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SUMMARY

A method is described for predicting steady—state bulk fluid tempe-
rature, void fraction, pressure drops and mass flow rate in a closed
pressurized water loop, operating at forced or natural circulation. The model
treats the one-dimensional transfer of mass, momentum and energy through—
out the whole liquid, subcooled boiling and bulk boi]ing regions of the coolant
using semiempirica] heat transfer and pressure drop correlations developed
by other investigators. A representation of subcooled boiling, based upon
the model proposed by Bowring in HPR-10, is used.

Variations in heat transfer and hydraulic characteristics of the
coolant due to changes in temperature and state are handled by conti-
nuously calculating local values of t]’xermodynamic and physical properties
(specific heat, density, quality, viscosity, thermal conductivity, etc.).

The method has been programmed for the IBM 7090 and 1BM
360/65 computers by using FORTRAN 1V language. The code, named
LUPO, is described in this report, along with the numerical treatment and
calculation procedure.

In Appendix 4 a comparison with experimental data is presented.

Work performed by the authors under an agreement between
Politecnico di Torino (financed by CNR) and Euratom-CETIS.
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LUPO - A PROJRIM FOR PREDICTION OF STEADY-STATE TEMPERATURE,
FLOW RATZ AND PRESSURE DROPS IN A CLOSED PRESSURIZED WATER LOOP
“ITH OR WITHOUT BOILING''

1. INTRODUCTION

In the design and operation of nuclear power reactors it is necessary to
predict the heat transfer and hydraulic behavior of the coolant over a wide
range of conditions, Analysis often includes the case in which the coolant
enters the heated channelas a subcooled liquid and leaves as a twoephase

mixture with bulk boiling,

One of the limitations to the increase of the power is the tendency towards
hydrodynamic instability displayed by a boiling water reactor when power
is increased, This is particularly true in the operation of natural circulate

ion systems,

The mechanism of boiling and two phase flow is so complex that even for
steadywstate calculation it is difficult to obtain accurate results, All the
attempts published up to now to describe the behavior of boiling water
loops have been based on several assumptions and approximations, The
choice of the equations to be used for computing heat transfer, void
fraction and pressure drop in the nucleate and bulk boiling regions is
complicated by the presence in the literature of several methods for
treating this phenomenon and by the lack of experimental information

of general validity,

The group of the heat transfer laboratory of the Polytechnical School
of Turin has been working for some years on the natural and forced

circulation in a closed loop with pressurized water,

Much of the information contained in the published literature has been
reviewed and a theoretical model derived in such a form that many

assumptions and approximations can be eliminated or limited,

Accuracy and consistency of theoretically and experimentally derived
equations for each of the several coolant conditions occuring in a system
have been previously examined,

Manuscript received on hugust 29, 1967.




The physical model includes a representation of all liquid, subcooled
boiling and bulk boiling conditions, Special care has been used in
treating the subcooled boiling region, which has been divided into two
sub=regions, following the Bowring model, the highly subcooled and

the slightly subcooled region. Having in mind to prepare a tool to
predict steady=~state bulk fluid temperature, void fraction, pressure
dropes and mass flow rate in a closed loop, a rédpresentation of the
hydraulics of all the components of a typical loop (riser, heat-exchanger,
cold leg, pump) has been introduced in our model, A description of the
loop, as it has been assumed, is given in Section 2 of this Report. The
physical model is described in details in Section 3. It differs from a
previous one developed at the Polytecnic School of Turin, and described
in Ref.[ 1] , mainly for the fact that bulk boiling has been included, but

also by the introduction of Bowring representation of subcooled boiling,

The analytical method, derived by the physical model, is presented in
Section 4 . It has been programmed for IBM 7090 and IBM 360/65 to
reduce the large computing effort usually required to obtain solutions,

The code, named LUPO, has been written in Fortran IV language.

2. DESCRIPTION OF THE FACILITY

A schematic representation of the hydraulic circuit considered is given

in Fig. 1l and a semplified section of the heated channel in Fig, 2

It consists of an heated channel AB that discharges through a fitting BC
into a riser CD, From here the water (or water and steam) flows to a

collector E. Between two collectors E and F there is a heat exchanger
consisting of a variable number of pipes in parallel. The water in F is

returned to the inlet M by a downcomer GH, which feeds the pump I.
An inlet fitting MA is situated at the bottom of the heated channel.

It is thought that most present-day off-pile water loops could be

adequately represented by this general circuit,




Pump I is optional and any component of the circuit between B and A can

effectively be eliminated by specifying zero length for it,

The number of pipes of the heat exchanger is an input quantity as well as
the localized pressure drop coefficients Ki’ introduced to account for
elbows, flanges, fittings and valves eventually present in each of the main

components of the circuit,

A different diameter may be specified for test-section (heated channel, AB),

riser CD, heat exchanger pipes EF, cold leg GM.,

The pressure rise across the pump I is determined from a specified pump

characteristice
The geometric dimensions and hydraulic variables, which must be specified

as input data are listed in Section 5.

3. DERIVATION OF A PHYSICAL MODEL
3.1 General Considerations

In this section the thermohydraulic equations describing a general hydraulic

circuit are presented and discussed,

The circuit may be divided into components each of which has uniform
flow area along its length and shows particular thermohydraulic charac=
teristics, The coolant, flowing along the circuit, passes through different
zones, suggested by the way in which heat transfer occurs, by the physical
state of the fluid or, finally, by the practice of evaluating pressure drops

in them,

Five regions, at least, may be defined:

a) Isothermal single-phase region, in which the physical properties of

the fluid are constant both across and along the channel,

b) No-local boiling (heated) region, in which the fluid temperature is below

the saturation temperature and convection is the only heat-transfer

mechanism, Fluid and wall temperatures rise along the channel,




c) Local boiling region, in which the fluid temperature is below the

saturation temperature, but the wall temperature is above it so
that local boiling may start. Bubbles, generated at the wall, grow,
leave the surface andcollapse after a short distance in the subcooled
liquid,

d) Bulk-boiling region, in which the fluid has reached the saturation

temperature with steam production,
e) Adiabatic region, in which the two-phase fluid flows without mass

exchange between the phases, in non-heated channels.

Region c), also called subcooled boiling region, may, in turn, be

subdivided into 'highly subcooled' and ''slightly subcooled' regions.

Two-phase fluid is present in regions c) to d).

It is very important to be able to correctly evaluate pressure drops in all the
above cited regions, if reliable values of the flow rate are desired

from the calculation.

Simply stated, the loop steady state flow rate is that value, which

satisfies the equation:

2 AP__+ 2 AP + 2 AP (1)

+ AP =
elev pump

loop t loop ace loop
where;

2 APfr = frictional pressure drop around the loop including losses
loop from entrance and exit flanges, orifices and elbows (form

losses).

