .
—(@) sex={x-sep +x% sepfsmo. . 47
(3
where the equation is developed from consideration oi the

annulus and core weight, during upward flow.

This may also be writien

—(%ﬁz' g@x:{xk. seﬂ-f-xa-&f-/z}SmB. S

g

where the equation is developed from consideration the

gas and liguilid weight.
The final form is the same from either starting point.
Equation 48 reduces to

: _(dp) _ J X, 4_2(&.“ 0
_ﬁgh__ . V4 " /Z;}.ﬂn e 2

Substituting Bquation 412, and Al3, from ippendix 4

for é% and %% respectivély gives finally

_(ih) _ [ aek(-9) lsmo ... . .50
dl/py (Mz + K(Pq/)//f




82,
17. PRESSURE CHAUGES DUE TO LCHEITI. FORCES.

The equations may be developed using either the core
and annulus velocities or the gas and liquid velocities.
The equations}will differ from either starting point due
to the use of mean velocities, rather than the root of
the mean sQuare velocities., The equation developed
using the cofe annulus velocities would presumably more
closely approach the actual values as‘it allows more
completely for the Variafion in liquid velocity.
However, as the application of these equations Wéuld
necessitate a knowledge of the water concentration w ,
fhe more approximate equations developed from the gas
and liguid velocities are ﬁsed.

These equations are now developed considering the
momentum chanée over an element of length Sf « Second
order differentials are neglected.

The ligquid momentum rate at the beginning of the element

MU,

r

is (I'Q/)
| 9

The gas momentum rate at the beginning of the element

is | % . \
q G

The liguid momentum rate at the end of the element is

(-4 _ (-9) Q:ﬂg. . gi. .U
_&gshq()'M‘(UL-l- §u.) = (—éﬁ"f--m- U, + g MU+ % m' .
The gas momentum rate at the end of the element is

ol . Y m. 5%. M.
%ﬁ—sﬂjM'(Ua+ SUC)':. ‘Z—/'M'Uq + 3"‘” SUq + "332 M- g



The rate of change of momentum is therefore 83.
i-M'Su + i-M'SU + g—q’-m(u —u)
9 3 q

Henece if (—k}ls the pressure gradient due to

M2
monentum forces

_(_jg) ng = %_MSUQ + %.M.guL + %Y.M(UG_UL) "o
_ M2

whiceh gives
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18. COLIBINED SQUATIONS AND SOLUTION.

During two-phase flow the total pressure change

during the upward flow of the mixture is determined by

combining Equations 38, 50 and 52

(g a--{8], e (3 (2L

NE0-Ul R, { 9+K(t-9) ( §€ sme
2g-d 96 + KG-9 )P

“ +{ﬁ $u+'—3—q!';’8u+§c%’;2(u u)} I

The velocity ratio K is obtained from Equations 23

and 38 in the form

£ (}Zﬁ) S’Irzﬁ*/a%zé_ﬂ%jl
MNUEAR

G 29 2q.-d

The metirod of solution is a trial and error process

K=1+7 - 2

whereby for various assumed values of K the pressure change

is first calculated, and then a theoretical value

calculated for K from EZguation 54. The correct solution

is found when the assumed and calculated values of agree.
Where upward flow in vertical tubes occurs and there

are no momentum forces, Equation 53 reduces to

dp yseeutz [ 4+k(-9) | se
- (sz_"% = T 2q.d N [CL/,%+ K(-9)/F

and Equation 54 to

£ _(gél'+'/2 .. .. .. .56
R

Where/
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Where the flow 1s vertically downwards and there

are no morentum forces the equations are slightly
- changed as Sin® is now ~ | in contrast to the positive
value of unity when the flow is up a vertical tube.

Equation 53 beconmes

-(ﬁ’l’)ﬂ: \-§0u"2 _{ PrKO-9) |se. .. .. 57
ol fy 2g-d (a8 + k(-9

and unatlon 54 (See Section 14)

.‘.
e[S
290!
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20.
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22.
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applied in this section to the analysis of results from

PART TV,

APPLICATION OF THE PROPOSED THEORY TO
- THE AFALYSIS OF THE EXPERIMENTAL DATA OF
PREVIOUS INVESTIGATORS, ‘

86.

Page.

Liquid concentration in core (Armdnd's experiments) 87.

Friction during air-water flow (llartinelli's
eXperirﬂen‘ts) * S e LR N ] LR IR ] LN o e & L 2R 2R 3

Pressure change during the flow of steam-water
mixtures in vertical tubes (Schwab's experiments)

Pressure changes during the downward flow of
air-water mixtures in vertical tubes (Bergelin's

experiments) coe  ees  eee  see . cee

"Stagnation" point during flow in downcomers

(Lowenstein's experiments) ees  see  soe oo
INTRODUCTION.

The theoretical eqdations»just developed are

Previous investigators.
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94.

98.
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19, LIQUID CENCEFTRATION IN CORE
(ARLIAITD' S “YPJRIKLN;?)

An approximate check on the validity of Equation 12,

viz:

( — e Blewewl [ 2T
U,y Jqew A T,

is obtained by using it to analyse the results obtained
by Armand for air-water mixtures flowing through smooth
horizontal tubes. (Figure 12)

As the tests were carried out in the horizontal

plane = | (Equdtlon 19)., Also as W is small

Al

(lt@ uJ+(u/ki)/( may be assumed unity. This reduces
Equation 12 to

K = -39

Arnand weighed the tube while the two-phase mixture
flowed, from which it was possible to determine the
~ Cross—sectlonal areas occupied by the respective phases.
From this data the author determined the velocity retio
K as shown in Appendix D. _
The ratio U§/U' can be calculated from a single-phase
velocity profile, and it will be that corresponding to
the Reynold's Number in the annulus. As the variation
of Uy/U, with Reynold's Mumber is slight, all values
used correspond to a Reynold's Number of 105,000, This

is an approxima+te mean value of Reynold's lumber duri ng

the/



the cests. )

Armand measured the respective flow rates of air end
water, hence g is known, and consequently the only unknown
in Equation 59 is the water content w of the core. This was
evaluated and plotted to a base of the ratio of gas to tube

cross-—sectional areas in Figure 20. 4 specimen calculation

is given in Appendix D.

Discussion.

The small magnitude of the water concentration
throughout is consistent with the assumpiions made in
developing the theory.

Above-%% = 072 there is a marked variation of the
water content with the water flow rate. The increasing
water concentration in this region with increasing mass flow
is due %o the greater turbulence with larger flows. The
increased turbulence will increase the mixing bedween the
phases. The concentration w in the core decreases to zero
with decreasing water flow rates, and, in fact, slightly
negative water concentrations are obtained with the smallest
experimental mass flow. This is, no doub®, due to the
approximate nature of the equations, and the most lixely
explanation lies in the ratio of The Prandtl mixing lengths

fu/ezbeing assumed unity.

Below 4%— = 077 it was not possible %o discern a
variation of the experimental date with mess fiow rate. I%
is probsble that a variation with flow rate exis®s in this

region also, but that the experimental technigue lacked
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the necessary sensitivity. The majority of the

experimental results on Figure 12 lie between lines
represented by the eguations % =0-8LB and % = 0-8058
and the water concentration has been determined for these

two cases. The magnitude of the water concentration

throughout indicates the equations are approximately true.




20. TFRICTION DURING AIR-WATZR FLOV. o

(CARTINEILI'S L::r;:‘;zz:;rtf::)

The results analysed in this section are those
obtained by llartinelli for the flow of air-water mixtures
through horizontal tubes.

In Section 15 the pressure drop due to friction has
been obtained in the form (Equation 40) |

‘(51_}3) fo— 0. X Sf(—*q; M) (5_)2
d Fo 2q-d X/ R\ XL

Regrouping and substituting N for the power of 5(“‘

@)/l - o)

In logarithmic form this is

L"R{_(%)FZ zé\d('—?‘ M) ’] log G + 1 Log( ) .6l

In view of this relationship Martinelli's results
2
—_— M {
were grapned using lo (l —) —} as
& {(ow Fz/23 d Q/ A
the vertical a}kls, and log X/X as the base, In this
manner if the results lie on a single line, the slope of
the line repreuen‘cs n a.l’ld the velue of G will be the |
value of - ( when X/X is gero,
F'z ng /i

In evaluwc].nb X/XL the velocity ratio K is assumed
that obtained from armand's experiments for air-water
mixtures flowing under similar conditions.

The results are shown in Figure 21. The slope of
the line through the experimental results is 2 and G

is 0.75, i.e. a mean line through the experimental points

represents/
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represents the equation

‘,(i((é)m-g{’ 075 ,\SP(? )p(

All but three of the test results lie within 25%
of the mean line.

The value of G is rather further from unity than
expected though it 1s sufficiently close to confirm on
a broad basis the reasoning leading to Equation 40, as
does also the slope of the mean line through the

experimental points,

93.
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21. PAESSURE CHANGE DURING THD FLOV

. Ty T T T -

D L\.\.L“’ fu._l.._J.LL L TUJ.LA.JK\(‘ IET v-..a LIU-FI. J_m ﬁ:s.
~ =

( A.)\/.Ll W .‘..._) J JJ.;\.P_LJ.D.EN-JJITH \‘)

The theory developed in Parts IT end IIT of this
report is applied to the analysis of results given by Schwab
for ﬁhe adlabatic flow of stgam—water mixtures in vertical
tubes,

The pressure gradients during the various flow,
conditions are small enough to allow the changes in steam
density and in mixture quality to be neglected, with the
result that the pressure change may be considered as due
solely to the mixture weight and to friction, the momentum
forces being neglected.

The pressure change 1s (Equation 55)

(). Abuig [ G rK(-q) ] g
), 29 Yh +K(-9)/R
The frictien Fartar X 95 that corresponding to a

RQ:ﬂdUL/U
Reynold's Number zna2~ /L‘u/ia/épi

The velocity ratio K is determined using Equation 56

2 (Ere
/g 'Xz;‘..;

where the Z term ig that obtained from experiments with

K=1+2]|

air-water mixtures as given in Figure 15.

The theoretical pressure change and velocity ratio are
those which make Dguations 55 and 56 compatible. The
values obtained azre given in Taeblesl and 2 where, %0
facilitate comparison, the pressure change actually

neasured/
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TagLe I
Pressure 172 Ib/a" Gauge. Tuee 1" Bore.
Deyvess | Sream- | Pressure Cuange Ib/a’” fE.
TEST M/ X Fracrion | WaTeR CAreuLaTeo| CarcuLATeED
No. Jb/ﬁec,ftfl q Newoeiy Rario| MEASURED |~ Proroseo | - Sranoaro
: K TEaRY THEORY.

l 355 |oom2 | 415 | 0402 | 0.1 | OOKS5

2 62-9 | 0.105 57 Ol | 0.119 | 0.047
3 0.0585| 315 0.119 | 0.122 | 0.053
A 00212 | 208 | 0.154 | 0169 | 006
5 | 075 | omB | k5 "] 0162 |0.08
6 | 0.0665 | 295 0./53 | 0./5 | 0072
7 . 0.o48| '8 0.163 | O-leb | 0102
8 143 0.l 3/ 024l | 0248 Ok
9 0.04/ 21 0.18k 0185 | 0.09%

| o | 1775 00875 | 245 0'26%234 0-352 | O./k/
T | 00382 | 20 0'2//0,2/9 0272 | 0.1k
2 | 0028 | 145 | 0228 | 0229 | 0./bk
13 2.8 | ooz 1175 | o251 | © 27 | 0.1k

A 0.0l | Ik 025, | 0.24 | 0.183

15 2865 | 00158 | [k 0'30%_247 0307 | p.193
lo 0007 | /3 0306 | 0297 024
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TaBLE I
Pressure 1615 Ib/a" Gauce Tuse 1" Boge
Tesr ;\q/ ” Dryness | Sream- PeessuRe Cuange  Ib/a" ft
, Fracrion |  water CAcuraTep | CArcucqTen
No. lb/‘sec.f(:_ Ci Verocty Rato| Meqsurep. |- Proposeo |~ Stanoaro
o THeory. | THEoRY.
7 369 0-304 178 0.09% 0106 | 00785 |
18 0.1985 -5 0115 0.127 0 104
9 738 0.306 75 o.zoq//o.uo 0.7 0.087
20 0225 /32 0.-//8 0./27 0.108
2/ 0.135 122 0. l4p 0.15/ 0./136
22 0.09 119 018 04177 0. by
23 0.07/9 (18 1019 /0.492| 0.9/ 0.179
24 | ok 0.-224 1-28 0.133 0.138 0.5
25 01! 118 0.157 0156 0 Ikl
26 0.05/ [l 0200/0.2//| 0213 0. 206
27 13k 0.173 /18 0.152/0.15¢ _0./65 0.1k
28 0.109 /13 0.177/0.179] 0479 0166
29 0.0#0 110 0.229 0-237 0.228
30 A 0 K2 Ilg _ |0172/0.076| ©./83 O.lpk
3/ 0 jol 1o 10095/0499| 0.193 0./8/
32 0.037 .08 0.238 0.24 0 238
33 2065 0.116 1.10 0.2/ 0.2/9 o./9¢
3k 0.0825 1.09 0.224 0.2/8 0.2/
35 27% 0.0876 /.08 0.257 0.254 0 et
36 0.057/ f.07 0.258 0.-26 0. 26/
Pressure  1bI5 Ib/a” Gauge. Tuae 2.2"Boke.
37 52 0.083 [ 42 0.176 0.188 0165
38 0.0563 [ 4O 0.20 021/ 0.192
39 0.03e7 135 0.224 0.232 0.217
L0 78 0 0605 127 0.20 0213 o 199
4 0.0409 125 ogiafo2s| 0224 | 0.2/2 |
42 0.0256 120 |0236/0238] o0.244 | 0236
%3 %8 0.038/ 120 log19/o227] o255 | 0.217
bk 0.030§ 119 |0228/0232| 0©.237 0.23




measured is tabulated alongside the valuss calcoulsied Tor

3
(=g

bothh the proposed theory and the standsrd homogernsous Tlov
theory.

- The latter theory gives the equation for the pressure
change in the form,
(db).cp _ A 8¢ u” N se
dlj, 29 -d(4R+9/R) YR +EQ/R

where the veloclty U is obtained from the eguation

_m9, -
S AR

Lewis and Robertson suggested the value of XN be

assumed 0,02, and this value has been used Ithroughouti waere
the homogeneous theory has been used,

The methods of calculation are shown in Appendix H,

Discussion.

The proposed theory gives good agreement with the
xXperimenizl resulis, the maximum error, with the excepiion

Yo, 10, being of the order of 14%, whereas with the

ol

of Tes
homogeneous theory the error is as much as 50%. A8 might
be expecyed, where K approaches unity the error with either
theory is small.

It wili be observed thet the maximum value of K is 5.7

with 2 ninimun value close to 1. In generazl the veloclty

ratio decresses with increasing pressure, due t the increase

in stean densityv.

o
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The velocity ratio is obiained from 2guation 58

e gl ]

K=1+7

_)\J‘.ﬂi

where

V4

Ly "%

23 d

w + CU/Kz

i

U

In the experiments of Bergelin,

the pipe tend to ensure that

wall.

s
P

tube cro

the analysis contained in Section 19 1%

that there would be 1itt
the water corncentration wis

to reduce Equation 63 to

The liguid mass flow rates and fae

sectional ratios are of such

le mixing bvetween the phases.,

+w

=9

conditions a2t eniry %o

the ligquid flowed down the tubs

provable gas to

an order thaztv Ifrom
would appear likely

a8

therefore small it is possible

U L b,
Z_U’
Hence Equation 58 becomes
d)]
+ _ ‘
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. — Ik 2 :
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2
23.d
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[T 1s essenticl to reduce the egquastion o *his Fform

-

3
w

I
the Z curve {Figure 15) does not cover ithe necessary ran
of 1iguid mass flows or gas to tube cross-seciional ratios .
“he values of U§Al are determined from tlhie single-phase
velocity profile during flow through smooih tubes.

The solution of the egquations is similar to that used

the analysis of steam-water flow in the preceding section,

the theoretical values of the pressure change and velocity

ratlo being those which make Zguationsb7 and 65 compatible,

3

A detalled calculation is given in Apvendix

Tne theoretical values of the pressure change are
compared wWith the experimental values in Figure 22 where
tiiey are plotied to a base of air flow rate for various
water flow raies.

