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Abstract: Measurement and simulation techniques have been developed for a two-phase flow to quantify and
qualify a steam network and to determine the flow regime in the network. The development of these techniques
makes it possible to create an intelligent monitoring system, which ensures that:

- By the execution of the computational model the different states of the network can be simulated;

- By using the principal of the local dynamic pressure measurement the distribution of the velocity in the cross-
section of the pipes near the measurement points can be determined;

- The mass transfer in the condense vessels can be determined in the backbone pipes;

- By using mobile communication the measured data can be transferred immediately to the monitoring system;
and

- Algorithms and formulas can be created to determine the quality of the two-phase flow.
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1. Introduction
measurement of the losses and the

The basis of the research is a 13 km long determination of their spatial and temporal

citywide steam network with pipe diameters distribution is required, thus suggestions can

between DN50 and DN450. The network ¢ made for a more energy efficient
distributes  approximately 130 thousand operation of the network [2]. The monitoring

tonnes of steam to different parts of the city ~ SyStem installed on the steam network is
[1]. To reduce the loss of energy the shown in Figure 1.

DK

Figure 1. The monitoring system and the installed measuring devices
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After the preliminary studies of the steam
network it became obvious that some active
experiments and measurements must be
performed to develop a reliable simulation
model for the flow and heat characteristics
[3,4,5]. To perform these measurements
some special pressure sensors (flow
sensors) had to be designed, manufactured
and installed. The main reason for the
special sensors is that during condensation,
the development of the two-phase flow the
fluid phase aggregates at the bottom of the
pipe and the flow pattern is dominated by
this layered flow pattern [6]. The other,
basic task for the measurements was to
determine and record the topology of the
network and to identify sources, passive
elements, junctions and the number of
consumer points. A geographic information
system provides the basis for this survey of
a citywide mass and energy network and
for the modelling and simulation of the
network [7,8,9].

2. The Reasons Behind the
Development of the Intelligent
Monitoring System

The identification measurements of the steam
network indicated a two-phase flow (wet
steam) under working conditions.

Furthermore in a reduced operating mode of
the distribution steam network the output of
the power plant and the measured
consumption of the consumers showed a
large difference, which indicated the
limitations of the current monitoring system,
the lack of the measurements of the
condensation and the inaccuracy of the
measurements of the steam flow. These
reasons justified the development of a new,
intelligent monitoring system using an expert
system software.

The following tasks have been performed in
the research:

- the geometry, topology and the data
corresponding to the junctions and
branches of the network have been
recorded, visualised and archived;

- tracing and characterization of the two-
phase flow and condensation;

- determination of material properties
(thickness of the  film, thermal
conductivity, heat transfer coefficient,
shear stress etc.), properties of the state of
operation (velocity-distribution,
vapour/liquid volume fraction, critical
velocity of steam, etc.), state of flow
(layered, annular, spray);

- development of evaluation methods for
the signals of the special sensors (volume
flow meter operating as a condenser , flow
meter based on dynamic pressure
measurement, mass flow meter based on
an acoustic approach).

The most difficult task was the reliable
determination of mass flow and the water
content of the mixture. A sensor, based on a
method similar to the theory of a classical
Pitot-pipe, has been developed, to be able to
trace a two-phase, stratified flow. These
custom designed sensors had been built into
the pipes (see Figure 2).

3. Measurement and Calculation
Method for the Characteriza-
tion of a Two-Phase Flow

The calculation method and formulas
developed for the characterisation of a two-
phase, stratified flow will be presented for a
branch which is instrumented with classical
and special measurement sensors as shown in
Figure 3.
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Figure 2. The design and building instructions of the special flow sensors
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Figure 3. Placement of the measurement sensors for the intelligent monitoring system

The sum of the average mass flow, which is
measured using acoustic sensors in branch j.
between junctions Cs; and Cs;.4 is:

. n .
My=2>2M 1
k=2 M (1)

The mass flow Minj of branch j is the mass

flow calculated from the sum of entering and
leaving mass flow at junction Cs;. Starting
from the source towards the consumption
points and moving along all branches of the

network the measured mass flow of the
segments — considering the reliability of the
density of the super heated vapour - can
always be regarded as correct in the
calculation of the total mass balance.