2 APacc = acceleration pressure drop around the loop.
loop

2 APelev= difference in the elevation head between hot and cold legs
loop of the loop.

Ppump = pressure generated by the pump in forced circulation loops.

Both frictional pressure drop and elevation head are strongly related to

the voidage in the circuit, because the friction coefficient and the fluid




density in the hot portion of the loop are very sensitive to the void-

fraction.,

In the following sections a method will be described for evaluating the
voidage distribution along the test-section and the riser when two-phase
fluid is present, and the related pressure drops. The method is based

on the Bowring theory.

Each term in equation (1) will be discussed and various available

correlations will be examined,

3.2 Bowring Model and Void Fraction Prediction

The Bowring theory (Ref.[Z]) rests upon the subcooled voidage model.

In previous models voidage in the subcooled region has been assumed to
be a wall effect, There are a first region, at high degrees of subcooling,
where the voidage is small, and a second, at low degrees of subcooling,

where the void fraction increases rapidly with decreasing subcooling,

The difference in the new model lies in taking into account the bubbles
detachment in the slightly subcooled region. At low degrees of subcooling,
bubbles detach from the heated surface and are swept downstream, recon-
densing slowly as they move through the subcooled region., In short the

void fraction in this region is basically a "bulk fluid" effect.

In Fig., 3 the transition point B represents the condition for bubbles to
leave the surface and the rapid increase in void fraction as in the bulk

boiling region.,

The complete voidage picture is made of:

.1.  highly subcooled region, where voidage is a wall effect and it is
usually negligible,

2, slightly subcooled region, where voidage is a free bubble effect;
there is in addition a local wall voidage arising from bubbles before
detachment from the wall.

3. bulk boiling region: this may be calculated in the normal way.




Of course there are some differences between the build-up of voids in the

slightly subcooled and bulk boiling regions: in the subcooled region bubbles

are in a bulk of subcooled water so that they collapse after a short distance;

part of the heat flux raises the bulk temperature of the water and part
produces void, whereas in the bulk:boiling region all the heat is used in
the production of steam; finally the transition between regions I and II
(Fig. 3) is governed by different and more complex criteria than that one

between the II region and bulk boiling region.

Transition points are calculated by transition subcoolings:

a) & sch 2% - 5@1/4 gives the condition for subcooled boiling to

start, by using the Jens - Lottes equation (Ref.[Z]). In our units B is

given by the following relation

-0, 0163(p-1)

B = 62,745855 e (2)

¢
b) Gd =N relates the subcooling at which bubbles can detach to

the heat flux and velocity, The equation (and the value of | ) were obtained

from experimental subcooled void data,
Heat is removed in the test section: as latent heat content of bubbles (@e),
by convection caused by bubble agitation of the boundary layer (‘Da), by
single phase heat transfer between patches of bubbles (‘I’sp):

¢ =0 +¢& +¢@ .
e a sp

By introducing the empirical parameter €, defined as:

¢

£ = —=
-
e

and by considering Qsp =0 (Ref.[2)), ‘be is given by:

]
ée_1+s'

Then the subcooled void equation will be:

1) in the bulk boiling region all the heat is used in the production of the

steam, and the weight fraction is related to heat flux by the equation:
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z

x = (P/ pAVL). / ®dz (3)
ML

where P is the wetted perimeter and ML is the lenght of the channel at

which bulk boiling begins,

2) in the slightly subcooled region, the equation of the rise of local

weight fraction may be written as:

z
= — '
x, = (p/ pAVL,)/ 7% e) dz (39
z
d
Then the void fraction is expressed by following equation:

a = = (4)

)
x*l'Sr Bfg(l -x)

The whole voidage is the sum of the free bubble voidage and the wall
voidage,

The wall voidage (Ref.[2]) is given by the relation:

-p S
@ =P (5)

where O is the effective thickness of the steam film and it is the lesser of:

{5=0.066Rd
Pr. .
5= r. K V2
1.07.mn. A

where Pr is Prandtl number and K is the thermal conductivity.

3.3 Elevation Head

The loop elevation pressure drop, or thermal driving head (in natural
circulation) is given by:
. L L
I AP = / o, 4z - / b, dz (6)
loop o o

where subscripts 'cl! and hl'mean respectively cold and hot leg.




The single-phase densities in equation (6) are easily evaluated from the

fluid static pressure and temperature, When boiling occurs in the hot
leg, the exact evaluation of the density requires the knowledge of void

distribution along the channel,

If only local boiling takes place, it is customary to regard the void as
a wall phenomenon and, consequently, to evaluate the density from the

mean liquid temperature,
In the present model, this has been done only for the highly-subcooled

region, In the slightly-subcooled region, the void distribution has been

first evaluated following Bowring's model, and then the density
p=(1 -~ + a 7
( )P, Py (7
according to the momentum equation.,
This assures the applicability of the model to channels of small size also,

Whenever bulk-boiling region is present the density of the two-phase

fluid may be given by equation (7) or by

P=(1-%)Pr st P (8)

X
g Vv
according to the energy equation.

The meaning of the symbols used in equations (7) and (8) is the following:

a = void fraction or steam volume fraction
pf = density of liquid
pg = density of gas
pfsat = density of liquid at saturation temperature
X, = volumetric quality, defined as :

V A S o

XV=AV:~g+—1§V :Sa.:'(l-a) (9)
g g f 1 r

S, = slip ratio.
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The use of equation (8) in the present model is justified, because it
has been recognized, Ref.[3 ] , that the elevation head must be evaluated
by using the energy equation instead of the momentum equation, which,

in turn, applies to transient problems,

3.4 Acceleration Pressure Drop

The total acceleration pressure drop is obtained by summing the
acceleration pressure drops due to changes in area and density

around the loop.

If negligible terms are omitted, one can write:

W2 Ats :
12 AI:’acc =2 2 [xts-ex B Xcl:' * I:l T A :l (10)
oop g Ats exc
where:
1 T
X = ° for nonboiling regions
2 2p

X = .il_':_’fl_ P S S P S two-phase regions (11)

l-a a Py | Pg

Subscripts "'ts-ex'", 'cl" and "exc''refer respectively to test-section exit,

cold-leg and heat-exchanger.

Equation (11) is valid under the condition of slip-flow, If the fog-flow

model is considered, the following relationship applies:

X =[<1-x>+x-§-§]—g-f- (12)

Equation (12) predicts values of acceleration pressure drop which are

higher than those given by equation (11).

The true value, probably, lies between these two limits. In the absence
of any experimental data, the use of equation (12) could be advisable

because it results in a conservative prediction of the pressure drop.
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Equation (10) is derived in Ref.[4].
For the special case in which the heat-exchanger consists of N e
pipes in parallel, the following new relationship has been derived

and introduced in the present model:

G‘fs N 1 /Pts *

= m— - - +
2 APa.cc 2g Xis-ex X‘cl‘J'L1 2 <D >
loop n exc
exc

nzexc -1 Dts :

n ris

exc

3.5 Friction Pressure Drop

Several types of flow must be considered,

a) Isothermal turbulent flow of single-phase fluid.