The theoretical values of the velocity ratio K are
plotted to similar exes in Figure 23, where they are
compared with the velocity ratio values winich, onsubstitution
in Egquation 57, would give the experimental pressure change.
This latter velocity ratio is referred to hereafter as the
experimental value of the velocity ratio.

In the region where the line through the experimental
points is represented by a dotted line the pressure gradient
varied along the pipe length. In this region the velocity
ratio K is presumably chanzing along the tube length, with
&n interchanse of kinetic energy between the phases. It is

not possible to allow for this in the analysis.

Discussion /
_"‘-—“—___.__

RYe

Ve
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Outwith the region where the velocity ratio appears
to vary along the tube length, the theoretical values of
the pressure change agree with the experimental values
within - 62%. This agreement is not as satisfactory as
that obtained by Bergelin using Martinelli's Theory which
gave agreement within ¥ 30%. It should be remembered,
however, that lMartinelli's aprroach is empirical.

The agreement obtained by the application of the
Martinelli Theory to vertical tubes would appear fortuitous,
as the pressure change due to the weight of the mixture
has not been introduced. The reasoning behind this omission
would appear to be that the equations give the friction
pressure change in the air phase, and that, as the weight
of the air is negligible, this will be the total pressure
change. This approach would appear fundamentally unsound.

With the proposed theory the mixture weight has an
appreciable influence. For example, where the water and
air flow rates are 1400, and 80 1b/hr. respectively, the
friction pressure change and the mixture weight pressure
change are 18.6 and 8 1b/f42 ft. respectively, giving the
resultant pressure change as 10.6 1b/ft2 ft. as compared
With the experimental value of 7.9 lb/ftg ft.

The values of the theoretical and experimental velocity
ratios outwith the regionlwhere conditions vary along the
tube, agree within 20%, which gives further confirmation of

the equation enabling the determination of the velocity ratio.
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23. "STLGNATION" POINT DURING FLOW IN

DOWITCOLIEZR TUSZIS.

Under certain conditions natural circulation in a
water-tube boiler breaks down completely, the riser tube
no lonzer receiving suificient water from the downcomer
vtubes. This condition is referred o as stagnation, and
Lowenstein, after an extensive experimental investigation
with a two-tube boiler, concluded that this can be due to
two cauées. Firstly, due %o an excessive evaporation rate
in the downconer, the steam forms a restriction such that
insufficient water passes down the downcomer tube,
Secondly, due to a considerably smaller evaporation rate,
where the steam velocity is zero, the stean forms with
continued evaporation, a restriction in the downcomer as
in the first case. The stean velocity will be zero when
the upward flow of the steam relative to the water equals
the downward water veloclity.

In attenmpting to obtain stagnation due to the latter
cause, Lowenstein produced evaporation in the downcomer by
subjecting the boiler to pressure drops from a pressure of
60 atmospheres to 40 stmospheres. Lowenstein found that
where the mass flow in the downcomer before commencing the
pressure drop was in the region of 95.8 o 103.5 1b/£t.2 sec.,
circulation was maintained as the steam flowed downwards with
the water. \here the mass flow was initially 50.6 to
60.5 1b/ft2,sec., circulation contimied es the steam flowed
upwards to the steam drum. Where the mass flow was

initially 80.3 %o 87.9 1v/f%.2 sec., the steam velocity was

ig/
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in the vicinity of zero, with the result that the downcomer

tube was blocked, The results do not indicate the precise
mass flow at which the steam velocity is zero as the mass
flows quoted are those present prior to the pressure drop.
It is to be assumed that the evaporation produced would tend
to reduce the mass flow in the downcomer. Therefore, it
can only be sald with certainty that the velocity of the
steam in the downcomer will be zero for certain mass flow
rates less than 87.9 lb/ft.2 Sec, This will naturally

only apply with the tube diameter (1.18 in.) and pressure
region investigated by Lowenstein.

It is of interest to investigate the theoretical
stagnation point. In applying the theoretical equation
it-is not possible to apply the equation to the limiting
condition where the steanm velocity is zero, i.e. where the
velocity ratio K = O. The theoretical equations are
applied to find the mass flow in the downcomer compatible
ﬁith K = 0,1, this being an approximation‘to the condition
when the steam velocity is zero. The procedure is detailed
in Appendix F, the calculations assuming a pressure of
50 atmosphéres.

| The theoretical mass flows giving K = 0.1 are shown
in Figure 24 to a base of mixture gquality. The change in
the mass flow curve at g = 0.009 is associated with the
critical Z value at -?(" - o7z »  The range of qu)?lity
investigated is limited by the range of the Z - ji curve,

. ot e CRI -
Pigure 24 suggests that the critical condivion occurs

with/
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with mass flows in the region from 36.6 o 88 lb/ft.2 sec.,

which agrees with the observations of Lowenstein, It is
not suggested that the proposed equations will give an
accurate solution to the problem of stagnation, For one
thing, the Prandtl mixing length distribution when K is
near zero: is a matter of some conjecture. However, the
agreement obtained with experimental observation for this
limiting condition gives valuable confirmation of the

general form of the equations.
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PART V.,

TWO-TUBE BOILER: .

TEST EQUIPLENT, PROCEDURE AND RESULTS.

B.S5.R.A. experimental boiler ... cee een
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Cali—bration tests o @ o o 0 L BN B ] o 00

Test programme, procedure and specimen
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24. BRITISH SHIPBUILDING RESEARCE A330CTATTON
EXPARILMENTAL BOILZR,

The plant was designed to enable the investigation of
the fundamental laws governing natural circulation. it
consists of a two-tube water-tube boiler désiwned for a
maximum working pressure of 1500 1b/in.2 and a maximwmn heat
transfer rate of 120,000 B. Th.U/ft.2 hr. over a heated
length of 10'6" with a tube 24" 0.D,

The plant operates on & éimple closed system, the
steam generated being condensed in a condenser integral with
the steam drum, the condensate refluxing into the steam drum,
Boiler. The steam drum is 23" internal diameter and 5'93"
.long, and the water drum is 10" internal diameter and é'O"
long. H

The steam drum has, in addition to the usual manholes
and mountings, a 4" bore stand pipe to take the integral
oohdenser, which stands vertically above the drum. The stand
‘pipes for the riser and dewncomer tubes take internal
slee%es so that the internal tube diameters may be uniform
throughout. The internal sleeve for the downcomer tube
stops 10" below mid-drum level, and for the riser 3" above
mid-drum lével. This ensures above water discharge from
the tube.

The water drum is fitted with inspection doors, stand
pipes for tubes, and blow down valve.

The downcomer and riser tubes each consist of a 13

foot length of tube, 2" 0.D. and 1.698" I.D. flanged at

both/



voth ends o 1'C" long distance pieces, The alsizance

pisces are ingroauced o carry pressure saoping

in Figures 25 and 26,

Integral Condenser, The condenser is fitted direcily above
the steam drum. I% comprises a single tube &%" 0.D.,

58" I.D. and 5'6" long, surrounded by an annular cooling
waiver jackeg. ‘ The cooling water enters tue botﬁoﬁ of the
annulus discharges at any one of four exit pipes Ffiti=d at
12" intervals up tne length of the condenser, Exit valves
allow the effective cooling surface to be varied, The
cooling water flow is controlled by a hand operated stop
valve with =z small bye-pass valve for Tfine adjusiment,

The sgystem ig indicated in Figure 27.

Furnece, The furnace space, 18" sguare and 10'6" long, is
surrounded on a1l sides by a 9" thick insulating refractory
lining backed by a steel shell, Qhe heating elements are
gilica carbide "Globars'" 1" diameter, 3S" long, of which
the mid 20" length is the effective heating portion, They
are placed horizontally along each 18" side of the furnace
space pitcned vertically at 3" centres. Thus the "Globars"
form a cage approximately 15" square by 10'6" high with

the riser tube passing through the cenire.

Siz copper bus-dars are carried on insulators up each
outside Fface of the furnazce and flexible connections are
taken from these to the "Globar" ends %o which they are

Secured by metal clips. The connections are so arranged

that /
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that the three phases zre approximately balwnced, The
bus-bars are fed by flexivle cables to the secondary
-terminals of a transformer,

Transformer, The transformer is of the oil~cooled type

and has the following rating:— KVA 300, 3-phase, 50 cycles,
Volts (No Load) 440/80.6/32.8, imperes 394/1820.,

By a system of tappings, the following secondary
voltages are available: 80.6, 72.6, 66.5, 58.5, 46.5,
41.7, 38.4 and 33.8.

The transformer is fed from the 440 volt main through
an air circuit breaker, | |

Iliscellaneous. In addition, the boiler is equipped with

an air valve, pressure gauge, safety valve, level gauge
and an Igema "remote'" level gauge.

Operational Procedure, The boiler is first filled with

distilled water to mid-drum level, then the furnace switched
on with the transformer at a sultable voltage tapping to
give the approximate heat input required. The air valve

is kepf open during the preliminary heating, and is closed
when all air has been expelled from the steam drum. The
pressure then rises until the condenser is brought into
operation. The boiler pressure is conveniently controlled

by adjustment of the condenser cooling water valve.
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25. INSTRULENTLTION.

4s far as possible continuous records were faken of
all important readings. iWhere greater accuracy was
required these were supported, where necessary, by
independent readings.
Pressures. .A pressure recorder gives a continuous record
of the boller pressure, This was used for control purposes,
the actual test réadings being taken from the boiler pressure
gauge.

A differential pressure recorder can be connected
through manifolds and valves as indicated in Figure 28,
to any of the following points:- steam dmum, water drum,
riser tube top, riser tube bottom. Thus the differential
pressure between any two of these points can be obtained
and checked by integration.

Flow Quentities. The cooling water flow rate is continuously

A

recorded on a flow recorder, Again the recorder is used
simpiy for purposes of contfol, and the actual test readings
are taken by direct measurement in a 240 gallon calibrated
tank,

The circulation is measured by & reverse type Pitot
tube positioned at the bottom of the downcomer tube, the
head readings being taken continuously on a flow recorder,

Temperatures. The instruments for temperature readings

comprise thermocouples used in conjunction with a "6-point"

Kent "Iultelec" recorder, and a 24-point "llanual" indicator,

an optical pyrometer, and mercury thermometers.
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The ‘following temperatures are observed:-

Cooling water at condenser inlet aﬁd'outlet by
thermocoupleSsénd'thérmometers;

Boiler water at top and bottom of downcomer;

Furnacé'igner wall temperature, and "Globar" element‘
temperature. | \ |

The thermopouples were of Chrbmél—Alumel. The
furnace and "Globar" surfaces were taken by opticél
pyrometer thfough eje holes in the furnace wall, the holes

being plugged when not in use.




126. _CALIBRATI ON TESTS. 7.

This section of the report does not concern itself
with the routine checks required on the calibration of
pressure gaugeé, differential recorders etc., but with thoée
tests which were necessary for a full interbretation of

experimental data obtained,

Pitot Tube. The Pitot tube was calibrated in situ by
pumping water into the steam drum, blocking the riser tube,
and taking the water away from the water drum. The water
fldw was measured ih a calibrated tank, The head reading in
feet was found to be related to the downcomer velocity in

the expression.

) 2 ) .
h= |°Q38‘72'L—J— Y 21
g
Tube Friction. The fubes used were tested in the horizontal

for‘tube friction, the pressure drop over the tube beiné
measured using water manometers for various water flow rates.
411 tubes, when new, were found %o be smooth. During the
period of the tests, the downcomer tube became rough due to
corrosion, having eventually a friction factor X = 0.0288,
The riser tubes were frequently changed due to the tube

distorting. - During their period of use they remained smooth.

Purnace Heat Losses. A certaih proportion of fthe electrical

heat inﬁut to the furnace is lost. through the furnace walls.

The method of determining the heat loss was as follows.

The piser tube was extracted from the furnace and the ends

sealed, The furnace was then operated. Using an

optical/




optieal pyrometér, the furnacerwall temperature was
noted when it became constant. | The furnace heat input
was measured using wattmeters. Whén the %empérature
was constant the electrical input balanced the heat loss
from the furnace, Figure 29 was obtained from a series

of such experiments.,

Boiler Heat Loss. ~ The method of détermining‘the heat loss
from the boilef is now described, The boiler pressure was .
raised to'approximately 1,000 1b/in.2, then the furnace |
switched off, The pressure was maintained by reducing

the cooling water flow %o the.condenser. ‘When the ¢ooling
water was completely éhuﬁ off the pressure began to fallr
and the pressure drop on a time base was obtained from &
the pressure recorder, Assﬁming that by this time no

heat is being transferred from the furnace, the heat loss
from the boiler may be estimated from the pressure time
gradient. This calculation gave the curves of heat loss to
saturation temperaturé shown in Figure 30, It will be seen

that with décreasing saturation temperature the heat loss

apparenfly rises and falls. The initial rise 1is presumably

due 40 the heat still being transferred to the riser from
the furnace. It will be seen that the curves tend to

. . . . . o+ o
become linear, and on projecting give zero heat loss at

- approximately 150°F, This heat loss curve is for the case

where the furnace is not in operatii on, consequently the

temperature around the bdiler will be considerably less than

during actualroperating conditions. Wnen the furnace is

in/

118,
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in operation if the temperature of the surroundings be

assumed BOOF. higher, and the slope of the experimental
line‘still holds, then the’estimated boiler‘heat loss might
well be that shown by the proposed line in Figure 30.

| Qs = 50{ts—200) . . . . . ... 7
where Qgis the boiler heat loss in B.Th.U./hr. and t, is

the saturation temperature.




27. TEST PROGRAMIE, PROCEDURE AND 122,
' SPECIMEN READINGS,

All tests Wefé“céffiéd out using & vertical tube 1.698
inch bore, The heat iﬁput wasg varied to give a range of heat
treansfer rates from.23,ooo_B.Th.U/hr.ft.2‘to.120,000 B.Th.Uxhnf@
of outer tﬁbe surface. ‘

Tests were carried out, first with no restrictioh, then with
a series of restricting orifices at entry to the tube. Without !
the introduction of the orifice the circulation velocity at any |
particular pressure is solely dependent on the heat input. The
introduction of the restricting orifice widens the scope of the
anélysis by introducing another variable. The orifice produces

the same characteristics in the riser as would be obtained by

the introduction of a downcomer of smaller diameter.
The orifices used were %", 2", 3" and %" diameter. i
With the smaller restricting orifices the maximum heating

Was,not used, due to the danger of Overheating with reduced flow,

Teét Procedure. The test procedure is as follows:=—

o Firsf the transformer is adjusted to a suitable voltage
tapping and the appropriate restricting orifice fitted at entry
to riser,

The pbwer is then switched on and the boiler pressure
raised to approximately 50 1b/in.? gauge. Test readings are
not taken until all readings have become steady. Normally the
furnace brick temperature takes longest to attain a steady |
temperature. hen steady conditions have been obtained the
following readings are taken over a period of approximately 1 hom

(2) The condenser heat balance is taken at the

beginning/
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beginning, middle and end of the test, i.e.

cooling water mass flow and inlet and outlet
temperatures measured.

(b) Every possible combination of differential
pressure using thé four tapping points is recorded
on the differential pressure recorder, i.e. six
differential pressure readings are taken. Each
differenﬁial pressure is recorded for a period of

 approXimaﬁely‘lO minutes to ensure a steady
reading is obtained. The duration of each test
is'primarly detérmined by this procedure,

(e) All temperature readings are taken twice during
each test.

(4) The Pitot reading, which remains coﬁstant is
recorded.

(e) The wattmeters giving the electric power to the
furnace are read.

This procedure is repeated for:a series of pressurés
ovér the operating range. - lore tests are carried'out in
the lower pressure region, as the physical variables change

more rapidly with pressure in this region.