In order to obtain the correct mass balance,
the required density and the outward mass
flow, the flow regime can be refined by Pitot-
pipe type sensors besides (or instead of) the
orifice plate flow meter after the last
condenser in the pipe segment. The orifice
plate alone cannot provide accurate
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measurements since the two phases flow
separately with different velocities.

The measured values of the orifice plate flow
meters — assuming saturated dry vapour at the

given pressure and temperature — is M ™

out *

The difference between the inward mass flow
M, decreased by the sum of the mass flow

n
of the condensate (M, :ZMkli)and the

i=1
measured mass flow M™ results in the

out

following mass flow difference:
(Min_Mkl)_ Mm:Me 2
which can be regarded as the consequence of
the density variations due to condensation,
and due to the lack of density correction (the
requirements of the orifice plate measuring
are not satisfied) . The correctional multiplier
of the orifice plate measurement is given by
the following formula:
Y _MP+M,

mp - y mp (3)

M out

Since the mass flow is proportional with the
square root of the average density p, of the
flowing medium, the relation between the
real and the uncorrected density — assumed
during the orifice plate-based measuring —
can be given as the square of the above
correctional multiplier.

For the average density of the flow, the
following equation holds:

. M .

Pe=y ¢ Py + 1-&)py (4)

where ¢, and (1-¢)- are the volume flow
fractions of the vapour and the liquid; Py

pf,pk- are the density of the vapour, the

liquid, and the mixture [kg/m®]; M - is the
mass flow of the two-phase flow [kg/s]; V - is
the volume flow of the two-phase flow [m?/s].

In view of the density of the saturated dry
vapour and saturated liquid at the measured
pressure p and temperature T with the aid of
the above correctional multiplier and
applying equation (4) the volume flow
fractions can be calculated as:

Epgt (1_é) pf= (kmp)2 pg:pk ©)

The mass flow M, leaving the branch can be

regarded as the measured value of the orifice
plate flow meter corrected by the density
correction described above (the corrected
value must be equal to the inflow decreased
by the sum of condensate flows):
Mout:kmng:JFt):Min_Mkl (6)
In view of the cross sectional area A. of the
pipe at the measurement point, and the density
p calculated by equation (5), the average

velocity of the mixture can be written as:
Uy = o )
AA
The Pitot-pipe based measurements carried out
in certain branches of the network justified the
assumptions that the liquid and vapour phases
are separated in the flow and there are
significant velocity differences, and under
certain operational circumstances a significant
portion of the pipe is filled by liquid. The
volume occupation of the phases flowing at
different velocities cannot be described by the
following volume flow fractions:
-9
Vg+Vi V
Vi Vi

1_é:+— <
Vg +V¢

(8)

where Vg ill. V¢ - are the volume flow of the
vapour and of the liquid [m%s].

The schematics of the location of the
condensate at the measurement points in the
horizontal pipe can be seen in Figure 4.

Figure 4. Location of the condensate in horizontal pipe
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The local velocities — derived from the
dynamic pressures measured at the given
points (specified by the corresponding
standard) of the measuring section — can be
calculated by the following formula:

2 Pdin; .
Ugi =47
Pg

Pdin = Pg — Pst 9)
where ug. - is the local velocity of the
flowing mixture at the i-th standard location
[M/s]; pgin; - is the local dynamic pressure of
the flowing mixture [Pa]; p - is the local

static pressure of the flowing mixture [Pa].

The average axial velocity of the steam can
be calculated from the local velocities
corresponding to the partial cross sections of
equal area as follows:

m
2 Ug,
ug = 1 m=3,45,6 (10)

where uy - is the average of the m local
velocities [m/s].

The volume flow V of the mixture can be
calculated as the quotient of the mass flow
M,, calculated (measured and corrected if
needed) by equation (6) and the average
density p, obtained from equation (5). The
volume flow of the phases can be calculated
by multiplying the above volume flow by the

volume flow fractions of the phases given by
equation (8) as follows:

Vi =(-¢N;

Vg =&V (11)
The mass flows in view of the volume flows
and densities of the phases are:

M=M;+Mg (12)
where My, I\/'Ig - are the mass flow of the

liquid, the vapour [kg/s].
The mass flow of the steam |\/'|g calculated

from the mass flow M, leaving the branch

and from equations (11) and (12) must not be
larger than the mass flow obtained from
measurement data - based on dynamic

pressure measurement by a special flow
meter - given as follows (M, =M ):