Pressure drop is given by the expression:

2
_ LG
APf * 150D 2pg (14)

where the friction factor fiso is given by the Colebrook relation for

the transition and turbulent regions or by:

¢ —0.0055] 14 20000 & +—1-°—6. (15
iso * D Re | )

for full turbulence region,
Equation (15) is valid when the diameter D is expressed in centimeters
and has been derived from Ref.[5].

b) Non-isothermal turbulent flow of single-phase fluid.

Equation (14) becomes:

2

_ f L G

NI (f. ) Ty (16)
iso

where (f/fiso) is a correction factor which accounts for the variation

along the radius of the temperature and consequently of the physical

properties of the fluid, The coefficient fiso’ in equation (16) must be

evaluated by using the average temperature.
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Many semiempirical correlations are reported in the literature in order

to evaluate the correction factor (f/fiso):

£ Hw 0.13 . . |
: = Reference [ 6], Kreith and Summerfield (17)
iso g

()
()

where A is calculated from Dittus-Boelter correlation:

A=0, 023% Re’ 8 Pr1/3 (20)

" - 10 f, p -0.5
<uB> 1so.<p___> Reference [7],
w

w Maurer and Le Torneau (18)

1 -0, 0018':; Reference [1] (19)

® = heat flux expressed in units coherent with A so that the ratio

®/A results a temperature measured in °C.

In the present model equation (19) has been adopted, which is valid
for pressures in the range between 50 and 120 Kg/cmz.

c) Local Boiling,
No sufficient experimental and theoretical work has been carried out
up to now on pressure drops in local boiling region.
Semiempirical correlations have been proposed by Reynolds and Rohde,
based on experiments on horizontal and vertical circular channels,
performed by Reynolds and Buchberg respectively, Ref. [5].
Mendler, Ref.[4], performed calculations of local boiling pressure
drops with water at 800 to 2000 psia, by means of the following

correlation for (f/fiso) LB

— T-t
(ff> =1+l_(ff > -1].7—-——_—3-5-]3— (21)
iso /LB iso /sat sat scb

where (f/fi

is equal to the value of ¢i at 4, 2 per cent quality

so)sat O
and may be evaluated by means of correlation, Ref, [5]:

-0,919337 ]

( £ ) = 19,579 p'o' 5931697.[ 1+ 0,095868 G (22)
sat

iso




tscb is the temperature at which local boiling starts, and may be calculated

as.

t =t +At -% (23)

scb sat sat

or, following Bowring:

- 1/4 _¢ !
toch = tsat T B Y (23)
where B is given by relation (2) of Sect, 3.2, and A toat by one of the
following two empirical correlations:

- —2PB
/4 6l 2414

1
At . = 62.62096 ® (24)

R

At =145.7%1/2e 87. 89
sat

(25)
Both equations (24) and (25) have been included in the present model and
the choice is left to the user.

We note that equation (23), in which Atsat is evaluated by means of (24),
and equation (23!) give the same results,

In the present model, the local boiling region has been divided ,
following Bowring theory, into a highly subcooled and a slightly

subcooled region.

In both regions the relation (16) is valid, but the correction facto( >
has to be calculated in a different manner. iso /LB

In the highly subcooled region, in which voidage is a wall effect, (f/fiso)LB

is evaluated by means of relation (21). In the second region, where voidage

is mainly a bulk effect, the multiplier (f/fis ) is evaluated by using

o LB2
the Lottes-Flinn relation (see Appendix l), i.e.:
I ,
e, i o
iso /LB P B Py T2
2 1-a (1-s—%) 1-a (1-s—5&
ex rpf ex T pf
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where aex is the void fraction at the end of the slightly subcooled region
given by equation (4).
The validity of Lottes-Flinn correlation applied to the local boiling region
has been proved by the experimental results by Sher, Ref.[l1l], which have
shown that local boiling pressure drop may be predicted by means of bulk
boiling correlations if local void fractions are known,
We note that equations (26) and (21) does not give the same value at the
boundary between highly and slightly subcooled regions: equation (26)
gives (f/fiso)LB = 1 and equation (21) gives

t

2
£ _ f ta " tsep
f B f R Y
iso 1 iso / sat sat scb

To avoid discontinuity on pressure drop we corrected equation (26) by

adding the following term:

() () T
fiso fiso sat tsat-tscb

Another way to get over the difficulty consists in the adoption in both regions

of equation (26), The two options are present in the digital program, but
the first one seems to give results in better agreement with experiments
carried out at the Polytecnical School of Turin,

d) Bulk Boiling
Two-phase friction pressure drop correlations reported in the literature

are of two types:

1) a friction factor method in which the friction factor is computed
considering a homogeneous mixture of the two phases, is used;

2) a non-dimensional ratio, obtained by dividing the two~-phase friction
pressure drop by the liquid-phase friction pressure drop, evaluated
at the total flow rate, is correlated with quality, pressure and mass

flow rate.

The first approach does not give results in agreement with experiments
The most widely accepted correlation of the second type is that by

Martinelli and Nelson, Ref,[16].
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It is presented in graphical form and no analytical expression for it is
available, except the one derived in Appendix 4. Moreover it does not
take into account a dependence on mass flow rate, Also Sher and Green,
Ref.[17] , present their correlation of experimental measurements in a |
graphical and numerical form,

Only three analytical correlations for the two-phase multiplier (f/fiso)bb’
are available in the literature: the one by Levy, Ref. [18], the one by
Marchaterre, Ref.[19), and the one by Lottes and Flinn, Ref.[20].

Levy proposes for the two-phase multiplier the following expression:
1. 80
(ff> S=x (27)
iso /bb (1 -a)

in which (f/fiso)bb

model" correlation between quality and void fraction is dependent on

is related to quality and pressure since the "momentum

pressure through the ratio ( t/p g), but not to mass flow rate,

Ptsa
Marchaterre proposes the expression (for vertical upflow):

2 2o(P . P
f _n-x®, %0 e (28)
f bb l -0 £ GZ
iso *

iso

Comparison of this relation with experimental results does not appear

to be very satisfactory, Lottes and Flinn propose the correlation:

<£f> =i:xz1+x<§i.é—-1> (29)
iso bb ‘ g r

in which Sris the slip ratio.

R

Comparison of this relation with experimental results obtained at

Argonne is fairly satisfactory, Ref.[5].

In the present model Lottes-Flinn correlation has been used with the
assumption of constant slip-ratio along the channel,

The average value of the two-phase multiplier is given by:

2
—— ts — D
£ g 1+ —— 1) | x -—=— 0@ _-z) ||dz
f bb 1ts - be ” P ex W.r ts
iso bb S g
* Pout , (297)

Derivation of equation (29') is shown in Appendix 1.
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3. 6 Local Pressure Drops

In the loop there are several local pressure drops, due to:

test section entrance and exit fittings,
valves and nozzles,

bends

In a turbulent flow system, losses can be visualized in terms of kinetic
energy of the fluid, using the velocity-head concept (Ref.[8]).