Test Results. A typicalkset of test readings are shown in

Table 3.
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TasLe 3. EXPERIMENTAL READINGS.
] C
ResTRiCTiNG OriFice: %, . VorTage Theeing: L19. Test Seies No I,
BoiLER  PRESSURE .
(Groeert |1b/"| 50 E 165 200
DownComEeR .
VELOCITY. INS 3-125 3375 356 350
3 Davm = =
% remm:u?‘zm INS 36 405 455 L& 5
STE DRUM -
g .‘E‘Tsea ﬁr:::TTON] INS 78 85 87 8695
RisER Top -
« ‘CRusegp Borrom| INS 53 58 605 605
¢ | RS Corum | INS / 5 /9 205
“ Sream DRrRu™
| -Risee rop INS 25 27 27 26
O | hnin paom | INS | =415 | = et - 415 - 395
' 0.12. 0.05) . 0.l6b 0.089
¥ Mass G, 0.05k. o.lbk 0.092
R Frow Aec.| 0121 0.054 0.167. 0.091
T
< s Y 43
| INKET ) oc VY4 2 s 43
g TEMPERATURE h2 42 P %3
3 | ouree 176 85 1"
3 Ve °F 105 177 85 "7
A TEMPERATURE /03 117 85 17
EiecTRICAL  InPUT k55 k53 A6 05 w33
To FURNACE . WqrTs 433 Py b 60 430
X 10 b 55 #-33. 1
Furnace Wa Teme® | °C 1000 loks 1049 {038
TeMPERATURE. —
Downcomer  Borree| °F 302 336 373 390
TEMPERATURE ~
Doeecomee o | F | 302 | 33 3 | 3706




28,  CONVERSION AND INTERPRETATION OF 125.
TEST READINGS.

1. Pitot Velocity. The instf&ment was calibrated at

atmospheric preséure using water at approximately 60°F.,
and calibration indicated that the heag in feet was

related to the downcomer velocity in the expression,

93g.4" 68
h= I 38'57§ e e e

It is assumed that the calibration constant will hold
over the range of conditions met with in the tesfs.

It must be remembered in using Equation 68 that h is
in feet of water at the condit%ons prevailing at the Pitot
tube, The recorder on the other hand gives the Pitot head
( hg ) in inches of water at atmospheric conditions, thus
a density correction must be applied.,. If A and /Z are
the densities at atmospherio and Pifot cohditions

‘respectively then,

he A _ g 86
s = 138 -
from which , ‘
U = 29.”«.&........70
1938 12 A

2, Differential Pressures. The differential pressure

* recorder was calibrated with water at 60°F, and atmospheric

pressure.
A recorder reading of Hh, inches of water, therefore,

 represents a pressure difference of

h
k-4
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where /& is the density of water af atmospheric preésure
and a temperéture of 60°F.
When the valves are arranged td give the pressurev
difference between the steam and water drum tapping points,

the steam drum is exerting a pressure of

228-5
’10 *_(L + 12 )/%

at the instrument, where FED is the pressure at the steam
' drum tapping point, /2 is the density of water in the
pressure limbs connecting the tapping point with the
instrument, and L is the height from the water drum to
the pressure recorder. (See Figure 28).

Similarly, the water drum exerts a pressure of

F&m +'L-/%
at the instrument, where R,, is the pressure at the water
drum.
Cénsequently,
h 22855 _ _
_E./DG=P$D+ L"—T/pc Pwo LPC

12
Hence, 0 8.5 » (

£ 4 ) /e |
| = (228'5 B, he, I |
where the units are pounds and feet. '

similarly/
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Similerly,
END—PR3=(|57’E_5R)%. Y £
Pm—e”=(m'o£j_hrz),é{. ...
p.— ,55"::(38.5%_/?2)1_3. e Th
PEB— R, =(2,O.5g;hn)7%_. L . .78
P@B—Pﬂrz(nz,%f'—lhé)%' R (4

Where the suffixes RT and RB refer to the riser top
- and riser bottom tapping points.
| The density of the water varigs along the'lengfhs of
the copper pressure limbs due to temperature variations,
consequently the ratio,@/ﬁiveries over the lengths.
Tests with thermocouples on the pressure limbs
indicated that the temperature in tﬁe'limbs adjacent to.
the furnace had a temperature variation from 110 to 160°7F,
while in the region of the steam and wafer drums the limb
temperatures were of the order of 100°F,
Having regard ti/fhe gbove temperature variations the -
following ratios of Q/ﬁyz were adopted:-

Water drum to riser bottom - /2//3 = 0-99
Riser bottom to riser top - /‘Z//a = 0-98.
Riser top %o steam drum - 4;/’2 =099

The/



_ ‘ 128.
The allowances over the other lengths can be ‘

estimated from these assumptions.

f3._ Steam Evaporation. The steam is condensed by the

‘condenser heat transfer and the heat loss through the top
half of the stéam drum. This total heat transfer divided
by the latent heat gives the pound of steam evaporated.
From knowledge of the mass flow the dryness fraction at the
tbp of the riser tube may then be determined.
Thé method of obtaining the heat transfer through the
uéper half of the steam drum is as follows.
The areas of the outer insulation surfaces of the
boilér are -
team drum cee .o e 7276 square inches.
Water drum C e e ..+ 3676 square inches,

Downcomer tube and riser ]
-distance pieces ... ceo .es 2120 square inches,

The steam and water drum insuleation thicknesses are
3% inches, and the downcomer 1‘ihches thick,
“ The proportlon of the boiler heat loss throuwn the top
half of the steam drum will be approximately

1276 .~ = 0143
2(7276+ 3676 + 2120 X g 22 )

= 0.2

of ‘the total heat loss. "The total loss may be obtained
from Figure 30, A detailed calculation of the dryness
fraction at tube exit is given in Appendix H. |

The heatltransfer at the condenser is the pro&gct of

the cooling water mass flow and the temperature rise, It

is/
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is evident that the condenser may cool the condensate below

saturation temperature, or in other wards, remove more tan
the latent heat, It is implicit in the method of calculat-
ion that this does not take place, To avoid this, a tray

is placed below the condeﬁser, in the steam space, to catch -
the condensate, The condenéate flows along the four foot
length of tray in contact with the steam, a condition which
should ensure the condensate being at saturation temperat-

ure before leaving the tray. Thermocouples indicated

that at the downoomﬁr top the temperature corresponded to

that in the stéam space,

Converted Results., 4 detailed example of the comversions
are given in Appendix G.
- Accuracy. The differential pressure recorder can be read
to the nearest half inch, Inspection of the results by
summing ‘the various readings against the overall readings
suggests that the readings‘are obtained to the nearest
inch of water.
The Pitot recorder can be read to the nearest inch.
An overall heat balance for the fﬁrnace and boiler
such as shown in Table 4 gave agreeﬁent within 5% in all

but a few tests,
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.~ - 29, - TEST RESULTS. .- ,

, It was originallj-hoped that a particular voltage
tapping would imply a particular heat input to the tube
over the whole range of test pressures, However,
increasing furnace losses with increasing pressure and
variations in the main's voltage make the heat input vary
as much as 30% from the mean heat input for a particular
voltage tapping.

In relating the test results the voltage ﬁapping
nevertheless has been taken as the common denominator of a
particular test series. It should, therefore, be remembered
that, where mean lines are drawn through test data plotted
in this manner,’the scatter of the points does not necessar-
ily imply experimental error, but rather that there is a
considerable fluctuation in main's voltage between various
tests,. The mean heat transfer figure quoted for a
particular voltage tapping, is a "weighted" mean figure
allowing for the fact that a greater pfoportion_of the tests
were carried out at low pressures.

Relating date at particular pressures was also
considered, but due to the difficulty of testing at particular
Specified pressures this had to be abandoned.

Figures 31 to 35 show the circulation velocity, as
measured at the downcomer Pitot tube, plotted to a base of
~boiler gauge pressure for particular voltagg tappings.

These aré plotted for tests with and without restricting
Orifices,

The/
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The dryness fractioiB-at the top of the riser tube

are shown on Tables 5 to 9.

The curves of differential pressure are shown la-“er
when comparison is made between experimental and calculated
values. The values are not given for the pressure
differences to the steam drum tapping point for Tests
Series Nos. 1 a%id 2, as these readings were unreliable.

This was due to the volume chamber being placed above the
tapping point with the result that the water tended to
syphon from the chamber. In later tests the volume chamber

was placed slightly below the tapping point.
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PART VI.

APPLICATION OP PROPOSED THEORY TO '
ANALYSIS OP TWO-TUBE BOILER TEST-RESULTS.

Page .

30. Pressure changeduring adiabatic flow in

vertical tubes........ . ... 1l44.
31. Friction during adiabatic flowin verticaltubes 151.
32. Pressure change during flow with heat transfer

in vertical tubes = ........ ce ce ... .156.
33. The steam-watervelocity ratio ... e ... 167.
34. Pressure change during flow in the downcomer

tube and at riser entry = ....... ... ..., .179.

INTRODUCTION.

This section contains the analysis of the pressure e
changes measured over the various lengths of the two-tube

boiler circuit described in the previous section.



30* PRESSURE CHANGE DURING ADIABATIC FLOW
IN VERTICAL TUBES.

e The method of predicting the theoretical pressure change

has already been discussed in Section 21, in analysing the

results of Schwab¥*

The theoretical equations are (Equation 56)

where the momentum forces are neglected, and (Equation 55)

The friction factor X is that corresponding to a

U, d- PL//UL ~

These equations are applied to determine the pressure

Reynold's Number, of

change over the 28* length of 1.7" bore vertical tube
between the riser top tapping point and the steam drum.
The slight change in densities of the phases due to
pressure change up the short length of tube, and also the
change in quality, are negligible.

The theoretical values of velocity ratio and pressure
change are those which make Equations 55 and 56 compatible*
The procedure is detailed in Appendix H.

The values obtained by calculation are plotted along
with corresponding experimental results in Eigures 36 io
<A0. Eor certain tests the theoretical pressure changes

calculated on the assumption of homogeneous flow are also

plotted.
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Discussion. 50.

The proposed theory gives considerable improvement
in the agreemént between the calculated and experimental
values, as compargd with the homogeneous theory. The
proposed theory gives 45% of the predicted pressure changes
- within 5% of the experiméntal’value, 87% within 15% and all
within 22%,. ,'

The'homogeneoué theory, on the other hand, gives only
40% of the predicted pressure changes within 22%.  The
meximum error is 55%. - |

It Wiil be obsefved that ét pressures above 1000 1b/in,2

the proposed theory tends to give values slightly higher

thén.the experimental values, This may be partly due:m
the effects of distortion. At high pressures, due to
the relatiVely small steam volume content, the friction
pressure change is normally small relative to the total
pfessure change. The shearing stress ratio ‘Tb/T] is
therefore large, a condition giving considerable annulus
profile distortion. The proposed friction equation,
¢herefore, will probably give an excessive estimate of the

friction pressure change under such conditions.
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31. FRICTION DURING ADIABLTIC FLOW
IN VERTICAL TUBES.

In Section 15 theoretical considerations led to the
devélopment'of the formula for the friction pressure gradient

during two-phase flow (Equation 40).

'(%52; €= a 2/\555(' i ) (:L)Z

In Section 20 this was applied in the logarithmic form

(Equation 61).

a{-(F), /a4 ¥} - e nes)

to the analysis of air-water experiﬁents, where n 1s the
power of §€' G and n were found to be 0,75 and 2
respectively. G has been assumed unity in applying the
theoretical equations.

In view of the uncertainty of the precise megnitude
of G, Equation 61 is applied to the analysis of results
obtained for the adiabatic flow between the riser top and
steam drum +applng points.

During flow in vertical tubes the friction pressure
chanqe cannot be measured directly, as the mixture weight

will be present in any overall pressure change measurement.

The total preséure gradient 1s given by
e __gp) 9+ k(1-%) | 56
_(d—é)z‘w— {aw o { e +K(-9)/F

where/
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where the inertia forces are neglected,

The value of 6%%) determined from this equation, using
the measured total pregzﬁre change, is substituted in
Equation 61, and g log plot made in Figure 41, which
enables tﬁe evaluation of G and .

Only tests where the friction contributed a large
proportion of the total pressure gradient were analysed,
otherwise experimental errors in the overall change would
produce considerably larger errors in the apparent friction
change. The tests analysed were Test Series Nos. 3,4,5,12
and 13. For This reason also the results were plotted up
to a maximum pressure of 225 lb/in2 gauge. The friction

decreases with increasing pressure due to the higher steam

density, and the correspondingly lower value of the ratio

X (ie 9/ +K(l~@)//£), vetion 6

< -€. in Equation 61.

X, K(1-9)/~ 4
Pirst inspection of Figure 41 suggests a wide scatter

of the experimental results, but closer inspection indicates
that results in the same pressure region lie on straight
lines having a slope with n=2. This suggests that G
varies with pressure. To illustrate this point, G is
calculated for each test using Equation 42, and plotted to

e base of pressure as shown in Figure 42.

. . - + Pt .
The maximum scatter about a mean line is 2 7jk, with

the exception of a single test result.
G has already been shown to be a function of w., the

water content in the core. The variation with pressure,

therefore, may well be due to the change in respective

phase/
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phase densities and viscosities with pressure, altering

the core water content.

Above 135 lb/inz gauge, G assumes a constant value
of 0.95. This agrees well with the value of unity used
throughout the theoretical analysis.

The use of values of G obtained from Figure 42 in the
 theoretical‘analysis would give consideréble improvement‘
at pressures below 100 lb/in2 between the theoretical and

experimeﬁtal pressure ghanges.




32 . PRESSURE CH.NGE DURING THZ 156.
: FLOW OF STEI-~WATER MIZTURES
WITH HEAT TRANSFER,

The results analysed in this section of the report
are the differential pressure readings between the riser top
and the riser bottom tapping points.v With reference 1o
Figure 26 it is seen that the tapping points are 23"
respectively from the beginning and end of the heated length,
Hence the experimental pressure change over the length
between the riser top and the riser bottom tapping points
comprises the pressure change over the heated length, the
pressure change over & length in which water flows, and the
pressure change over a length in Which the stean-water
" mixture flows adiabatically.

Points of Evaporation. The water does not commence to

évapor&te imme&iateiy heat is transferred to it, as at that

point ih the circuit the liguid temperature is below

“ saturation temperature due to the following reasons:~

(a) The pressure at all points in the tube is
greater thgn the stéamvdrum pressure,
consequently, assuming that water only enters
the downcomer, the temperature of the water must
be equal to or less than the steam drum temperat-
ﬁre, which in turn must be less than the saturat-

ion temperature at all points in the tube.

(b) Heat is lost from the water flow in the tubes

and in the water drum.

The method of calculating the point of evaporation is

as/



as follows:—
Let @ = heat transfer per 1b. of flow to bring the
water to saturation temperature.
dH :
Zl{ﬁ = gradient of total heat of saturated water
with respect to pressure,

S}o = pressure difference between the point of

evaporation and the steam drum,

Qs _
™ . 20 3 b e . 1 o
M - 3600 heat loss from boiler per 1lb, flow where QB

is the heat loss from the boiler per hour and ™M is the
‘mass flow per second,

Only a fraction of this total boiler heat loss is
from the flowing water, as it is assumed in determining the
mixture quality that heat transfer through the upper half
of the steam drum contributes to the action of the condenser,
The proportion of the heat loss utilised in this menner was
estimated to be —%—Qg , hence the heat loss from tne
water is -‘-5‘,1 QB . | |

It can be shown that approximately

o= gp+ b Q... .7
— dp 5 M-3600

The gradient daH may be calculated from the steam

d

o

tables,
The point of evaporation is assumed a certain
~distance L from the furnace bottom.  Using the experiment-

al readingz for the pressure difference between the steam

Grum /
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drum and riser bottom tapping points, the pressure change

to the point of evaporation is then estimated, and Q
calculated from Equation 77. The heat transfer Q over
the length L is then calculated by assuming a uniform heat
transfer over the heated length. If ﬁ has been assumed
correctly, Q calculated by both methods should be the same,
- By tfial and error the cdrrect length I is obtained.

End of Evaporation. Adlabatic conditions are assumed to

start ilmmediately following the top of the furnace. The
velocity ratio during heat transfer will be greater than
for the corresponding adiabatic condition due to the
presence of momentum forces. At the end of evaporation
there will, therefore, be a period in which the velocity
ratio in the unheated tube adjusts itself to the velocity
ratio hormally agssociated with adiabatic flow. In effect,
during this period the steam will be giving up kinetic
energy to the’water, |

The velocity réﬁios at the top of the heated length,
and in the length where the steam-water mixture flows
adiabatically, do not show a marked difference. The error
introduced by neglecting this effect will, therefore, be
small consequently in determining the pressure change from
the furnace top of the riser top tapping point the method

detailed in the previous section is used.

Pressure Change During Heat Transfer. Where heat transfer

occﬁfs the pressure change 1s obtained from Equation 53
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- glé’) §€= 125 A8y’ A { 9+ k(1) ‘
. —_ . . + (

+ L ey + ‘g“.g(uq-ut)}

The velocity ratio is obtained from Equation 54.