. m 1 .

where A. - is the total cross section of the
pipe segment [m?]; Ag - is the cross sectional
area corresponding to the condensate film

[m?]; Mgm - is the maximum mass flow of

the steam calculated from the averaging of
measurement data of a satisfactory number of
measurement points [kg/s].
The average velocity ug can be checked in
view of the mass flow and density of the
phases according to equation (7):
Mg My
Uy =——+——
PgAc PrA
The cross sectional area of the vapour at the
location of the special flow meter can be
obtained by using the calculated average
velocity ug from equation (10) and the mass
flow vV from equation (11):
Vg
Ag = i (15)
The cross sectional area As corresponding to
the liquid phase is:
At = A, - Ag (16)

The volume fractions according to the above
calculations corresponding to the volume of a
unit length pipe can be calculated as:

+ (14)

Ag -1 Ag
€= :—;
‘Ag +Afi A
At At
. _of 17
Ag+Af A

where ¢ and (1-¢) - are the volume fraction
of the vapour and the liquid.

The mass flow fractions can be described by
equation (12):

= 0 M g D = M.g .
Mg +M¢ M
My My
1-X=— —=— (18)
Mg+M; M

where x,and (1-x%) - are the mass flow

fraction of the vapour and liquid phases.

The average velocity u; of the stratified flow
can be obtained by calculating the cross
sectional area A¢ of the liquid at the special
flow meters by equation (16) and in view of
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the volume flow V; of the liquid from

equation (11) as follows:
Vi

v (19)

Ut

4. Processing and Evaluation of
the Measurement Results
Assuming “Slip Model”

It can be stated in view of the flow
measurements carried out at the sites of the
major consumers that in the case of the steam
network operating at low velocities and high
hydraulic resistances, the main flow regime is
the stratified flow. In order to describe the
separate flows of the two phases, the volume

occupied by both phases and the
measurement based value of the volume
fractions ¢, and (1-¢) have to be known.

Let us follow the equations of the preceding
section. Let’s start from the data — obtained
under the assumption of the “homogenous
model” — and from the values of the average
densities p, , the volume flow fractions ¢,

the average velocities uy, and MgP measured

by the orifice plate and corrected by the
correctional multiplier ky, (in the case of

branches lacking orifice plate flow peters, the
measured mass flows can be substituted by
the mass flow calculated from the mass

balance, the inward mass flow M, decreased

by the total condensate flow M, ). Based on
formula in the case of homogenous model,

equation (9) during the substitutions in the
the average density py,and the dynamic

pressure pgi,; - measured by the Pitot-pipe -

had been applied. Under the assumption of
the “slip model”, the same is carried out by
applying the vapour density pg .

The results of the velocity measurement
series are summarized in Table 1. The
location of the condensate in the horizontal
pipe can be deduced from the cross sectional
area values A; of the liquid phase, which can

be found in the table. The area of the part of
the cross section occupied by the liquid can
be obtained from the following formula:

A, :%rz(ﬁm—sin co] (20)

where A, - is the area of the circle section
[m?]; r - is the inner radius of the pipe
decreased by the average thickness §, of the
condensate film [m]; o - is the central angle
denoted in Figure 4.

The velocity distribution is shown in Figure 5.
The increase of the average liquid content
results in the increase of dynamic pressures at
the inner measuring points of the cross
section (increasing velocity assuming dry
vapour density), and decreasing velocity
towards the wall of the pipe and the surface
of the liquid.

[m/s] —e—Measuremen 101
—m—NMeasuremen 102
——Measurement 03

—>—Measurement 04
—#—Measuremen t 05
—e—Measuremen 106
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Figure 5. Velocity distribution of the two-phase
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5. Conclusions

The requirements of the investigation of the
two-phase flow in order to ensure the correct
scoring of energy are the following:

development and operation of special flow
meters (Pitot-pipe type, capable of
following the local velocity distribution),

developing of computational methods for
the processing and evaluation of the data
provided by the above devices,

calculation methods, in order to obtain
information about the flow regime, and for
the estimation of the characteristic values
of the flow.

The construction and development of the
above devices and methods have provided the
strategic background for the establishment of
an intelligent monitoring and expert system.
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