The general expression for local pressure drops is:

2
G

AP10C=K2ng (30)

where K is the loss coefficient, which assumes different values for
enlargement, contraction and the like, Single phase pressure drop
coefficients may be calculated as in '""Mauro 1" (Ref. [12.]), according to

Ref.[8], [13], [14], [5l.

The exit local pressure drop, when slightly subcooled or bulk boiling
occurs at the end of test section,is given by the Romie relation, based
on Richardson hypothesis (Ref. [9]), further corrected by an expression
which makes for &= 0 the drop so calculated equal to the value given

by hydraulic relation. The final relation (derived in Appendix 2) is:

GZ

ris Dts Dts
Ap L= [K - 2 = < - >:]+
loc, exit g (p + P ) out Dris Dris

¢’ out ris

G2 p_ 2 D, ~

— o _ 2
+ ts (Dts > [1 _ <Dts ) :H-XZ g . (11 -x) :l
CP pout ris ris pf &

(31)

4, DESCRIPTION OF THE NUMERICAL METHOD

4.1 Division of the loop

The loop is first of all divided into four components:
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a) test section
b) riser
c) exchanger

d) downcomer

Only test section and riser are further divided in short axial lumps (up
to 350) so that the calculation is there done by using linearized forms

of the working equations. In each lump the enthalpy and fluid properties
are computed, as shown in chapter 4, 2. Because fluid properties change
from all liquid to highly subcooled region and after to slightly and to bulk
boiling, changes are made in working equations, by using Bowring model
to determine the region boundaries. The number of mesh points in the

heated channel and in the riser are specified by the user.

4, 2 Working equations

Working equations are derived from mass and energy conservation
equations,
a) Conservation of mass:
the steady state mass flow rate is constant througout every section
of the loop.
b) Conservation of energy and heat balance:
for given inlet temperature (tin)’ heat flux (@), heat transfer

coefficient (Kin), the wall temperature at the entrance of test section

is:
¢ o=t =2 (32)
w, in in kin
For every lump of the test section the heat balance gives:
] j d. Az,
bout *Pin T4 G D (33)
ts ts
For every lump of the riser the heat balance gives:
iy re IR
But ™ Pin ™ Mris * Sris (t ta.)w (34)




where subscript "a' refers to air, and kris is the overall heat loss

coefficient of the riser,

Temperatures are calculated from enthalpies by means of the

expression:

t=h-A

where A is given by the following relation:

A=1,6634+1.5323. 10710 . pt 4229448

(35)
which results from numerical interpolation of table values.

Equation (35) is valid for pressures in the range between 20 and

2
100 Kg/cm” and for temperatures greater than 40 °c. Enthalpy

must be expressed in units Kcal/Kg.

The mean temperature of the downcomer is obtained by adding to the

test section inlet temperature AtC degrees, Atcl is an input quantity

1
predetermined by experiments,

The exchanger mean temperature is assumed to be the average
between riser and downcomer mean temperatures, From the
knowledge of temperature distribution around the loop it is possible
to determine the coordinates of the boundaries of all regions and,
then, to compute fluid properties in each of them. Equations used to

evaluate thermodynamic properties of water are those listed in Ref.[l].

The equation for the enthalpy of water, h, is derived from Ref.[lO].
Specific heat capacity, Cp’ at constant pressure-is calculated by the
differential of the enthalpy equation with respect to temperature. The
equation for the thermal conductivity, K, of water has been derived
from values listed in Table VII of Ref. [10]. Density of water is
calculated from an equation put forward by M, Tratz, which is

available from Ref.[10].

In general, several regions are determined in the loop (see section 3. 1)

and in each region the mean properties are evaluated,




c) Conservation of momentum,
The equation (1) in section 3,1 is integrated to the whole loop., In each
region pressure drops are computed with mean values of properties by
relations, which are in sections 3,3, 3.4, 3.5 and 3.6,
In the test section lump temperature is compared continuously with
Bowring!s model boundary values, so dividing the test section into
different regions, Different relations for pressure drops are, then, used
in each of them. In the riser, if the outlet temperature is equal to
the saturation value, the equation (34) allows in every lump to calculate
the enthalpy, which must be compared with the saturation value, If it
is greater or equal, the quality is found by the relation:

h_hat
X = (36)

hg B hsai:

and, calling % the smooth value in every lump, the friction pressure

drop two phase multiplier is given by:

nris
R, =— 5 (f )
is n . . f. .
ris  j=1 iso /j

Where<f d ) is given by the following equation:

.

J
f,
iso 7/,
J

4,3 Flow rate calculation

The steady state flow rate calculation is done by solving the equation (1)

of Section 3.1 implicitely, that is by using an iterative procedure. This
procedure is the '""method of halving'., At each calculation step, (i.e. at

each flow rate value), all pressure drops are evaluated along with the ''rela-
tive error' € = (Apmot - Apres)/ Apmot' (where Apmot = A Poley t Appump
and Apres = Apfr + A pacc)’ and a new flow rate value is chosen depending
on the sign of & As many steps are performed as they are necessary to
make € less than a prescribed value.

Precisely an interval of flow rates is give, in which we presume to find

the solution; this interval is divided in four parts, and for the five flow
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rate values the relative error is calculated.

In the subinterval where the relative error changes sign the midpoint is
chosen and this flow rate value is used for a new calculation cycle until
the relative error is less than a fixed value.

Fig. (4) shows the shape of curves, representing the gravitational driving

force and the total pressure drop, versus the flow rate.

5., THE LUPO CODE

5.1 Structure of the Program

The program includes a '""Main Program', six "Subroutines' and eleven

"Functions', called by the '"Main Program''.
a) Main Program,

First statements are of input data reading and printing, Then the Code
computes constant quantities (non-depending upon the flow rate) and clears
several variables., At pages9, 10and11 there is the mean properties and
friction pressure drops calculation, in every test section region., Then
the code computes temperatures, mean properties and friction pressure
drops in the riser, in the exchanger and in the cold leg. At page 12there
is the local pressure drops, the acceleration and the elevation pressure
drops calculation.
Then the program computes and prints the relative error, and in
accordance with this value, it decides what it will make: to continue
iterations or to read restart input data; however, it prints results,
Restart input data are inlet temperature or thermal power; if they are not
the program stops.,

b) Subroutines
Six subroutines must be used in addition tothe Main Program. These

subroutines are:

PUMP TRIST
DROP DPEL
COTES FLOW

PUMP -~ SUBROUTINE PUMP computes the driving force of a pump in
the forced circulation
DROP -SUBROUTINE DROP computes friction pressure drops in two

phase regions,




COTES -~ SUBROUTINE COTES is used to integrate by means of Cotes
formula the expression derived from Lottes-Flinn model for
the friction two-phase multiplier calculation.