(The friction term is multiplied by 1.25 %o allow for the

effects of evaporation).

The theoretical wvalues of the velocity ratio and of
the pressure change are again those which make the above
equations compatible. It will be appreciated that the

above equations cannot be integrated, and consequently

the method of obtaining the overall pressure change is by
determining the pressure‘gradient at five points along the i
heated length, plotting the results to a base of heated
length and measuring the area of the figure. The area T

represents Lo a particular scale the pressure change over the '

heated section. The procedure is detailed in Appendix H.
In all such evaluations the dryness fraction of the

steam is assumed to vary linearly over the evaporation

length.

The experimental and theoretical pressure changes

over/
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over the riser top and riser bottom tapping points are

plotted to a base of boiler gauge pressure in Figures .
43 to 47. In certain tests the theoretical pressure
- change assuming homogeneous flow is also plotted. The

procedure is detailed in Appendix H.

Discussion.

The agreement of the experimeﬁtal and theoretical
results is extremely good, a2ll but two iests agreeing
~within 0.2 1b/in.2 (i.e, within 6%). This would appear
" a considerable improvement on the figures obtained in the
adiabatic case;'but it should be remembered that, in
certain tests, as much as 2 lb/in.2 of the pressure change
is due to the water flow before the commencement of
: evaporétion. Over the evaporation length the maximum
error is of the order of 15%. In general, however, the
accuracy is better than this,

The agreement obtained with the homogeneous theory is
slightly better than for the adiabatic case. This 1is
presumably due to two reasons:,'

- (a) The large contribution to the p;essﬁre change
| due to the flow befofe evaporation commences,
as mentioned above. - |
(b) The pressure change due to momentum foroes
| calculated on the 'assumption of homogeneous flow
will be.greater than obtained by introducing the

respective phase velocities.

Nevertheless/
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Nevertheless the errors assuming homogeneous flow are

still larze when based on the pressure chnange over the
tapping points, being as much as 27% at low pressures.
Over tne evaporation length the errors will be of the

order of 40%.




33. THE STEAM-WATER VELOCITY RATIO.

The previous sections have shown the application of
the theoretical equations to the prediction of pressure
changes during two-phase flow. Contained in that analysis
wag the estimate of the ratio of the velocities of the steanm
and water phases. It is of interest to estimate from the
accuracy of the predicted pfessure changes, the accuracy of
the estimated velocity ratio, and to investigate the
relative importance of the various terms contained in the

equation for velocity ratio. (Equation 13).

This was the form used ih analysing the results in the
previous sections, Figure 48 shows for adiabatic flow the
velocity ratio to a base of boiler pressure for three
representative test series. Velocity ratios as high as
four were obtained,

The values of %, the density ratio ﬁi/vz , and the
shear stress ratio'ﬁ/ﬁ used in calculating the velocity
ratio K, are shown in Figures 49, 50 and 51 respectively.

These figures indicate that each of the three terms
varies consideraply during the test series. The values of
% renge from 0,01 to 0.123.  The ratio’ﬁ/&? varies from
just greater than unity to 57.5 an@ the ratio ﬁ;@% varies

from 360 to 10, This indicates that the variation of each

of/
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of the three terms is of importance.

The apparent accuracy of the estimated velocity ratio
may be studied with reference to Figure 52, This figure
shows the estimated pressure change over a foot length of

tube plotted to & base of assumed values of the velocity

“ratio. TFigures (a) to (d) illustrate the change in

relatlonship between the pressure change and the velocity
ratio when the contribution of the friction pressure change
to the total pressure change decreases. |

On the assunmption that the discrepancy between the
theoretical and experimental values of the pressure change
is due to errors in fhe predicted wvelocity ratio, the sloﬁe.‘
of the wvarious lines suggests that a 15% error in the
predicted pressure ohange mey be due to errors in the velocity
ratio of 10%, 30%, 65% and 24% for amses (a), (b)\, (c) and (4)
respectively. As 87% of the test results agree within 15%,
this would suggest that the majority of thé values of
velocity ratio are determined within 65%.

The above errors are, hbwever, baséd on the slope of
the curves in the vicinity of the theoretical velocity.
Over a greater range of velocity ratio the relationship
between the pressure changes aﬁd the velocity ratio no longer
approaches a straight line. Tﬁis is illustrated in Figure
53 which consists of the pressure change to a base of
velocity ratio for the test represented in Figure 52(c).

From this diagram it will be seen that if the
theoretical value of the velocity ratio is 4.05 (as was the
case in this test) the error in the velocity ratio associated

Wwith/
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with a 15% error in the pressure change is 22¢ which is ‘

considerably less than that estimated on the basis of the
mean slope of the curve,

Greater errors would occur if the theorefical veloclty
were at the turning point a’ in Pigure 53. At this point
a 15% error in the Pressure change is associated with a 52%
in the velocity ratio, In the majority of the tests,
however, the theoretical velocity does not coincide with the
turning point. It may be concluded that in the majority of
the tests the velocity ratio is determined within approximately
20%.

Flow with Heat Transfer. The equations are the same as

those used with adiabatic flow with the addition of the
momentum forces which are now no longer negligible. The
effect of heat transfer on the theoretical equation fof the
velocity ratio has already been discussed in Section 13.
The two predominant effects were considered to be:-
(a) +the breaking down of the iaminar wall f£ilm due
to bubble formation near the wall,
and (b) the decrease of the effective density in the
annular ringAdue to steam bubbles. |
The effects tend fo counter balance each other. It
was not possible %o allow for either,
The influence of heat transfer is shown in Figure 54.
Here are shown two curves of velocity ratio for Test
Series Numbers 5, plotted to a base of boiler pressure,

One shows the velocity ratio during adiabatic flow and the

other/
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other the velocity ratio at the end of the heated section

wnere the quality will be the same as in the adiabatic
length., . Test Series Number 5 was chosen on account of its
high heat transfer rate.

It can be seen that the effect of heat transfer is to
increase the velocity ratio. The maximum increase is
approximately T%. This.indicates that the effect of heat
transfer/onAthe velocity ratio is not negligible, |

The variation in the velocity ratio along the heated
length is shown in Figure 55.

Since only overall pressure readings were taken,‘it is
not possible %o estimate the error in the velocity ratio
calculations for intermediate points along, the heated length;
The agreement between the theoretical and experimental
pressure changes suggests that the accuracy is of the same

order as obtained with adiabatic flow.
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34, PRESSURE CHANGE 5 OViR THE DOVICOLIER TUBE

The Caloulatlon of the pressure change over the down-—
comer tube was complicated by the change in roughness of
tlie downcomer tube during the testing period. This change
in roughness was not apparent with the riser tube.

The values adopted for A were as follows:—

Test Series Numbers 1-3, 5-8. A= 0.022
14-20. = 002
9-13. X =0.026
4. » = 0-0288

The +test series numbers above are given in the order
in which they were carried out. The friction characteristics
of the tube weré checked in the horizontal position both when
new and after the last test. When.new, the tube behaved as
a smooth tube, but at the end of the test programme 1t
conformed to the behaviour of & rough ﬁuoe, having a value
of X = 0.0288. The choice of the values of A\ indicated
above therefore seemed reasonable,
The chanse in pressure between the steam drum and
water drum +appinz points is due to the following causes:-
(2) Static head difference due to the water in
the downcomer - 17.833 A&
(The water level in the steem drum is 1"
below mid-drum level).
(b) Static head due to the steam between the water

level and the steam:.drum volume chamber — 1.205 f2
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(c) Toss at entry to downcomer - -%-Eg-,f
(d) Loss due to restriction of Pitot and
A
thermocouple pockets -~ LU
ple pockets ~ .70 f,

(Approximately. Evaluated from tests in
horizontal plane.) '

e
(e) Loss of kinetic energy'éé +F . This is assumed
lost as heat in the water drum.

2
 obi AR X 16 TXIZXU XL 2
(£) Friction loss 2q.d L _ 2 Zq <17 F = [-83AUL

Ft. Ib. Sec. Units are used throughout.

The total pressure change which is the sum of the above

terms is, therefore 9 .
,3(;7-333_—-51 — 1-83% u") +1285L . . . .78

For the various friction factors during the tests this

reduces to:

Test Sexies Numbers

-3 5-8 ,/f(l7'833—o-o713-u'l) L LA & |
h-2o P (1783 -o00154%) + 1205 R
9-13 2 (171833 - 0-07864%) + 12058
A £ (/7-833 _ 0-0840U%) + 1205 2

The theoretical values are compared with the

experimental values in Tables 10 and 11.

The experimental pressure changes between the riser

botsom and the water drum tapping points are shown in

Tables 12 and 13.
Tor the case of no restricting orifice the theoretical

values/
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PRESSURE CHANGE - STEAM DruM To WATER DrumM.

ORiFice . None VouraceTnpeme . 4b.5 TesT Sewies No. 3.
BoiLer Presst (Gauae). | ib/a’| 48 |87 /33 | 202 | 300|390 | 570|760 | 1025 |/220] /450
PRessure |Expeamentad | 674 |6491629]6 09590 | 576|500l 5 47] 524 ) 509} 49
Cnange | Tacozencac | v | 076|086 6281611 159215791 5001 54315221506 487
ORIFICE. _ None VoLTAGE TaPoinG. 586 (Zeouces ) TEST SeRIES No. L.
Boier fress® (Gauge). |Ib/] 51 105 | /60 | 200 | 3391 5257|735 | Bpo|/030] /138¢
Pressure  |FxpeqiMenTAL) 675 | 6:55| 6261 6/ | 587|565 5-47] 536|522 | 4#-88
CHANGE. THEORETICAL. c I lopile 21108 505573 52 522|486
ORiFice.  NonE. VoLTAGeE Tapping: 585 . Test Seeies No 5.
Boier Peessf(Gauae) |Ib/a']| 72 110169 ] 200 300|405 | _ ) |
Peessuee  |Exveevam] v 1681166/ (636|629 6001580 | _} _ | | |
Gionee | Teoganea] « 67316551691 | 622( 5981580 1 1 1T |
Orifice /8" onTAGE Tapping: 338 TesT Seqies _No. b
Boler Press €(Gavee) |Ib/d"| 50 | 100 | 149|185 | 300395 |s70] |
Peessuge |Expeemenm| o 1675165k |64/ 032 | 6/6) 605589
CHANGE Tyeogenca. | " | Te 1 056|bhi| 630l 022! 610 54i
ORiFice . /8" oLTAGE TAPPING: 38 /+  Test Seeies_No. 7.
Bowge Peesst (Gavse) |Ib/a’| ©2 | 111 | 159 | 215 | 315 | K20] 510
Peessure  |Exoerimentar] 1 |6:69 |65k | 643 634162 | 605] 596
CHANGE Teocerican | 1 o e lebLk6 42| 63316 /016 o35 hH '
OriFice. /8" VoLTAGE _TapoinNG: Kl-9. £5T SERiEs No 8.
Bower Press® (Gauge) Ib/cr"’ 58 | /I8 | leo| 215 315 | 415 | 55| 770 | 940
Poessuee |Expament| " | o7k | 652\ 64l 32| 6/8 ] €031 5751575 562
(HANGE . . |TeoremCAL 673165639 630]|615]1 603|590 15701558
OriFrce: 3" VoTRGE _TApPING: 338 TesT SEries No 9.
BoLer fresst (Gavge) | Ib/o"| 50 | 100 | 167 | 200 | 306 | #0OLS30. S N S
Pecssoee |Expcrepenma » | 6-8016:60] 6 47| £40| 29| 6:/6]£:00
CvanGE | Teocemca, | v |5 8b]6 66 650]6 46| 63 |618]605
Oerice: 3" VoLtHgE TapPiNgG: 38 k. TEsT SzriEs No. 10
Boi.&z Fress E(Gauge) Ibjg"] 68 | 110 | Ik 1971290 415 | 570| Too | 890 | 1130
PeessuRE |\Expermenml v |0 81| 665|652 645 630| 6:18 |60/ | 587] 57/ | 550
CHaNGe . | Treoeemear | 1 16791662650 64362961215 95| 5851567546
OkiFice: 3" VouTage _TRePiNG : 419 TesT SERiES No. Il
Boinzr pgégss(gﬁuég), [b/a"l 50 | 105 /65 | 200 | 300 | #oz2 | 550 700 | 890 | 1060] 1310
Zeessuee  \Exveemenm, o | &8l o5 | bublb#3] 627616600 587157/ |558]| 937
CHANGE Te€o 5 TICAL G 82l cop|eusle38le23|6/0]595]580 565|54715727
ORIFICE: 3//*// bLTAGE TaooinG: 4 6°5. TeEST SERIES No 12.
Bower Peesc€ (Gauge)| lb/a} 91 | 100 45 | 207 | 296 | #00| 580|720 | 880 //20 | /350
Peessoze |Expeevenm| . 085|065 6:9Z| 040 b5l b/5)|5-76) 58/ | 567 | 548|527
CHANGE THEQRETICAL 083 |66l |00 13716231670 10 91 |580|360]5L0]5 26
Orieice: Y Vourage Tappicvi: 58°5. st Seeies No I3.
Boier PressE(Gauge) | bis"| 49 | .05 | /60 208| 380700 | /960
Pressuce | Exeeeimental 585,063 e#8| 629610 | 58015509
CHANGE | TEoreNcA 08 6ol oileds o757 154/ ‘f
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TasLe Il

PressuRe (HAnGE = Steam DRuM To WATER Deum.

ORifice . 578" Votage Taeeing: 33:8. TesT Series No. .
Boier Press®(Gauge)] Ib/o”| 63 | 96 | /150 {207 | 298 | 405

PRessure  |Expeemenid v | 081167 |66 [647]632 620

CHANGE [HeoeencaLl v |6 87|675 662652 638|622
Quarce: ¥/8” YoTRae TAPPing: 38:L-. T&sT SERIES  No. 15

Bowee Press® (Gauge) | b/} 68 | 100 | 190|300 | 410 | 570|720 | 880 /040] 1215
Pressure  (Expeemenmd » | 6741 67 |6#6] 63 | 6/7160 |58/{57 556|640
CHange Theorenica] # 68407k |65/ 1632|662/ 160415901579 |5605 ki
Oririce: /8" oLTRGE TAPPING: K41-9, TEsT SERIES _ No. Ib.
Boer Forss & (Gauge) | 1b/g*] 30 | 1ok | 1481202 | 290 | 400|586 | 740 | 900 | 1700 |1335
Peassyee |Exceemeym] ' [ 085|072 600|649 (0632 620|60/ 158557 | 553 531

ianGe  |receenea | « lo90lee9eeolé48l635162/1601 | 587|566 552 | 528
OriFice: 5/8”" VoLTAGE TAPPING: 46'9. TEsT SeriEs N I7.

Bowee Peesst [Gauge)l 1h/a'| 68 | 103 | 151 | 210 | 304 | 390|575 740 | %0 | /130 | /350
Pressuee  |Zxoeemenm| 11 | 683672166/ | 649634 626] 605 589|575 | 557|533

(HANGE Theorericar| v 6836701656 | 64632 |6-22]600] 58119762 548|520
Orieica: V2" VoLTage _TaePiyg: 338 TEsr Seeies  No /8.
Boiwce Peess £ (Gavse) Jbfg"| 56 | 10k | (45 | 191 | 308 | #Z0

PressuE Expegmenmy " 7./ 6-85] 67 bb65| 649|634

Giange  |Teoeenea] v |696| 68066966016 42627

Qkiries; Yo" burace Tapoing: 38-Le TEsT Seeies . 19

Bonez feesst (Gavge) | 1bp'] S50 |00 | /67 | 205 | 315 | 390 | Sko ) Too | 865 | /ot0 | /425
P,esssugg X PELIMENTL Ui 703 686 6éj béo 640 6'3/ é“ 5?3 68‘#’ 5"’7 533

Cinie.  |Teozcnenr] « | 700l6 851670 [0 6l |6-4316-3/16/4]5971577|565]528
Kirrce: 12" Vorage _Tapené: #19. Jésr_Sewies  Ne 20.