TRIST - SUBROUTINE TRIST computes the temperature distribution,
mean properties and the friction multiplier in the riser.

DPEL -~ SUBROUTINE DPEL computes the elevation head.

FLOW - SUBROUTINE FLOW computes at each iteration step the new
value of flow rate according to the numerical treatment,
described in Section 4. 3.

c) Functions

The LUPO Code includes eleven FUNCTIONS

The FUNCTIONS: ENTALP, DENSIT, VISCOS, CSP, COND, SAT, ACCA

compute the fluid enthalpy, density, viscosity, specific heat capacity,

thermal conductivity, saturation temperature, heat transfer coefficient,
respectively.

FUNCTIONS: DP, DPL, DPLU compute acceleration, local pressure drops

and local two phase pressure drops at the exit of the test section, respectively.

FUNCTION COMP computes the two phase multiplier, derived from the

Lottes=Flinn model,

5.2 Flow Chart

At following pages the flow chart of the program is shown. For symbols

see the nomenclature at the end of report,
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{ Main Program >
1

[Road in put data )
i

Az=l“'/nts

MIMi=0 KIND=1
1

Print
tn put data

|
Compute constant >
quantities
i
| caLL FLow |
1
[wxx=w, |
HS=0.2
1

Compute
Tsat,hin 8Tsat, &40

Tcl.Qin ,Kin.c pin, A in
Qe Ket:.Crct. 4al

|

Print
TSil'vh inoATsar.¢14' ?

C  start internal loop >
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, Zg z'= Z{- Al=A=B=C=0

YES

NO
CALL PUMP

Compute
G1g:GctSexchiCris

__Compute Ty jnTsch >

Compute
Twin,NRemb ln‘AT scb, T scb ,?scb

< Compute Ty >

Compute
VindTq,Tqg

!
Compute liquid temperature
distribution intest section

NO

Tin <Tse

YES

All liquid region temperatures
Calcutation
%
AL=1

LJ

1

1
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@

Compute

hOUl’,j OT} OT"\J

YES

j Lnts

NO

Highly subcooled region
temperatures calculation

'
A =)
j =)+

i

Z,g:=02 (p-05)

YES
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®

Slightly subcooled
boiling temperatures

calculation

| 24:0Z (8-05) ]

Zd'l!s
| B=0 |

Compute

ou!p B outj- l’

YE

j=j+1

TmJ<Tsat

Bulk bomng region
temperatures and mean
density calculation

Zp,=AZ (C-05)

. YES
l<“ts
NO

NO
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X )=

Compute

hout X Xy} Sy 2

All liquid region
calculation

o
Gy
20

‘Tout

Tsc b

| Zip= Lys

<‘>

Compure
er,J{sr. Ksr, ¢ Rsr,NRe,sr




®

Compulte
hsr Fiso, sr,(f/f ISO)SI‘ BPf, sr

¢oul’.—.‘qJ LB

YES

Highly subcooled region
cal culat ion

[ Ta-Tout . zd=‘tsJ

©

Compute
Qe TmLe A LB, NRe, L8

!

Compute
Zy,fiso,LB, X W

I \""/ ]
Compute Compute
1

(f/f iso) sat,(f/f iso) LB (t/fiso) LB byLottes Flinnmodel
L |

1
[ Qout =Qd ]




1

Slightly subcooled
region calculation
Compute
Xpbb, °‘bb,°'v?1 ,Xv,bb,qm

A
Compute

Ry2Tonye 24

mi-

[ caLL oroP |

Compute ApE,

YES

Zpp s

Compute

NO
Qour,xex.‘xex

o

Bulk boiling region
calculation
!

Compute
(’our,xex. Xax, %2 .Q2.22
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YES
Z,<2HS 1
Compute R 5
NO by
{ CALL COTES] function COMP

! .
Compute Ry byCOTES |

&

CALL DROP
1

Compute Opgp

INDE>0 H—YES
[ caLL TRisT |
1
¢4=Qris
1
Compute T ,yep
Compute’
cpi:Kl'."{l‘-
Compute
Cpi; ALK,
NO
Compute i
| omp{ } YES C -
1=1+1 Q\,’,,s,q‘, ompute\ 1
4
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[ Compute Op o I

NO
Bperev=0
YES

CALL DPEL

®

| compute Apmot |




®

rCompure B pgcj

YES

1

Compute Apjqc 5

Compute Bioc 5, 1p

I

[ Compute Bpr,; |

CALLFLOW

WRITE
Max number of iteration

has been reached

©




YES

NO

( PRINT RESULTQ

Read restart

< data 1f any

1
Read

P2 ’Tl H_Z,wl'flln ,w max

NO

YES
| Tin = Tin2 |




( Subroutine TRIST )

NO

&

YES

Off

3

Aq A . 2 A ] L}
I?A:Qi*?& ) Qv,a=?v,~ +?vl,4

Xin,17Xex,, hlrﬂ:h out

Tiny=T(5) = Tmg = €1=Sr4 =Rp =0

>
D !

[Compute Routs 1

YES

hout ’phlﬁ.

NO
Xoul;= 0

Compute Xout,

hl", "-hout.i

YES

l TWt,i = Tsat l

ST

Tris'TrI\.i/" ris
qriszgl/" ris

Q\r,ris =0 v,i/" ris

RugR ris/n ris

NO
Compule T

out,i

&

[ Xemu(Xini+Xout.i)2']
1

Compute ('/fiso)i
(t/tis0); - fiso,4=R}
t
Compute

dmj Xmyi, 55,8,

Compute Toul',j,

]
{compute §; |
:

Compute Fisoi

I

Ri=Fisos

o4

Xinpet= Xoutd

hin,;q zhou k4

i
[Tmi-Tmi+Tout,]
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(' SUBROUTINE FLOW )

ICN=0

MIMI=MIMi+1

YES
NO

W= W)+ AW

[E=E)

—
Write

1K=MIMI-1

AW=(W,:W,,.)/4

Solution has been

YES

Obtained in N
Iterations

Y
Wy =W, + AW

TCNA

DW=AW/20

Write
N,zero has been

found belween
W..and W_,,

{w()

Write
K),E(K) for
K=1-5

@
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5.3.1 Listing and sample Print-out

The listing in FORTRAN language follows., The '"Main'' is the first;
SUBROUTINES and FUNCTIONS follow it.

For the FORTRAN nomenclature see the following section., At the end

of listing there is a sample print-out with input data and results of a typical

calculation,
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C FUNCTION VISCDS(T) §

C COMPUTES VISCOSITY OF LIQUID WATER AS A FUNCTINN OF PRESSURF,P

C AND TEMPERATURE,T

C P IN UNITS (KG/CM%x2)

c T IN UNITS (CELSTUS DEGR.)
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c REAL FUNCTICN SAT(DUMMY)
c FUNCTION SAT
C COMPUTES SATURATTINN TEMPERATURE ‘NF
C OF PRESSURE,P
c P IN UNITS (KG/CM%%2)
E SAT IN UNITS (CELSIUS DEGR.)
COMMON P
DIMENSIOCN £(5)
DATA _E /2. 48784135800, -1.
117E-748.0614939E-10,-0644499527F-13
SAT=EE
DO 1 I=1,
IE=1
SAT=SATEE (1) %P%kx]F
1 CONTINUE
RETURN
END
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ISPRA

C. C. R,

EURATOM

FLOW RATE

1.220000
0.212500
0.205000
0.197500
C.199C00
0.20875N0
0.206875
0.207812
0.20R281
N.2C8C47
¥ ¥k %

SOLUTION

EXIT TEMD,

2hE.81A
269,075
271.508
2T4.142
2744289
27C.384
27C.937
21C. 665
27C.40CE
270.522

DELTAPMOT

0.16833F
Ne 13538F
N.337113F
Ne 4T7312E
D.57511E
0e24528F
Ne?23316F
D.26958F
0. 25728F
N, 26315F

HAS BREEN DATAINED TN

20
00
00
0o
Q0
on
N0
0o
nn
00

DELTAPRFES

0. 26042F
Ne26233F
N,266137C
Ne27218E
Na2R629E
Da24349F
Ne26573EF
0.26430F
De26533F
De26481F

0on
0o
no
no
nn
00
310
no
00
0o

DELTAPFTS

0.18915F
0.18946F
0.19050F
N.19347F
0.19636F
N.1R331F
PL19020F
Nn.18010F
0.189208

N.lRBK0R

11 ITERATIONS % %

e
R

nn
on
00
oo

0o
NG
an
00

0n

NELTAPEXIT

0.37144F-01
0. 37438F=0)
0.27649F-01
N.37777F-01
0.41347F=-01
Ne3733RE~01
N.37521F-01
0. 37456FE-01
0.37589E-0]
N.375216=1

F/FTSN-SR

D.RA354
Ne R5965
0.A5513
Ne2H042
084549
0.85740
Ne35618
N.85690
Ne 857013
0. 85690

F/ETSO-HS

1.47856
1. 48697
1.49414
1.50360
1.51193
1.489/2
1.49359
1.49074
1l.49105
1e420R9

F/F1S0-SS

?.110903
222749
2.343R2
2.47637
2.52145
2.27575
2.31279
729242
2429250
229245

F/FISN-RR

257180
N.0
0.0
Ns0
0.0
0.0
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5. 3.2 Input Data

Card Columns

Columns 2-72 are prin’ted as a title.

(for 7090)

18 A4 1 in Col. 1 causes an initial
(for 360) page skip.

15 Maximum number of iterations
to be performed by using
the method of halving.

Number of exchanger's pipes
in parallel.

Number of test section lumps.

Indicator for the riser temperature
calculation. When INDL = 1 the

main calls subroutine TRIST which
computes the riser temperature by
balances of enthalpy; when INDL = 0
the mean riser temperature is
computed by subtracting an empirical
value XTRIS to the outlet temperature,

IPRINT Indicator for the results print. When
IPRINT = 0 the code prints all
results only of last iteration. When
IPRINT = 1 the code prints all
results in the output for each
iteration,

Indicator for the calculation of AT
For IDT = 0 the code uses the re-
lation (25). For IDT = 1 it choices
the Jens and Lottes formula,

sat

Indicator for the calculation of

(f/f£. ) in the highly subcooled
regidn. For KKK = 0 (£/£. ) is
computed in accordance with Mendler
theory; for KKK = 1 (f/f. ) is
computed by the Lottes % linn
relation for the two-phase fluid.

Pressure of the system.

Maximum relative error,

(Ap Ap__)/Ap

mot~ res res’

Head of pump, if the circulation

is forced. If DPPUMI? is negatif, the
head is calculated by a polinamial whose
coefficients are in card 10, which
depends upon the flow rate.




N Name

89

Description

13
25
37

13
25
37

13

25
37
49
61

13
27
37
49

61

12
24
36
48
12
24
36
48

12

24

36
48
60
72
12

24
36
48
60

72

E12,0
E12.0
El12,0
E12.0
E12,0
E12,0
E12,0
E12,0

E12,0

Ei2,0

E12,0
E12.0
E12,0
E12,0
E12,0

El12.0
E12,0
E12,0
E12.0

E12,0

TSLT
CLLT
EXLT
RILT
FITLT

TSD
CLD
EXD
RID
ROUGTS
ROUGL
SLIPR
DELTA

EPSI

RD

RLANDA
ROG
EQUTFS
EQUTG
BKIN

BKCL
BKEX
BKRI
BKOUT

BR

Test section length,
Cold leg length.
Exchanger length.
Riser length.

Fitting between test section and
riser length,

Test section in, diameter,

Cold leg in,diameter.

Exchanger in,diameter,

Riser in.diameter.

Test section roughness coefficient.
Loop roughness coefficient,

Slip ratio.

Angle of loop with respect to
horizontal,

Bowring'!s model parameter for
the local quality (see Ref, 2)

Bowring's model parameter for

aW calculation . See pag.11and fig, 7
where RD is plotted versus pressure,
Evaporation heat,

Steam density.

Saturated water enthalpy.

Saturated steam,

Loss coefficient at the test section
inlet.

Loss coefficient of the cold leg.
Loss coefficient of the exchanger,.
Loss coefficient of the riser,
Loss coefficient at the exit of test
section,

Two phase loss multiplier at the
exit of test section, because the
continuity of two regions, at the
boundary between single phase and
two phase regions, It is calculated
when it is given zero in input.
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9 1-12 E12,0 XTCL Empirical value, which must be
added to inlet temperature for the
calculation of the cold leg mean
temperature.

13 - 24 E12.0 XTRIS Empirical value, which must be
subtracted to outlet temperature
for the calculation of the riser
mean temperature, when INDL = 0,

10 1 -72 E12,0 CC(1) Coefficients of a polynomial, which
I=1,6 represents analytically the charac-
teristic of the pump in forced
circulation., The card exists if
DPPUMP is negative in input.

11 1 -12 E12,0 DD(1) Number of riser axial meshes.
13 - 24 E12,0 DD(2) Over-all heat transfer coefficient of
the riser.
25 - 36 E12.0 DD(3) Heat transfer surface of the riser.
37 - 48 El12,0 DD(4) Air temperature,
12 1-12 El2.0 PO WKW Thermal power supplied to the system.
13 - 24 El2.0 TIN Inlet temperature,
25 - 36 E12.0 WMIN Minimum value of flow rate interval,

in which the solution exists certainly.