Bouer fosss  (Gavge) | bk o | 1081 137 (213 | 304 | #05 | 580|730 | (0¥ | /20 | /425
PRESSRE |Egpeameyml| ¢ | 96| 68 | 676|658 649|634 | 6:18] 6-00| 571 | 551 | 531
GionGe. |Trmmenal « 16951080 1675|6586 42[6291610] 5931 563|549 |5:28
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PRESSURE (Grange -~ Riser Bortom To WaTer Deum .

Oririce: None .

forTage Tapeng: 38 1.

Test Series No. |.

Boer Peessure (Gavae) |b/n’| 55 | o | 167 298|400 | 550 | 700 |/000 | 1225
Pressure ExpeamentaL. | |08 |085|085 0-8 1078|074 | 067|009 | 011
CHANGE | Theogericar. v_|078 [0-8C|019 07607, | 072|068 06306/
ORIFICE: Noye. YoLTAGE TaPPNG: A19 TesT SERiES No. 2.
Boier Pressure (Gayge) bjo’l 49 | 19 |l 2701350 510 |80 |/1050| 1250
Peessuge | Expeeimentgy | o |O74 1079|078 0808 |076|072|07 |0
Giange | TueorETICAL. v 16791076108 o78l077| 074 072| 0-65] 063
oririce.  None, Vourage TAPPING: 46 TesT_Seeies No. 3.
Bowee Pressure (Gauee) |1bfs*| 49 |87 | /133 Joo| 390 | 570 | 760 | 1025 | 1450
Peessure | ExpeivenTa. | 074107 | 078 0781076072107 |07/ | 065
Cuange. | Theorerieqe u oo 77078 078|077 o7 o | 067 | 062
ORIFICE:  VppE. VouTAGE TapPiyg: 58:5(o12 ) Test Series No. k.
Boier Pressuee (6ruse) | 1bfn"l 51| 10% | 160 339 1625|735 | 860 /030 | /380
Pkes'suzf gxpealmsurq[ v 0Tk (0-80] 080 080|080 |07 {076 p72] O.H
anGe | THepRETICAL v 07210741 0761¢76 (076 | 074 | O | 06| O-0T7]| O¢4y
ORIFICE ;. None. Vokrmge Tapeing: 585 Test Seeies No. S,
Bouer Pressure (Gavge) | ojal 72 | 1O /69 300 | o5 ]
Pressuee | EXPERMENTAL v 1065107 0~l71 ou | o
CangE | TheorReTcae | v €71 | €721 07U 07| 076
OriFIcE: /8" Vortace  Taromg: 33-8. TEST SERIES No. 6.
Boier Prgssure (Gauas) | I/’ 50 |00 |/k9 300 | 395 | 570 l
Pecssure Cranae - Expirt | v |11 | 1o | 146 (281 123 | IO |
orircice: /8" " Vowrage  TApewa: 38 k. TesT  Series No.7.
Bonee Pecssuee (Gauge) | b/o| 02 | /11 | 5% 3/9 | #20| 510
AcssURE (AnGE - ExPER* | u /'/,48’/":70 /-iro /43 /'32 /28
Ogicice: /8" Yor7AGe  Tapeing . K!-9. Jesr .Sﬁefes No. 8.
Bonee fressure (Gruce) | Ibfa"| 58 | /15 | /60 315 | 4I5S | S5 | 770| 940
Pecssuee (wange- Exper | 1 | Iyl | 1152 | 152 I#3 1 13717126 I'l6 | 107
Orirree: 34,7 Vourage  Tarrivg . 33-8. § TesT SERIES No.9.
Bower Feessure (Gayse) | 'b/a"| So | 100 | /5] 305 | 400|530
Peessuea CHanGe - Expert| w120 12.06] 193 166 | /57 5"45
ORiFice: 34" VorTAGE TRPOING : 7251: ERIES No.é;, —
Boner _Pressuee [Gavee)|Ibfs| 68 | 110 | lbh 290 | 415 5:7;: 700 '32 /'1/0
fressuke  Cuange - Expert) + 1247 | 2/2|202 /-83 71'685/‘ VA lf—; / 3 ’
ORIFICE : 3/"// Varragée ‘fqppwg; /,/-f]‘ (1 EKLES o. /1.
Bonce feessuee [GAvee) | lofa*| So | /0% | /65 &;o @02 5;' f:, Z 707 /Io';o /f;c;
Kessge Cummae - Exper®| 1 1215 | 224|216 : 3482 SE. ES'bIY 1124
Ogieice . 34" VorTAGe TAPPING: 465, . EST SER ~ 9,/2", =
Bowce Pressure (GAuae)| Wfa!'| 1 | 100 | /42 j% /;30 727 /~eg /48| 135
Pressuee Coange - ExveR:| v 2041217219 Ol | 195
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TABLE 13,

Riser Borrom To Warer Drum.

Orierce: 34"

VoLtage Ta

pPing: S8

5.

TesT Series No. 13.

184-

bfs] 49

1085

Bojrer ARessure (GRuae,
PRESSURE CHAnGE - ExPER £

s

/94

2/0

2/3

| /00 208

242

J8o
206

To0
/-8

1060

ok

Oririce. 58

Vorrage Taepin

33

8

TesT Sewie

.
S

No Ity

Bonge fessuRe (Gavge)

—

b/d'| 63

26 | /50

20',7“

298]

408

ressure CuamGe ~ ExPER *

n_|230

230124

202

/B

(72

OriFice: *8 ”

VoLTAGE Tarping: I8k

TeST SERIE

s No. 15

Bowir Freessvre (GAVGE)

08

/00 | /90

300

#lo

5701720

880|ou0

121y

RessurE LHANGE - ExPeR*

/(3]01

"

249

2481235

215

197

/79 | 165

162|145

/34

OriFice: V8"

VorTage Tapping: #19

TesT

SERES

No. /6.

oner Peessure (GAvGE)

50

04 | /48

202

Qéo

Loo | 58%

740 | 1100

1335

eEssuRE  CHANGE - EXPER *

ILY/A
" 237

265 2 46

2:37

2 24

204 | 1-84

175 ] 146

/43

Ocicice: 38~

VorTrae Taopm

(G: #65

Tesr

SERiE

$ No.l7.

BoiLER Prissuré (GAUGE)

08

(03 | /57

2/0

304

390|575

740|130

1350

FressurE  CHANGE - ExPer *

/b/a(f

244

248|249

244

23/

219 199

/%0 | /6/

150

OeiFice: 2"

VoLt

¢t TapPing: 338

Test SERiEs

No. 18.

BoiER Prassuee (GAUGE)

In/a" 56

(o | /45

19

308

#20

1343

808|295

275

237

224

Prassues ChANGE - FrPeR*

14

Orifice: 72

YowTAdE

TapPinGg: 384

TesT

S:el€s

No. 19.

Bowee PRessurRE (Gauce)

100 | 157

205

315

J90 | 640

700 [ (01Q

1425

lb/a"l 50
v |32

311 | 295

273

253

239]22/

2:04] 1I'75

I'5

Pressyre  CHance ~ ExPER:

Y/
ORIFICE: *2 /

YoLTaGE

TaPoING . Al

9

Test Series

No 20

Bower Pressureé  (GaveE)

lh/a"| Gk

108 137

2/3

304

405 | 580

736 | 1050

428

Peessure  CwanGe ~ ExPERE

i 3'27

325|318

289

277

2695 | 2:33

2171 186

(72
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values are also tabulated, °

The preésure change iz due to:-
(a) Static head of the water between +the

tapping points - ]-5/41 X

(b) Loss at riser entry - -é-.i—~ £

9

U'I.
(¢) Kinetic energy at riser entry - §§ ﬁ
(d) PFriction loss from riser entry to the riser

bottom tapping point

. : ‘ 2
NP ut R O AxI133ISx U A

©2q.d L 29 x 17
(The friction factor N is assumed %o have

= 000269 u?

the value in the downcomer i.e. \ = 0.022)
Therefore, the pressure change between the water drum
and riser bottom tapping points is the sum of the above

terms, i.e.

I A . . - |
Plis + /'5,2—5‘ + 0:00269 uz) ~ p1s+0026 uz).. 80

The above formula was used where there was no restrict—
ing orifice. wWith a restricting orifice the experimental
pressure change ( §p ) between water drum and riser bottom
tapping points was used in any pressure summation correspond-

, - o Ty a
ing to the experimental veloclty (U). The pressure change

( 8h.) corresponding Yo a velocity ( U ) other than the
experimental velocity was detefmined by assuming the losses
due to the orifice and friction vary directly as the square

I loci This gives essure change in terms
of the velocity. This gives the pres 2

of/
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of the measured value as

2
Sh, - n'5+{%~rs} —”j} £
. . L

(The riser bottom tapping point is 1.5 feet above the water
drum tapping point),

Very close agreement is obtained between calculated
and measured values of pressure change between (1) the steam
drum and water drum via the downcomer, and (2) the water

drum and riser bottom tapping points.
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PART VII.

PREDICTION OF NATURAL CIRCULATION
IN TWO-TUBE BOILER.

Page.
35. Pressure change over riser and downcomer tubes 188,

36. .Circulation velocity cos cos coe cos 195.

INTRODUCTION,

The preceding sections have been devoted to the
development and confirmation of a th%ory enabling the
pfediction of the pressure change over lengths of fube'
where steam-water mixtures flow. It is now possible
to proceed to the appiidation of this theofy to the

prediction of the theoretical circulation velocity.



35. PRE33URS CHiNGES OVER RISER
D DOWNCOLEER TUBLS.

In a tube bank of a water-tube boiler each fube is
subject to & common pressure change, In addition, the
net flow into a particular drum is zero.

For the simple case of a two-tube circuit, where the
dlameters of both tubes are the same, the velocity in the
downcomer will be the same as in the riser tube up to the
point where evaporation commences.,

As the pressure change over each ftube is the same
thé theoretical pressure change ob%ained using the measured
velocity should be identical for both riser and downcomer
1T +the theoretical equations are correct.

The theoretical pressure changes over~the riser
calcuiated from the measured velocity are compared with the
measured values in Figures 56 to 60. The pressure change
over the riser was obtained by adding the theoretical values
obtained from Sections 30 and 32 respeptively, to the
measured value over the restricting orifice, except in the
case of no restricting orifice, when the theoretical values

were used,

The experimental values over the orifice were used as
this was considered more accurate than theoretical values,
It was undeésirable to introduce errors, however small, due

to inaccuracies in the prediction of a theoretical pressure

change/
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change over an orifice,

Discussion.

The agreement between the theoretical and measured
pressure changes over the riser is extremély satisfactory
the maximum error being approximately 0.3 lb/in.2 in
6 1b/in.2 (i.e. T 5%).

Thé theoretical values obtained using the homogeneous
theory are also shown in Figures 56 to 60 for the purposes
of comparison. The maximum error here is apprbzimately
0.7 1b/in.2 in 6 1b/in.2 (i.e. ¥ 11.5%).

Due to the closge agreement shown in the preceding
section between the theoretical and measured pressure cnanges
over the downcomer, the agreement quoted above will also be
approximately that between the theoretical pressure changes
" over the riser and downcomer corresponding to the measured
circulation velocity. It is, therefore, to be expected
that the proposed theory will give exiremely close predict-
ions of the circulation velocity and this is shown to be the

cagse in the following section.



36. CIACULATION VELOCITY. 135.

The theoretical circulation velocity will be that
velocity giving the same pressure change over the riser and
downcomer tubes.

A trial and error procedure is used“to obtain this
velocity. The pressure changzes over the downcomer and riser
are determined as described in the preceding sections for a
number of assumed velocities. By graphical means the
velocity which gives the same pressure change over downcomer
and riser is obtained,

The prdcedure is detailed in Appendix H. The tneoretical
velocity values are compared with the experimental values in
Figures 61'%01“64 for eight representative test series. It
will be seen that very close agreement is obtained. This
was only to be expected in view of the close agreenment
obtained between the tneoreitical pressure changes over the
riser and downcomer tubes as shown in the preceding section.
Since this égreement wes common to all tests, 1t was
considered unnecessary to evaluate the theoretical velocities
for more than the eight tesis,

Also shown in Figures 61 to 64 is the circulation

velocity calculated on the assumption of homogeneous flow, -

Discussion,

The velocity curves shown in Figures 61 to 64 indicate
that the proposed theory gives values within 0.25 f%./sec.

(+ 6%) of the experimental values, which is considered

satisfactory./
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satisfactory,

The homoreneous tieory sives values within 0.65 £t./sec,
-+ o . — - - N Pae i
(= 15%). Jhile thls may be accurate enough for certain

s

purposes, there is mno doubt that the proposed theory reduces
possible errors considerably.

‘However, in assessing the rélative merits of the two
theories it is necessary to congsider the diverse conditions
met with in actual boiler practice and to examine the
possible influence these conditions might have on‘the
accuracy of the results.

The following are some of the more important consider—
ations:—- |

(a) Change in Adiabatic Length. In practice the

unheated length will be small, On the other
hand, however, over appreciable lengths of tubes
the heat input may be very small, and indeed
approximate to the adiabatic condition. It
should be remembered that the homogeneous flow
theory gave comparatively large discrepancies in
pressure change over the adiabatic lengths. It
mignt be_expected, therefore, that the proposed
theory would give greater'satisfaction in actual

boiler calculations.

(b) Change in Heated Length. In practice the heated
tube length is often considerably greater than in
the two-tube boiler. An increased heating length

for/
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for the same heat input causes & reductlon in the

momentum forces relative to tne other force actions,
Thus the error incurred by using the homogeneous

theory is again increésed since the present agreement
found with that theory is due in part to the excessive
momentum force obtained by assuning both phases to have
the same velocity;

(c) Tuﬁe Inclination. The velocity ratio will decrease
with decreasing tube inclination. It is to be
presumed, therefore, that the error due to the
assunption of homogeneous flow will tend to decrease,

(d) Heated Downcomefs. In practice, particularly where
no unheated downcomer ig provided, it is possible
that some downcomer tubes will‘contain steam-water
mixtures, When determining the circulation for such
circults additional errors will be introduced in the
prediction of the pressure change over the downcomer,
It is expected that the proposed theory will enable
mnore accurate calculation of pressure changes during
downcomer flow than the homogeneous theory, pariicularly
in view of the satisfactory application to the predict-
ion of stagnation conditions and Lo the prediction of
the pressure change during the downward flow of
alir-water mixtures in Sections 22 and 23 respectively.

The question arises as to whether the incidence of

steam in the downcomer will render the homogeneous flow

theory even more i1naccurate, This 1g seen to be the case

vy/
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by referring to Figure 05. The curves 1IC and Iii are btaken

to 1represent the pressure changes i vhe riser as predicted
by the homogeneous and proposed theories respectively., here
no steaming occurs in the  downcomer, curve GH is taken to
represent the predicted pressure change in the downcomer.

The discrepancy in predicted circulation velocity beitween the
theories is represenied by the horizontal distance CA. If,
where steaming occurs, curve GH is now taken to represent

the pressure change in the downcomer as predicted by the
homogeneous theory, and curve JK as predicted by the

proposed theory, then the discrepancy between the theories

is increased and is represented by ‘the horizontal distance
EA.

In Figure 66 the same facltors are plotted, but for the
case in which the gradient of the curve GH has been assumed
negative. Here also it is seen that the formation of steam
in the downcomer increases the discrepancy between the two
theories.

While in Figures 65 and 65 the curve JK has been shown
below the curve (GH, there are circumstances undef which +the
position would be reversed. Where the steam flowed
downward with a velocity greater than that of the water JK
would lie above GH. In this case the discrepancy involved
by use’'of the homogeneous theory would be reduced. It can
be shown that the conditions necessary for this type of
flow exist only where there is a considerable quantity of

steam generated in the downcomer.

It/
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It can be reasgonebly concluded that 1L the downcomer

in the experimental plant were heatved, tae agreenent
between the measured and theoretical values deduced from
the proposed theory would be confirmed, Whereas‘the
discrepancy between the measured and theoretical values
based on the homogeneous flow theory would be increased,

It méy be said that comparisons between théoretical
and experimental velocities in a two-tube circuit, interest-
ing asthey are, give only overall impressions. The true
merits of any theory are more readily obtained by a
comparison in detail of the pressure changes over the

various parts of the circuit.
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. RESWE.

This research was initiated to investigate the
principles of natural circulation in water-tube boilers.
Previous ihvestigators such as Schmidt, Waeselynk and Schwab
had appreciated that the standard theory which assumed that
the steam-water mixture flowing in the heated tubes behaved
as a homogeneous fluid, was inadequate, due primarily to
the steam velocity relative to the water. There was ample
evidence to indicate that even during the horizontal flow of
steam~water mixtures the steam velocity was considerably
greater than the water velocity. Several theories had been
developed to include this relative movement, but they either
contained assumptions unacceptable in the light of present
knowledge of the mechanism of turbulent flow, or were in such
a form as to render them inapplicable to the wide range of
conditions met with in boiler practice. These remarks apply
not only to theories and experimental work directly connected
with boilers, but to all work connected with fhe flow of
two-phase mixtures.

| It was, therefore, necessary to develop the theoretical

equations governing the flow of two-phase mixtures. It

became clear that the problem was essentially twofolds

firstly the determination of the phase distribution, and
secondly the determination of the velocities of the respective |
phases. it has been possible, by consideration of the

fundamental mechanism of turbulent flow, to develop
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the relationships governing the respective phase velocities

for a particular phase distribution. On the other hand,
present knowledge does not extend to the point of
specifying the distribu%ion of the phases.

The experimental work of previous investigators
indicated the persistence, during two-phase flow, of an
annular flow pattern in which a ring of liquid wets the
entife wall and the inner core comprises gas, or Vapour,
with associated liguid. The theory was developed for this
case, It was assumed that, (a) the ligquid in the core was
uniformly distributed, (b) the core mixture behaved as a
homogeneous fluid, and (c) the core was symmetrically
dispersed about the tube axis. The experimental work of
Martinelli suggested that both phases flow turbulently for

- the mass flow rates met with in boiler practice.

During two-phase flow, as during homogeneous flow,the
internal shearing stresses must be transferred by viscous 1
or momentum shear. It was assumed that Prandtl's Egquation
relating shearing stressesland velocity profile gradient
would hold throughout the two phases, and that the Prandtl
_mixing length distribution is the same as for singlé—phase
flow, From these assumptions the velocity profile may be

determined for any given shear distribution and in turn

the respective phase velocities could be obtained.

The practical application of the tTheoretical equation
embodying the above ideas is not normally possible, as the

1liguid content in the core is unknown. Where conditions

are such that there is no liquid content in the core, a
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rezdy solution is possible, ag ig iliussrated Dy the
analysis of Bergelin's tests. In tne najority of cases,

and certainly in the case of natural circulation, the liquid
content ol the core is imp&rtant, but so far no informetion
directly apoplicable fo the natural circulation problem is
available, In fact, the only inforzation'on the subject
was derived from the results of aArmand for air-water
mixtures. This informetion made possible the application
of the theoretical equation in a simplified form, %o the
case of stean—water mixtures. |

The prdcedure is best understood with reference to the
equations. The theoretical equations for the gas-~liquid

veloclity rztlio 1s ovtained in the form

Uy l-cL-w+w/|<,z+ ug‘n—q,-w+w/;<z . £ T

U, -9 U, - 4w £ T

>i’<:=

As the water content in the core is not known, the

equation 1s reduced to the form

£ T
K=1+7 &2
RN

The term Z, containing the liquid of the core, is
agsumed independent of the phase densitiés and viscositiles
and it is shown that this 1s approximately the case, Iss
values were determined b applying‘the zbove equation to
Armand's experiments for alr-water flow, and were assumed to
hold for the flow of steam-water mixtures for corresponding

liguid/
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liguid flow rates and ratios of gas Lo tube cross—secitional
4 U .
areag,

The water content in tlhe core is also involved in the

shear stress ratio asg

T _ (%)7_4' /5 5ino +%{_Uzg_f%
' .

The core density is /2 . In evaluating the shear stress

ratio, the core density was, of necessity, assumed that of
the steam.
Using the gas to liquid velocity ratio K, the equation

for the pressure change is obtained in the form

,(_c/_/e),wzc,x-se.uf-fzqk{ 9 +K(1-9) }g{
. 2¢-d g + k(-9)/p

(9 ™ -9 M $9 M
gt g ew)

The terms are, in turn, due to mixture weignt, friction,

and inertia force, The corresponding equation assuming
N - < X O

homogeneous flow is

7 NS U, L, ™M Su
*(_E)ZS{ = 24 d + P-f Snb + g

Al X
where {
- 9/6 + (-4)/F
and _ M.
| U= %7

In the friction equation the term G allows for the Ffact

that (a2) the liquid is mainly contained in a ring at the

wal;/




210
wall, and (b) +the core contains a certain amount of ligquid,

It was shown that G would have & mégnitude close o
unity and this assumption has, thererfore, Dbeen made
throughout the application of the theoretical equations.
Where evaporation occurs at the wall due to heat transfer
the bubble formation at the wall would presumably break up
the laminar layer at the wall with an increase in friction.
This would tend to increase the friction pressure change.
Inspection of the data over the heated length from the
two-tube boiler suggested an increase of 25% on the adiabatic
friction equation to allow for this effect.

The fundamental relationships governing the velocity
ratio K were approximately confirmed by ﬁsing them to evaluate
the water content of the core during aArmand's experiments
with alir-water mixtures. The small magnitﬁdes of the water
so found to be concentrated in the core were consistent with
the flow patitern assumed.

Further confirmation of the propdsed theory in its
fundamental form was obtained for Bergelin's tests with
alr-water mixtures flowing down vertical tﬁbes. In these
tests the mass flow rates and the ratio of the gas to tube
cross-sectional areas had such values that the water content
of the cofe could be regarded as negligible,

The form of the proposed friction equation was confirmed

o’

v applying it %o analyse the pressure changes during the

air-water flow experiments reported by Lartinelli, and also
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the pressure changes during the adiabatic flow of steam—

water mixtures in the two-tube boller experiments.

The theoretical pressure changes, using both the
proposed theory and the standard homogeneous theory, were
compared with the experimental values for the uﬁward flow
of steam~-water mizxtures in smooth vertical tubes for the
following conditions,

(a2) The adiabatic flow of steam—water mixtures in 1"

bore tubes, for pressures in the region of

170 1b./in.2 and 1600 1b/in.2 (Schwab's results).
(b) The adiabatic flow of steam-water mixfures in

1.7" bore tubes for pressures between 50 to

1500 1b./in.? (Two-tube boiler results).

(¢) Steam-water mixtures flowing through 1.7" bore

tube with heat transfer (Two-tube boiler results).

The proposed theory was also used to determine the
circulation velocity producing "stagnetion" conditions in
downcomer tubeg, and the resulss compared with the experiment-
‘al observations of Lowenstein.

Finally, both the proposed thebry and the homogeneous
theory were used to determine {the circulation %elocity in

the two-tube boller.




DISCISSIOH.

The application of the theory to a wide range of
experimental results gave extremely good agreement. When
applied to the analysis of the adiabatic flow of steam-water
mixtures in the two-tube boiler, the proposed“theory gave
45% of the predicted pressure changes within 5% of the
measured values, 87% within 15%, and all within 22%. The
homogeneous theory, on the other hand, gave only 40% of the
results within 22%, and all within 55%. It is, therefore,
seen that the proposed theory gives considerable improvement
over the homogeneous theory. In the analysis of Schwab's
results for the flow of steam-water mixtures through 1" tubes
the improvement was even more marked, the proposed theory
agreeing within 14% and the homogeneous theory within 60%.

In general, the large errors quoted for the homogeneous
theory decrease with increasing pressure, as 1s to be
expected, since the steam-water velocity ratio decreases
with increasing steam density.

The only data available relating to the flow of steam—
water mixtures with heat transfer is that obtained from
the two-tube boiler. The proposed theory enables the
calculation of the pressure change over the evaporation
length within 15%. The great majority of the results gave
agreement much closer than this maximum error. Here again
the homogeneous theory gave considerable errors, the maximum

error being as much as 40%. While this is an improvement

on/
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o

on the figure obtained for the adiabatic case, 1t

=3

s
undoubtedly due to the excesslive momentun forcerbtained

by assuming both phasés to flbw vi th the gsame velocity

thus compensating for the error involved in this assumption
where momentum forces do not exist, “

Part of the error in the proposed theory must be
attributed to the term G in the Irictlon eguation. This
was assuned unity. The analysis of llartinelli's tests for
air-water flow through hqrizontal tubes confirmed that
friction varies as the square of the liquid velocity, but
gave a value of G = 0,75, The analysis of the steam—-water
mixtures flowing adiabatically in vertical ﬁubes, obtained
from the two-tube boller, also confirmed That the. friction
varied aé the square of the liguid velocity, providing in
this instance that G varied with the boiler pressure, On
this basis G was found to have a value of 1.25 at 50 lb./in.2
gauge decreasing to 0,95 at 130 lb/in.z, and remaining
constant thereafter. It seems reasonable that G should be
dependent on the pressure, as G is dependent on the water
content in the core which will be affected in turn by the
change in the phase densities with pressure variation. The
introduction of the changing value of G, to ﬁhe\theoretical
calculation for the pressure change during adiabatic flow,
would have produced considerable improvement particularly
at low pressures, and 55% of the tests would then have agreed
within 5% as against 45% when assuming G = 1. The explan—

ation of the lower values of G (0.75) obtained with the

horizontal/
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horizontal flow of air-water miztures may be thet, with
horizontal flow, the pattern is no longer strictly

symmetrical, .

There was no appreciable error due to the neglect of
distortion effects in the friction equation. bistortion
is large, where the friction pressure change is small
relative to the total pressure change, as for this condition
the shearing stress ratio T}/T]is large. Hence where the
error in the Iriction equation introduced by neglecting
distortion is likely to be largest, the contribution of
friction to the total pressure change is smallest,

Data was not availlable to confirm the accuracy of the
equations when applied to rough tubes (Appendix K). The
theoretical equation indicates that with horizontal tubes
the veloclty ratio will be increased with increasing surface
roughness. However, with vertical tubes the influence of
the increased friction on the internal shearing stresses
tends to make the velocity ratio independent of the surface
'roughness. Tests with rough tubes afford an excellent
opportuhity of checking the form of {the equation for the
gas—1liquid velocity ratio.

The prediction of the point of stagnation by the

proposed equations gave good agreement with Lowenstein's
observations, . This suggests that the equations may‘be‘
satisfactorily applied to the prediction of flow in down-
comers., This was also supported by the analysis of

Bergelin's results for air-water mixtures flowing vertically

downwards./
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downwards, These tests, while they ~ave errors in the

predicted pressure change as large as 02%, ~save agreementd
between the theoretical veloclty ratio and that velocity
raﬁio which would give the actual pressure change within
20%, This was the estimated accurzcy of the velocity ratio
for the steam-water experiments with upward flow in vertical
tubes, The explanation of the greater errors in the
predicted pressure change with downward flow is that, umlike
the case where the flow is upwards, the resultant pressure
change is due to the difference between the friciion and
mixture weight pregsuré changes., any errors naturally tend
to be magnified, particularly where the pressure changes

due to friction and mixture weight tend to be of the same
magnitude, In éddition it should be noted that any error
in the predicted velocity ratio has opposite effects on the
pressure change due to mixture weight and friction. It

the pressure change due to mixture weight increases the
friction decreasges, and vice versa. Where the two
components of the pressure change are being added, the
errors due to inaccuracies, therefore, tend to balance,
wWhere they subtract, as in the analysis of Bergelin‘s
experiments, the errors are cumulative, _

The analysis of Bergelin's experiments, where as
'already mentioned the theoretical velocity and that velocity
ratio which would give the measured pressure change were
found to agree within 20%, also indicates that the controver-—

gsial assumption that the Prandtl mixing length distribution

is/
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is the same during single and two-phase flow 1s approx—

imately true,

When applying the proposed theory -to determine the
circulation velocity, agreement within 6% was Obﬁ&iﬂ@d.
The homogeneous theory, on the other hand, gave agreement
within 15%. Thus, despite the large errors in the pressure
change over various tube lengths, the homogeneous theory
zives an agreement which, from practical purposes would not
seem unsatisfactory. If, in addition, the relative
siﬁplicity of the homogeneous theory is considered, it may
appear unnecessary to use the more complicated proposed
theory. However, it has already been shown that the
inclusion of greater tube lengths with adiabatic flow and
of heated downcomers could appreciably increase the errors
quoted above. Also, in multi-tube banks the large érrors
in the pressure change may produce inaccurate conclusions
as to the flow rates occurring in different tubes, The
‘errors may give quite erroneous ideas as to the number of
tubes acting as risers and downcomers, Care ghould,
therefore, be taken in applying the homogeneous theory, as
in certain circumstances the errors in the predicted circul-
ation may be considerably’greater than those obtained with
the two-tube boiler., On the other hand, the close agree-—
ment obtained with the proposed theory in the step~-by-step
analysis of the.circuit in the two~-tube boiler, and in the
analysis of widely différing experimental work of previous

investigators, inspires confidence in its general application,
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OCver the range of pressures and neat input rates

investigated, natural circulation provides adegquate flow in

a two-tube circuit. With increasing pressure the

circulation velocity rises to a maximum value above which it

decreases slowly. #With no restriction to flow the maximum
circulation velocity occurs at pressures in the region of
400 lb/inz. The maximum velocity was independent of the

heat input, and the pressure corresponding to the maximum

velocity increased with the heat input to the tube.

Tith restricting orifices the trends are similar,

except that the maximum velocity now occurs at pressures

lower than 4001b/in<.

The proposed theory, based on an annular flow pattern

where the water forms a ring

at the wall with a core of

steam and entrained ligquid, gives much closer and more

consistent agreement between
values than the homogeneous 3T
in the following tables:

Annular Theory.

experimental and calculated

heory. This is illustrated

Pressure Gradients.

Tests per 100 lying within

{ the following % errors.

5% 155 22%

Adiabatic flow. 1.7" bore
tube. (Two-tube boiler)

45 | 87 100




Mlow with
1.7" bore
(Two-tube

heat transfer.
Sube.
boiler)

70

loo

Adiabatic
1.0" bore
(Schwab's

flow.
tube.
experiments)

76

100

Homogeneous Theory.

Pregssure Gradients. -

Tests per 100 lying within
the following % errors.
22% 40% 55%
Adiabatic flow .
1.7" bore tube. 40 92 100
(Two-tube boiler)
Flow with heat transfer. -
1.7" bore tube. 75 100 -
(Two-tube boiler)
Adiabatié flow,
1.0" bore tube. ‘ 64 77 <100
(Schwab' s experiments) :

The annular theory gives the ratio of” the steam to

water velociﬁies as high as 5.7, for which condition

the steam velocity is 57.5 ft/sec: and the water velocity
10.1 ft/sec. In the majority of tests the velocity ratio
would appear to be estimated within 20%.

At pressures above 1000 lb/:Ln2 the veloclty ratio is

normally near unity, and for such circumstaﬂces the
homogeneous theory glves closer aﬁreement than 1ndlcated

in the above tables. At 1615 lb/ln with a 1" bore tube
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the maximum error was 18%.

The proposed theory enabled the prediction of the
circulation velocity within 6% as against 15% using the
homogeneous theory.‘With circuits other than the two-tube
boiler the errors assuming homogeneous flow osuld be
considerably greater than those gquoted. The more detailed
agreement obtained with the proposed theory would suégest
1t could be applied with confidence fb other cifcuits.

The above results indicate that while the flow
pattern assumed may not occur at all flow conditions, Gthe
theory based on such a pattern may be applied with
| considerable accuracy over a wide range of flow conditions.
This is further confirmed by the good agreement obtained
in analysing experiments for air-water flow in horizontal
and vertical tubes. |

Nevertheless there is still scope for further
improvement. Due to the limited information available
certain assumptions and approximations were necessary
in developiné the proposed theory. The problems implicit
in these assumptions can only be answered by further
detailed investigation into the flow of two-phase mixtures.
The study of steam-water flow is fraught with difficulties
due to the effects of condensation or evaporation. In the
first instance the most satisfactory field of investigation
would appear to be that of air-water flow. The work of
Armand suggests the natural starting point.

In conclusion it can be said that a theory has been

developed allowing for the different velocities of the
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phases during two-phase flow. The relationships are in

a form permitting their application to the problem of
circulation in ‘tube bangs. The proposed theory is more
laborious in application than the homogeneous theory but
the preparation of suitable charts would Substantially
reduce the labour at present required. Considerable
improvement is obtained over the homogeneous theory in

predicting pressure changes and circulation rates.
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continuity Eyuations

225,
puring Two-Phase low. - APPENDIX A.