37 - 48 E12.0 WMAX Maximum value of the flow rate in-
terval in which the solution exists
certainly,

If there are many values of power and inlet temperature, the card 12
will be followed by as many cards with new values of power or of inlet
temperature, or of both., It could be opportune sometimes, for large variations

of these values, to change the flow rate interval,

5.3.3 Operating Informations

LUPO Code runs on IBM 360/65 computer under O.S. control or on
IBM 7090 computer under IBSYS control.

The running time for a typical problem is about:

20 seconds on IBM 7090

10 seconds on IBM 360/65
The LUPO Fortran deck is available at the CETIS EURATOM PROGRAM
LIBRARY,
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5.4 FORTRAN Nomenclature

Input Data
FORTRAN Symbol Meaning
Language
BKCL Kcl Loss coefficient of the cold leg
BKEX K " of " exchanger
exc
BKIN Kin " at test section inlet
BKOUT K " " outlet
out
BKRIS K_. " of the riser
ris
BR Kout, TPF Two phase loss coefficient at test section
outlet
CLD Dcl Cold leg inside diameter
CLLT lcl " lenght
DD(1) Do Number of riser lumps.
DD(2) )\ris Over-all heat transfer coefficient of the
riser
DD(3) S.ig Heat transfer surface of the riser
DD(4) t Air temperature
DELTA o} Angle of loop with respect to horizontal
DPPUMP Appump Head of pump
EMAX € Maximum relative error
max
EOUTFS h1 sat Saturated water enthalpy
b
EOUTG hg Saturated steam "
EPSI g Bowring's model parameter for the local
quality
EXD Dexc Exchanger inside diameter
EXLT 1 Exchanger length
exc
FITLT lfit Test section fitting length
IMAX m Maximum number of iterations
IDT / Indicator for the AT __, calculation
INDL / " for the riser temperature
calculation
IPRINT / Indicator for the results print
KKK / " for the calculation of (f/fiso)
in the highly subcooled region
NZETA n - Test section lumps number
NEXC n Number of exchanger pipes in parallel.

exc




FORTRAN

Language
P
POWKW
RD

RID
RILT
RLANDA
ROG
ROUGL
ROUGTS
SLIPR
TIN
ZETA
WMAX
WMIN

A, B, C
ALFABB

ALFAE

ACCG
AMU

CP

CK

D

DE
DELTAZ
DPACC
DPFRIC
DPLOC
DPLOCT
DPRT
DPMOT

Symbol

min

92

Meaning

Pressure
Thermal power

Bowring's model parameter for «
calculation

Riser's inside diameter

Riser's length

Evaporation heat

Steam density

Loop roughness coefficient

Test section roughness coefficient
Slip ratio

Inlet temperature of test section
Test section lumps number
Maximum value of the flow rate

Minimum value of the flow rate

Variables in the Program

% bb

ex

Aploc

Aploc,tot
Apres

Apmot:

Number of the boundary lump

Void fraction at the end of the "'slight:

subcooled region"

Void fraction at the exit

Gravity acceleration

Dynamic viscosity

Heat specific capacity

Thermal conductivity

Diameter

Relative error

Length of test section lumps
Spatial acceleration pressure drop
Friction pressure drop in the loop
Local pressure drop

Total local pressure drop

Total resisting pressure drop

Driving force




FORTRAN
Language
EIN

EOUT

FI

FFISLB

FISOLB
FFISSR

FISOSR
FISO

G

ICN
KKK
KIND
KPUMP
HX
PDROPI

PDROP2
PFRICT
POWER
REYN
RMOLT1
RMOLT?2
RO
ROLB

ROMl

ROM2
ROMB

RCMS

ROMR
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Meaning

Inlet enthalpy of test section
Outlet enthalpy "
Thermal flux

Pressure drop multiplier in local boiling
region

Isothermal multiplier in local boiling region

Pressure drop multiplier in the "all liquid
region'

Isothermal multiplier in the ''all liquid region"
" " in loop's components
Mass velccity
Indicator for the cycle restart
Indicator for (f/fiso) relation
" for a new flow rate
Pump indicator

Heat transfer coefficient in the all liquid region

Pressure drop in the "slightly subcooled"
region

Pressure drop in the '"bulk boiling' region

Friction pressure drop

Thermal power

Reynolds number

Two phase multiplier in subcooled boiling
" " " in bulk boiling

Density

Average density in the highly subcooled
region

Average density in the slightly subcooled
region

Average density in the bulk boiling region
Average density in the bulk boilong region

computed by volumetric quality

Average density in the slightly subcooled
region computed by volumetric quality

Average density in the riser




FORTRAN Symbol Meaning

Language

ROSR psr Average density in the all liquid region

ROSAT pf, sat Saturate water density

T t Temperature

TSAT tsat Saturation temperature

TD td Temperature at which slightly subcooled
boiling starts

TWALL tw Wall temperature

TWIN t . Wall inlet temperature

w, in
TWSCB tw, sch tsat ¥ Atsat
TSCB t Temperature at which highly subcooled
sch i1

boiling starts

A% v Velocity

WX Wx Flow rate

XBV XV Volumetric quality

XE, XEX Xex Outlet quality

XF¥FSLB / Term of the two phase multiplier in the
slightly subcooled boiling

XL 1 Loop components length

z0 Zo All liquid region length

z1 Zl Highly subcooled region length

zZ2 Z2 Slightly subcooled region length

ZD Zd Test section length up to the end of highly
subcooled region

Z1LB ZLB Test section length up to the end of all

liquid region

5.5 Possible Future Developments of the Program

Possible developments may consist in the usage of some relations expressing
the variability, versus input data, of some quantities, assumed constant in
the code. Among these slip ratio and parameter € are important. The slip

is variable versus the void fraction and the pressure; € varies versus the

subcooling.




95

Moreover some equations can be substituted by other equations, if the last

ores were in best accordance with experimental results.