The continuity eguation for the core is

(C_&-“'U M;-:‘Uz'ﬂz R © |
X2 |
The continuity eguation for the annular ring is

(-9-wlM _ y,- £

. R2
X,
Combining Equations Al and A2
\‘- + |~ - )
e ' ‘Uz'/oo. U!ﬁ o
(@‘“U)M + Krz('“qf“w) M o _ .GSU.=ﬁ
Ua- 2 TS | e
_ M[M+ Ka('-qv*w)]. ... .. .m3
Ll A A
Treating now,the continuity eguations for the gas and liquid
7 M .
AL T as
Xq‘ G q L
= U S
L _
Combining Equations A4 and‘Aé ‘
| y = @M (-9)M | o
Ug:fa = U /e - O
=M.[i+'_<_('_‘ﬂ LA
Ug L /3 £ !
The core mixture is treated as homogeneous, hence |
UG=U2 . ..'. . . . [ . . . . ~‘. 47
and the annulus is assumed to contalin liquid only, hence

Combining Equations A3, A6, A7 and 9
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to, Glgw) g, k(9) e
A A e A

and from Equation 7

a=(g+w)/ (/i)

Substituting Eqguation 7 in Eguation A8

9 '_“_)__,_.Ka("‘i'w)z 9 K(r-9)

-+

RTR A 2R
Hence | K = FK I"Q«'U.)'f.u.)/K'z. ) ... A9
: = R I-q |
Tat s gy oy qewrwhke g
’ UL U| ) ,"%
Therefore ’ U o= u - 1-9- w+ w/Ke .. .. . Aan
. " t f—-%
as S
Combining Equations A4 and A6, :
Xa _ Y/ Fa S LAnr
| X 4 + KU-9)/7
and ‘ -
X _ , _ Xa
X x : ‘ '
k(-8R . s
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velocities and Velocity Change. APPENDIL B.

From Equationsg A6 and A7,

B R

; A
As =:EQ it follows from the above eguation that
L
U=QQ=L_M_[ KM] A
KK X[ R

- In determining the change in velocity due to the changing
cohditions along the tube, changes in the densities and in
the velocity ratio are ignored, as the influence of both
effects is small for the experimental conditions.
The velocity of the gas or vapour after a change in

dryness fraction §q is

“©E XL R I *
Therefore‘subtracting Equation Alo from Al6 ‘
' |

Su. = M3 _ K‘S‘P]..........nﬂ

“ /OG /o'-— ‘1”
_L".._Sif...........'..,ms ?i

~ X £ . |

as A 1is large compared with /2 in the experiments analysed. |
Similarly
P N/ X 2N < || A
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RELATIONSHIP BETWERK CCORE VELCCITIBS. APPENDIX C.

From Equatlon 4

As the term within the square root sign is a constant

for a particular flow condition, this may be integrated
with respect to Y , giving, after the constant of

1ntegration‘has been obtained,

r R T A2)
U= U L2
Ihs .

where the velocity symbols are as indicated in Filgure 1l4.
The mean velocity of the core relative to the
boundafy of the phases during single-phase flow(i.e. curve

deb in Figure 14) is ,
o Jen 2irudy g
3 ' ,7¢bz

where 7Y, is the radius of the cylindrical core.
The mean velocity of the core mixture during two-

phase flow relative to the boundary 1is
7,

o

e 2Trudy
, |

U3 = 7 _)g'z_

which, on substituting Equation A21 , becomes

% £ T~
;L earufi Tl

u, = =
3 i 7’:

T

- Uy

Sbl:b




DET_ALIN.TION OF VELOCILY RATIO K, 229,
THE Tidbl Z AJD TUE wATER CONCENTRATION w . APPENDIA D.

 Armand, as previously discussed in section 6, weighed
the tube through which a mixture of air and water flowed,
from which it was possible to determine the respective
cross-sectional areas occupied‘by the phases. The ratio of
the gas to tube cross-sectional areas (%?) to a base of the
ratio of the gas flow volume to the total flow.volume (S8 )
obtained in this manner are shown in Figufe 12.

From this'infofmation the velocity ratio K may be

obtained. |

Determine the velocity ratio K when

Xe_ /B
X 98 +k(-9)/R

From Figure 12 corresponding to this value of Xa

=06.... .. ... A2

X
B = "9/’%‘_ = Q5. . . ... ..A25
YE + (-9)/k ‘
Hence .
-9 £ / _
-t = —— - =04 ... . . .. .R%
T £ 0-715 #
Now Equation A24 may be written
- / . / ,
= = 06
I+ Kk L9 & [ + Kxo-t
, ? /i
K=1675

In Section 11 the approximate form of the velocity
ratio K during horizontal flow has been obtained in the

form (Equation 20)
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-1 +7 £
K I+Z\/;
| +~2Z /42-5 x 13-35

=l+zZx289 .. .. . . ... . R\27

as Q=625 1b/ft° and A = 1/13°35 1b/ft°. The density
of air used is that at atmosphéric Pressure and a

temperature of 70°F.

X3¢

Now, for the particular case of =(0°+6 already

congidered ' o
S ) o s )
289 (K l) 28'q(| 67 |

= 0:-023}

-
i

By this procedure Figure 15 was constructed.

Xe
X

dependent on the mass flow of the liquid phase. Considerable

Above the critical ratio the value of Z is

interpolation was necessary in this region. The continuous

lines are mean lines obtained from the experimental data.

Where the line is obtained by interpolation or extrapolation

it is shown as a broken line.

An approximate estimate of the water concentration

in the core may be made by using Equation 59. .

wule £ ... ... .5
UJg+w A -

K =1+

The ratio %?-was determined from the single-phase
) '
velocity profile shown in Figure 67. This is the velocity

profile corresponding to aAReynold's Number of 105,000.
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Fic. 1. Vetocity DistriBuTion IN SmootH Tuses
A1 A RevNowps Numeer Of 105,000.

( Source- NikurAose From BaxHmeTeFF's “MecHANICS
OF Tueurent Frow.)

I-0

s 08 /
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0.6

clc

Ok
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The Reynold's Number used should, in fact, be the

Reynold's Number corrgspondin‘g tp the flow in the annulus.
Thé value quotgd is an approximate mean value throughout
Armand's tests. As the ratio —U(f varies only slightly

with Reynold's Number the error involved in this assumption
is small. The calculated values of %‘3 are shown in Figure 68
to a base of Xg/x .

Continuing the numerical example Where'—;((g = 0.6, from
Equation A31 |
,-%_ /OG . "'q/ ) i — o'lf ]
9 £ q 615%X133
Therefore Iz 33 4
9
o U3 A Xa Xe. Xz
i = L4 - = L ] N.B.—"=' N
From Figure 68 ] 0.112 when X 0.6 ( X =X )

Regroﬁp‘ing Equation 59 in the form

| Us | L £
K = |+ :
U‘L 2

@
Ci/
Substituting numerical values
., |62:5x 1335
675 = 1+ o-an PETTR

Hence w = 0.073

?igure 20 was constructed in this manner.
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DETERMINATION OF Tii PRE3SURE CHALGE DURING APPENDIX E.

THE DOWNWARD FLOW OF AIR-WATER M]XTURES IN
, . VERTICAL TUBES.,

Consider the'cé.-se where the air and Water- flow rates
are reSpectively 80 and 1400 1b/hr.

The other properties ar'e"

F=68 5 1b/ft5 A = 0.0749 1b/ft° M, = 2-42 1b/hr.ft.

q=—°Y __ 005 - Tube diameter i, X = —'- !
% 80+ /400 o 7 ° “ ”’f‘;
M_ 1480x1835 o 2 5

x oo = 75 5 Ib/sec. ft’

Assume K=7.
The pressure change is obtained from Equation 65.

_gﬁ _N8lulp ‘HK(!-@) ¢
(ﬂ)z “ 29 U+ <G-9)/%

From Equation AlS

UM K("f/):’ | | |
O L |

75-5] 0-051 + 7)‘0-‘?1;6]
T | 00749 625

= 892 ft/Sec,
Reynold's Number (Equation 46)

UL'A'PL
Pl

892x!x625x3€oo - (,q 100
12X 2:42

Re

Fron the friction curves shown in Figure 69 A= 0+0195.

The pressure change per unit 1ength is therefore

{dﬁ)’ 00095 x 12 x 8:92°x62 5 _ oo5,+ 77x0'99#12
V77 = , 0054 X0 G
dt/, Egx (. - 607491 “ozs



CURVES OF FRICTION FACTOR - REYNOLDS NUMBER
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Ny
(V]
(@)
.

= 186 — 805

= 1055 /b//ft'l. ft,

The theoretical velocity ratio is obtainéd using Equation 65.

K= 1+ g'ﬁ,f[(%:/—‘%]

P A
uk R R o

The value of U%/U,is obtained from Figure 68. The

values‘correspond tq a Reynold's Number_of 105,000.‘A certain
error is therefore introduced here as the ratio U@/ﬂ, should
theoretically be that corresponding to Reynold's Number‘for‘
~ the annulus flow.
From Equation Al2
X _ YA . _ . ogosufoomy
Y%+ K(-9)/p  0-058/0.0749 +Tx0-9%6/62:5

x

= 0-873 ' | |

From Figure 68

- Therefore

625 F(-10-55-0 0749
,K=|to-27/ '(/0550 49)
0-0749 -18:6

The appropriate signs give

| [e25 0625

v It will be seen that this'disagreesvslightly with the &

assumed value. The theoretical pressure change is that |

obtained when the assumed and theoretical values of the
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velocity ratio are identical. This is obtained by a trial

and error procedure, which is detailed in Appendix H. In this
case the pressure change was found to be 10-62 1lb/ft%ft.
and the velocity ratio 6-.97.
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(;‘;)U.
DET_RLINATION OF CTAGNATION POINT AFFLNDIX 7.
DUnING FLOW IN DOWNCOLEK TUBES.

“Stagnation Point" as previously discussed in 3Jection 23,
occurswwhen K=0 . The eguations are however not in a form
enabling their application to the limiting condition. For
example, the dryness fraction ‘L ceases to have meaning when
the steam phase is no longer moving. Conseyuently the eyuations
were applied to find the mass flow corresponding to K=0-1.

Lowenstein obtained stagnation with pressure drops from
60 to 40 afmospheres. The calculatiens were carried out for
a mean pressure of 50 atmospheres (720 1b/in2 gauge) and the
mass flow rates corresponding to K=0-1l and a range of gualities
determined for this condition.’

The procedure was to assume a value of the dryness
fraction (e.g.1=0°015) and K=0+1. Then for a series of mass
flowé the velocity ratio calculated. The mass flow approximating
to the stagnation condition will be that for which the calculatedlé

K agrees with the assumed value of 0:l. This procedure is
now detailed. |

From Equation 57

_éf’). _oxseute |9 k(-9) s
(df s 2g-d Up + k(-

. The various properties are: o
£=48.7 1b/£t3, fi=1:6 1b/£t8. A, =026 lb/hr.ft.

g=0.015 K=0-1 _”5?_=48-8 1b/sec.ft>.

From Equation Al1S ‘ '

_L.M_i+EQ:&l}
A A




L
O
°

= 01x48 5(0 015 o-lXo.%s) |

487
555 ft [sec.
From Equation 46 Reynoldt's Number

e = Yo d-£ _ 555x 118% 487X 3600 _ 368,000
| A 12 X 026

From Figure 69 A= 0°0137.

The preiséure change per unit length is therefore

__(_d_é) = 0«0/37x/2x5-552x48'7 _ 0-015+ 0.1X 0985
29 x 118 - 0-015 0-/X 9.985
7 e 487

_ = 326- 998 =— (72 lb//ft. e

The veloeity ratio 1s now obtained from Equation 32,

N V31 (€ )
e (@

The term Z 1is that corresponding to (Equation Al2)

Xa_ __ Yk
XYk + K(O-9)/%

o-ors//-é 4 o.lxo-485/48-7

and (I'G,)% - 0+985x48°8 =48 1b/ft.gsec. In obtaining 2z from
Figui'e 15 the value of Z wasmtaken as'that corresponding
to (l ) = 54, The curves could not be extrapolated with any
accuracy beyond this point. From Figure 15 Z=0°* 306.

Hence

e 487 t(672- 1)
K= T*odoe [ 32

Using the appropriate signs
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- | - O L8717 512
K= 030(’//-6 326
= —[13

~This procedure was repeated for —:%'='75'1 and )
975 lb/sec.ftg and K plotted to %g-as shown in Figure 70.
From this figure it is seen that K= o-l for —';(-1'=6'7-51b/sec.ft2.
This entire procedure was repeated for various assumed

dualities and Figure 24 constructed.
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CONVERSION OF EXPERIMENTAL READINGS.. APPENDIK G.

Pressure Changes.

As already discussed in Section 28 the ratios of /f//;
.adopted‘over the various lengths of pressure limbs were: |

Water drum to riser bottom - /?//2= 0.99.

Riser bottom to riser top -/f’//g = 0.98.

Riser top to steam drum -/f//% = 092,

Qver the other combinations of tapping points'the

ratios were calculated as follows:

£ 18x0-99 + 1712 % 098
A 8412 =098l

Water drum to steam drum -7'? ’8"0?(}; :lzf_/ozq*f;;rgssswqq_ 0987.
aq

A 1712X0-98 + 38:5% 099
—_—— = O0-
/a 172+ 38-5 = 0-962

(The various dimensions are obtained from Figure 26)

I

Water drum to riser top

Riser bottom to steam drume

The pressure changes are therefore for Test Series

No. 11 at 51 1b/in® using Equations 72 to 76: o
.22_6_5_&%61_36 625_ 681 ]_b/'j_n?f

Steam drum to water drum - T

Steam drum to riser bottom- gg_g/%_zg_z—_@ "25 =~ bl 1b/’in2,
vstelam drum to riser top ‘38\5’(?43:7 25 425 =047 1b/’in2.
Riser top to riser "bottom -'72"?:2 23 » 625 4/8 lb/inR,

Riser top to water drum - MO"Z’Z‘?P” X é;’és_ 635 1b/‘ingf

18x09a + 415, 625__ ».15 1b/1n2.

Riser bottom to water drum- he 2

-

Velocities.

For Test Series No. 11 at 50 1b/in® the Pitot head

reading was 3+125 inches. The density of saturated water at

50 1b/in® is 57+5 lb/ft3.
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Hence from Eguation 70, the circulation, or downcomer -

velocity

T =/£§ . he, £ _ |29 3125, L28
1938 12 A, 1938 12 575

’=fi06f%/gec;




SPEC IMEN CALCULATION - TWO—TﬁBE BOILER. APPENDIX H.
DATA. |
Test Series No. 5. Heating: Uniform.
Restricting Orifice: None. Heated Length: 10'6". o
Tube: 1+698"= 1-7"1,D. Tube Position: Vertical.
Gauge Pressure: 72 1b/in2. 3aturation Temperature' 518°F._
Pressure Difference (Steam Drum To ¥ater Drum): 6°81 1q/1n
Water Velocity In Downcomer: 3-31 ft/sec.
Condenser Heat Transfer: 7+04%10° B.Th.U./hr.

Boiler Heat Loss (Equation 67):<Q§=5O(t5—200):5gog B.7h.U./hr.

dH | ~
Latent Heat: 897°'6 B. Th U. /lD. zﬁ; = 0°*85 B.Th.U, in%(lbz.
| i#— = 0°0176 fts/lb. ‘ j%' = 507 ft%/lb. |
L G '
| v A 2
X =UA- 5-51/0-01'76=188 lo/sec.£t”. |
M = /88x# //,»4“2 955 1b/sec. W, = 0-42 lb/hr.ft.

(é) Dryness Fraction at furnace top. It has been shown in

Seetion 28 that appr011mately S of thé boiler heat loss is
from the steam.
«*.Heat transfer from steam=704,000 +1180
'=1705,180 B.Th.U./hr.

. 705,180 0o
= = 00739
CL 2.955 x 3600 % 8476

(b) Point at which Evaporation begins. From Equation 77 the

heat transfer between furnace bottom and point of evaporation is
Qs \
| dp 5+ M X 3600 S
Commence by assuming that the point of evaporation

'is 2 ft. from the furnace bottom, . i.e. 3~915ft. from

the riser bottom tapping point. At the tapping

oA
244
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point the. pressure relative to the steam drum is 6°13 1b/in2.

Then

gfj = (13 _ 395 _ 0-02X3USx/2x 33"
R Mk X0.0176 2q X I'7x Itk X 0.0176 -

= 455 /b/in"

(The friction factor A is assumed 0+02. The small magnitude
.of the pressure change does not warrant a detailed determination.)
. Heat supply to point of evaporation/hr.
= 0-85x4. b5X2 9L56X3600 —+ 5900X0°8
==45;800 B.Th.U.
.". Distance from furnace bottom to point of evaporation
= 10+5 X 45,800/709,900
= 0°+677 ft.
This compares with 2 ft. assumed. By further trizl and error
the pbint of evaporation is found to be 074 ft. from the.
furnace bottom, i.e. evaporation length ,= 10-5—0+74=976 ft.

(c) Pressure Gradient and Velocity Ratio at Furnace Top. A

velocity ratioc of 3.5 is assumed and the pressure gradients

due to friction, mixture welght, and momentum forces are

evaluated in turn.
(I) Friction. ) |

: \
low from Equation A6 ) I

U, = ™M |4 + k(i-4) _ 188 0'073%5'07-&3*5:(0-92“0057{’
K-x | A, /z 35|

~ L8xo 3 = 232ftfsec
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, _ 232x 17 X 3600
. Re =

[2 X 0-0176X O-L+2

= 1,600,000.

From Figure 69, the friction factor \ =0-:0107.

Hence from -Equation 39

_O_/E) e AUl po 05/o7x232x:2
(' = 1z 2g.d 25 2x 322X 17 X 00176

= 45 b/ ft3

(II) Tube Mixture Weight. | From Equation 52

(‘d/a) 9+ K(I q/)- _ 00739 + 35x0.926

S T et 1 e

(ITI) Momentum Forces. From Equation 52

[N

() 2.0 5, M S &M Ueou,

As uniform heat transfer is assumed where

Rl
o

—_—.76
fevis the evaporation length. If, in addition, Equations

Al4, Alb, Al8 and Al9 are substituted in Equation 52,

@t LGBl

0-0739 X 188 0-926X 507 ( / )
= 22072 P02 400739 x5 07+ =222 4 0-431 1 - —=
9 x976 { 39 35 4 3-5}

= 16:81 Ib/ft’




. 247.
(IV) Total Pressure Gradient.

-(%-;4&7,’”16.81 = 59.51 :Lb/‘f”t,5 = 0.484 J.b»/in2 per ft.
(V) velocity Ratio ( K ). From the total pressure
gradient the velocity ratio can be calculated and compared
with the assumed valge. The correct solution is obtained
'when assumed and calculated values agree.

The value of Z is that corresponding to:-

s Xa _ i _ _00739x507 _
7 G /A T

and-to,  (1-9)¥ = 0.926x188 = 174 1p/sec.ft”.
From Figure 15 the value of Z is 0.118.

From' ﬁquat ion 17

‘.‘ T _ (%)14“@511/!9 + _’3_‘-_’3-_‘5!_2

T -3
" (%),

" sin @ is unity, as the tube is vertical. Therefore

substituting for U, and §U.

7 R R i i

T, - glla)
o (d(’ F2
2 0431 00739
N - 6951 + Y507 + [B8X B35 X 776

- 45

= I'h46,
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From Equation 13

K= 1+ o-ugfs'—‘” x bt = 342
00176

*This compares with the wvalue of 35 assumed. The
corréct value 1s best obtained graphically from three assumed
values. These two further values of K , in this case 3°42
,and 3°46, are taken and the calculstions repeated; Figure 71
is then Plotted and the correct values of K and the pressure
gradient deduced, viz. 3-44 and 0-492 1b/in° per ft.

respectively.

(d) Pressure Change. The pressure change between steam drum

and water drum can be evaluated either via the riser or via
the daﬁncomer. In the case of the risér there areAthree
distinct lengths decided by the flow conditions, from steam
drum to furnace top, the evaporation length, and the
evaporation point to the water drum. To allow comparison
with the measured values these are further divided and grouped
as follows.

(I) Steam drum to riser top.

(II) Riser top to furnaceliop; furnace top to

| evaporation point; aﬁd evaporation point to riser
bottom. |

(III) Riser bottom to water drum.

These sections are now considered:

(I) Steam drum to riser top.By assuming a velocity




249.

"> OlLVY ALIDOTIA QILVINDIVD :
o5 o6 143N /87— INZIOVYD  3uNSS3IYUd
870 ¢8%-0 67-0 4670 $-0

A o
)

IONVHD uaMwmuaa\\, |

oIV ALID0 3A— | AV OIL3YOIHL '
_

A g=iPicleleic] NR

e

>
wn
S . ’ .
C
k4 _\
- - 3 - - -
[w]
< \
. A
Sy-< m ,

0
l
lA
2
)

" (@)

OuFQJ.JUJ<UM = J
3IMNSSY |

|

(39°vD .mz_\.mj 2L) § &N 1S31

ANINOVYED 3YNSS3¥d ONv Ollvy
ALIDOTIZA VIILIYO3IHL 3HL dO NOILYNIWY3L3Q 'JL = 9!d




: 250,
ratio of 3¢5 as in the previous calculation for the furnace

top position, the only modifications required in the pressure
gradient calculations are that the factor 1.25 allowed for the
effect of evaboration is omitted, and the momentum terms are

now negligible. ‘ _
' d

Friction. -'Cig = 45/1:25 = 35-9 1b/ft3.

” F2 ‘

Tube Mixture Weight. As before 7.7 1b/ftS. | “
Totél’Pressure Gradient.-—(g%) = 359+7.7 = 436 1b/ftS.
. 2 ,

Velocity Ratio K . As before zZ=0+118.

The shearing stress ratio is now (Momentum forces

negligible)
IE‘_‘ (Cj )1+ﬁ7 __"'/rﬁl'é""' %5'07 T
‘T' B . d B "35q -
(%)

C 507
. —_ + 0 _ . — .
K=I ou8j00ﬂ6x12/ 32

N

By repeating calculations for two more assumed values
of K and plotting, the correct values of K and pressure

gradient are found to be 3.23 and 0.336 1b/in per ft.

.*. Pressure change steam drum to riser to? tapping point

- 0336 % 233 + 05 _ 5.78L1b/m"
X - U2ZX 507X Ikl 0784 /m,

The second term is the allowance for the weight of steam
between the exit of tube and the steam drum tapping point.
(IT) Riser top to riser bottom.

(a2) Riser top to furnace top - conditions as above.
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+*. Pressure difference riser top to furnace top

= 04356 X 23/12 = 0645 1b/in?.
(b) Furnace top to evaporation point. The pressure gradient
at the top‘of thié length i.e. at furnace Lop, has already
been calculated and found to be 0.492 1b/in® per foot. The
same calculations are made for four other points along the
evaporation length and the pressure gradients plotted as in
Figure 72. The pressure change over the evaporation length
is given by the area under the pressure gradient curve
multiplied by the scale. Hence

Pressure change furnace top to evaporation point

= 9-25X0+4 = 3+7 1b/inZ.

(¢) Evaporation point to riser bottom. In this length water

only is flowing hence,the pressure gradient

2
/ . 9-0i5x 331 x 12

a-0176 23 x 17 x 0.0176

~ 56:8++02 = 5782 Ib/f¢>

(N.B. Re= ‘2'3’;‘_()"'3:3‘;‘.’:2‘= 228000  From Figuretd A =0°0l5)
.*+ Pressure change evaporation point to riser bottom
= 57.82X2+655/144 =1.065 1b/in?.
.+ Pressure change riser top to riser bdttom
— 0.6453+3+7+1:065 = 5408 1b/inZ.
(r11) Riser bottom to water drum..Thié is summation
due to 1-5ft. head of water, friction loss in 1+115ft. of

riser tube, water kinetic energy, and entry loss. From

Equation 80
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Pressure change = (1-5+0-026x53:51%)/0+0176

=101:4 1b/ft= 0-705 1b/inZ.
«"+. Pressure change steam drum to water drum
= 0+784+5408+0-705= 6897 1b/inZ.

The pressure change over the downcomer is obtained

using Equat ion 79

/:(/7—833 -0:0713 uz) + /'205 /2.

17833 - 0.07/13x331° 1205 e
= : + - )

This compares with 6~897‘lb/1n2 above, or an error
Of 2 2/).

(e) Determination of Circulation Velocity. The theoretical

circulation velocity is found to be 3+225 ft/sec by the
graphical construction shown in Figure 73. This f'igure was
constructed by making two furthef assunptions as to the
circulation velocity, and evaluating the pressure changes

over the riser and downcomer as indicated above.

(f) Pressure Change (Homogeneous Theory) Over the heated

iength the assumption of homogénebus flow,.and of a uniform
change of quality over the evaporation length gives (see

Section 2) | | | |

_z"(;‘[%)z-se =‘$(/éfﬂ)zoje{ a}' )\2&3/’{ %/Z/-%/z}
: q,u ﬁ{ﬁ:@/}

- 976 oo li+ 0073 ‘%-o:—/e*‘/s-o—z .
0.0739(507- 0-017¢) 0~7"{+ 0737 = 1 /5.01
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+ 0-:02x 976 X/’ZX3-3/2{ " 00739 Yo 0176 = sz}

2g X I:7X 0-0176 2 V.07
+ 00739x 332 § Yoorne - ‘/5-07
. 9 x 0076 1 /5.07

= 795 +I54 + 406 =175 Ib/ ft* = 499 1b/in’

The friction factor A is assumed 0°02 as recommended by
Lewls and Robertson. |
Over the length where the steam-waier mixture flows
adiabatically the Pressure gradient'is gilven by
_(_“_/é) - ! L A u® | ‘
Ndl)y YR (9)r 294 9B+ (-9

ihere U =--%1{5% + %%k} .

=188 (050739)(‘5-07 +0-926 X0-0! 76)

= 188x 0:392 = 736 ft/sec
Hence ' ’

_ (g_/é) _ I, 002xT36'x 12
g . dérz 0392 ‘

29 . x 1T x 0392
= 3306/f% = 023 1b/i” ber ft

The pressure change over the riser was once more
obtained by summing the pressure changes over the various

lengths as already indicated.
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EQUIPMENT TO ENABLE TH:& STUDY OF THE FLOW OF APPENDIX J.

STEAM-WATER MIXTURES THRQUGH HORIZONTAL TUBES.

'Attempts were madg to investigate the flow of steam=-
water mixtures in horizontal tubes at pressures close to
atmospherie, but had eventually to be ébandonéd due to watere
hamper eff?cts; and difficulty in maintaining steady
conditions.

Two methods were tried. First by the'arrangement shown
in Figure 74, the water was deliveréd from a ﬁump at pressures
up to 40 1b/in2 and temperatures in the region of 170°F. At
the preheatér, steam was added to the water to bring it wup
to séturatioq temperattfe. The steam was bassed from an
annular chamber tﬁrough holes in the pipe. At the steam mixer
fuﬁEher steam was added to make up the mixture 'steam edntent.
The/stegm pipgnwas.placed ins;de, and axial with the main
pipe, in ordéﬁ that the steam'maintained its momentum when
mixing with the water. The mlxture then passed along the
test length, through a throttllng valve to a condenser
then to the measuring tanks.

This apparatus is practically identical to the used
by Armand in 1946. The writer wﬁs unawafé of this when the
| apparatus was constiructed. Armand also experienced difficult&,
in maintaining stead& conditions, howevef Armand's
experiments differed from the writer's in two impoftant
aspects. Armand used superheated étéém, and the'lowest .
pressure at which the plant was operated was 150 1b/in2. As

the difficulty of maintaining steady conditions is




<D e *

STEAM

o
MANOMETERS
: Test LengTw
frow | || '
Y . ' .
' CoNDENSER == h”:
1 ___ 11
TeRmA - Tk o~
\/ ]
CooLing CoOLING MEeASURING
-Warer A WATER TANKS.
INLET. OuTLeT,

Fig Ty,  Cieeyr For Steam- Water Tests

WATER i
Fron . Pump ' ‘ ﬂ
BrFrLE
Pressure | T T Puare.
Gavae O [ S—
THERMR / L \9
, N . EVEL oy
: } GAUGE.
SO : TesT LENGTH.
. — = / ,
12 ) ™ . /%: 1

7

Fic. 75. ALTERNATIVE MixiNg ARRANGEMENT,




N

7

Co
»

undoubtedly associated with the collapse of the steam when
'mixing with Watér below saturation temperature, both the
points quoted would enable Armand to obtain'more‘readily
steady conditions. He was unable, however, to obtain
sufficiently steady conditions to adopt the technique of
weighing the tube, which he used with air-water flow.

The second arrangement was éimilar to the first except .
thét‘the steamrﬁixer was now replaced by a large chamber
as shown in Figure 75. Water close to saturation temperatu:e
was taken from the foot of the éhamber and throttled to give

the necessary mixture steam content.
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THE VELOCITY RATIO ELUATION FOR ROUGH TUBES. APPENDIX K.

The term Z in the applied form of ‘the velocity

ratio_eQuation was determined fron experiments'with smooth
tubes. The equations are further developed here to allow
| for the effect of rough tubes.

The effect of rough tube walls on the velocity“profile
during single phase flow is the starting point. The mqsﬁ
compfehensivelexperimental work to déte is that of Nikuradse.
The roughness of the artificially roughenedrtube was cqrrelatad
using the ratio of the roughness indentation to the tube
radius. This ratio 1s referred to as the relative rdughngss.
The recipracal is referred to as the relative :smoothness.
Nikuradse found this ratio a satisfactory method of
correlating his results. The geometric form% of the roughness
‘during the tests were similar. The behaviour with rough
surfaces‘of other geometric forms has yet to be investigated.

Nikuradse's analysis utilises Praﬁdtl's‘idea of a
"friction'velociﬁy" )

- ' - 4 U = s
where T 1is the shearing stress gt the walls.

Figure 76 illustrates the outline of the observed
velocity curves, in terms of the friction velocity U* for
different relative roughness. :

Ig will be seen that the profiles are parallel over
the central region, from which it follows that U, iﬁ
Equation 11 (for examplej will be independent of the surface

- roughness. However U,, the velocity in the annulus is very



much dependent on the roughness. 260.

For a particular value of U, s consider the
variation of the ratio Ug/U,With surface roughness. Let C
be the decrease in the raiio of the maximﬁm velocity to the
friction velocity due to the influence of tube roughness
as indicated in Figure 76. Here it will be seen that the
ratio of the veldcity at any radius to the friction velocity
decreases by approximately the same amount, hence the ratio
of the mean velocity in the aﬁnulus to the friction velocity
will aléo decrease by C .

Let @ULrepresent'the annulus velocity with smooth

Iet OL) represent'the annulus velocity with smooth

tubes, and (U) the amnulus velocity with rough tubes.
Then (U) (U)e
o W = kU)gHU* Y
consider now the behaviour of the term Z with tube

roughness.

U F9-wrwfa [ 9 s
U, -9~ Jg+w

zZ =

As Z is calculated from the experimeﬁts with a smooth

tube this should now be written

P '—Cz-ww/Ke/‘z ... A%
(W) -9 9w " :

Let Z, be the term with rough tubes where

— Uy q-wrw/ks | 9
%~ ) -4 Y qiw
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Y -q- w+w/i<¢ 4 (U')s LAl
R Y ‘i*“-’ (U)e

Substltutlng Equatlons A29 and A30 in A31

(U)s
- CUx

Ly = z OH)

pA ... .. .. .A32 .
"‘CU*/(U.)S

The approximate general form of the Gas-Liquid

Velocity‘Ratio‘Equation may therefore be written

K= | “ [A To . . .A33
I—cu,.;/(u)s//% T ,

. It should be noted that the ratio L&/@ln Equation 11
is also slightly affected by the roughness. The expression

U -8 - W+ W
‘Tf- 4 "Q/ /@h will however still be approximately unity.
‘ . v |

Durlng the experiments of Nikuradse, the friction
factor,% was related to the surface roughness in the !

expression o 5 . . . . .A”S
/T=|-74+ 2L°51e - r

where %? is the relative smoothness.

In applying Equation A33 to the analysis of rough
tube data, the above expression should be utilised. It
must be remembered, however, that Equation aA34 will
presumably hold accurately only where the geometric form
of the roughnesé is the same as in Nikuradse's experiments.
| Appropriate values of OA% U*and C can be obtained

from Figures 77 and 78 respectively.
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