Another future development may be the extension of the calculation until

to regions near critical point; in that case the program must use other

relations for the properties calculation,

< + U W oH WY

o

Nomenclature

Meaning

Specific heat capacity
Diameter

Isothermal pressure drop
multiplier

Local boiling pressure drop
multiplier

Gravity acceleration
Mass velocity
Enthalpy

Loss coefficient

Thermal conductivity

Length of loop's components

Reynold's number
Pressure

Thermal power
Evaporation heat
Two phase multiplier
Slip ratio

Area

Temperature
Velocity

Steam quality

Dimension

(/M. T], (Keal/Kg_.°C)
L], (cm)

/
/

[L/\‘}Z], (cm/secz)
M/ 8. LZ], (Kgm/sec. cmz)
[H/M], (Keal/Kg )

/

M/8.T.1], (Kcal/
cm. sec. C)

(L], (cm)
/

/L% (kg Jem®)
[H/ﬁ:l, (K al/sec)
[F1/M], (Keal/Kg )
/
/
L] (em®)
ir}, o)
(L/ 9], (cm/sec)
/

Length from the test section inlet (L], (cm)
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Greak letters
o Void fraction /
Bymns,se Bowring's model parameters /
o Angle of loop radiant
Ap Pressure drop EF‘/LZ 1, (Kg /sz)
Ae Relative error / P
e/D Roughness coefficient /
I3 Heat transfer coefficient [H/LZ. $.T], (Kcil/o
cm ., C,sec)
L Dynamic viscosity (M/L#%], (Kgm/cm. sec)
o) Density [M/L3] ) (Kgm/cm3)
¢ Heat flux M/ 9. LZ ], (Kcal/sec. cmz)
Subscripts
a Air
acc Acceleration
bb At the end of "slightly subcooled"
cl Cold leg
d At the end of '"highly subcooled"
elev Elevation
ex At the exit of test section
exc Exchanger
fr Friction
fit Fitting
g Steam
in Test section inlet
iso Isothermal, single phase
f Liquid
LB Local boiling
loc Local
mot Driving
res Resisting
ris Riser
sat Saturated
sch At the beginning of "highly subcooled"
sr Only heated region

t Thermal
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Symbol Meaning

tot Total

ts Test section

T.P.F. Two phase flow

v Volumetric

w Wall

O Highly subcooled region
x Unkwown value

1 Slightly subcooled region
2 Bulk boiling region
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AEEe ndix 1

The Lottes-Flinn Model

Lottes and Flinn model for annular two phase flow in uniformely heated
channels supposes the pressure losses increase is due to the liquid
velocity increase. By giving the subscript "in' to the inlet and the

subscript "{'" to a generic section, the respective velocities are defined

W | o o (1-x) . w ()

pf(l-oc) . A

v P, Vv
_f.=1_x_:1+<_f_i-1>x (2)
v, 1~ P v

in g B8

The mean value of pressure drop multiplier R is given in general by the

relation:
L, (dp/dz) Ly v 2
—_ 1 IPF 4. - 1
R =T a7 o CTToLL v ) 4z
2 1 (dp/dz) 271 in
L 0 L
1 1 (3)
By using the eq. (2):
_ 1 XZ — P Vf 2
R:'I':—-_—L-—/ l—l +<5—v—- l>x] dx (4)
2 1 x g g

In the slightly subcooled boiling (X1 = 0), by introducing the void fraction:

- 1, 1 1
R==|1+ + 5
3L L-a (=971 _ 4 (1-\1:)]2_’ ®)
v 3 ¢
where = £ —;g
Vi P

In the bulk boiling (X1 = Xbb)’ the integral (4) has been solved by Cotes formula,

or by arithmetic average, when the integration length is less than 0.4 cm.
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Appendix 2

Expansion Losses in Two-phase Flow

When a flowing mixture of vapor and liquid expands because of a change

in flow area, a static pressure change may be observed across the
expansion,

Since the pressure losses are proportional to the square of the local

liquid velocities, it seems that regions of highest losses are the regions

of highest void fraction and liquid velocity.

Romie calculated this loss by writing an equation for the momentum balance
across an abrupt expansion as follows: (see fig. 1)

WwW. V

f.f g, 8 f, f
1 71 1 =1 2 2
+ =
plA2 + . o pZA2 + +
wg Vg
2 2
4 — 1
: 1)

This equation assumes that pressure P, also

acts on area AZ’ just after the expansion.

From material balances and the continuity equation, it can be shown that

(o= AI/AZ and W0 the total flow rate flowing as liquid)

wfz = Wf1 = wo(l-x) = P VoAl(l—x) =PV, OAZ(].-X) (2)
wgz = wg1 = xWo = fVoAlx =Py Vo OAZX (3)
vo(l-x) o] vo(l-x)
A e @
1 1 2 2
. :vo.x -p_i v ) Ovo_x f.f_ (5)
g q f g, % Fe

By combining eqs. (1) through (5) the static pressure change is found to be:
G2 2 f 1 (¢} 2 1 o]
b, - P =——.20.|_x——<——-——->+ -9 (e v |
2 1 2g pf Pg al az 1 oc1 1 ocz

(6)




Because Richardson found no change in & across the expansion, in
eq. (6) o = e
In the LUPO there is in addition the following term because of the continuity

between the single phase and two-phase pressure losses:

2

- Dts ) B G
K -2 <1-— )_J :I_K -20(1-o)J -
l_ out Dris ris pris) out gc(pout P

(7)

Therefore the two-phase exit pressure drop is given by:

_ ol -0)

)

AP - .
out, TPF ~ P__ . g_

Appendix 3

Comparison between calculations and experiments

The calculation results have been composed with experimental results of
natural circulation loops built at the Polytechnic School of Turin, A
description of the loop (fig. 6) and the experimental results obtained up
to date, have already been published in many reports, Here we show
several points, obtained in various tests, with pressure p = 60 Kg/cm2
and thermal power P = 80KW. Truly the thermal power is kept constant
hardly, during the test.

However, there is a fairly good correspondence between calculations and

experiments (fig. 5), for large void fraction also.

Appendix 4

Analytical formulation of Martinelli-Nelson multiplier

In their famous work of 1948 Martinelli and Nelson gave a plot (p. 698,
fig. 4 of Ref.16) of the two-phase multi)lier R versus the pressure p; the
steam quality x is the parameter of the various curves.

A numerical table also is given,
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In his thesis at Polytechnic of Turin in 1966 (Ref. 21) B, Panella derived
a formula from this table, by the last squares method.

Using the following relation:
R=1+a xb

and by iterating the least squares method, the following expression for

a and b have been computed:

44,35, o0+ 01688D

)
Tl

= 0,7878 - 0,4762 . 10'3p

o
|

2
where the pressure p must be given in Kg/cm~. The range of validity

2
(with errors less than 5%) is between 40 and 140 Kg/cm"™,




Fig. 1 Hydraulic loop scheme




125

601

Fig. 2 Section of the heated channel of the loop at Polytechnical

School of Turin
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CHANGE IN VOID FRACTION
TRANSITION POINTS BETWEEN THE TWO SUBCOOLED RE4IONS
[ ! 1
Single phase l Subcoole boiling | Bulk boiling
iI ‘ : ;‘
2 d
3 Region I t Region 1] | ya
'g (highly scb) l (slightly scb) ' /
5 | | 7
& , |/
< .
3 | | iy~
| O]
| i O(w
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z 0 Zseh 24 ML Zpb L
AT, ATee AT, o
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Fig, 3 Void fraction versus channel leagth and bubble radius at
detachment versus pressure from Ref, 2_




107
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Fig. 4 Parameter } versus pressure from Ref. {2 and Shape of [Kg/sec]

curves representing the elevation head and the total pressure

drop versus flow rate
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