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ă
s,

 

Keywords

 

district heating, domestic hot water quality, software mode-
ling, automation system

 

Abstract

 

This research is a case study, and was focused on the District
Heating (DH) System in Pascani town, powered with co-
generation engine. The main problem started because of
the overload regime in domestic hot water (DHW) supply.
In the case analysed, the level of the flow-metering in the in-
terior installations is very low (about 10 to 15%). As a result,
the level of consumption depends on the time period when
DHW is available. In order to decrease the cost to the Dis-
trict Heating Company (DHC), the duration of DHW deliv-
ery is restricted. A direct solution to this problem is the sub-
metering for DHW. Some questions remain. The issue was
the differences registered between the general flow meter
and the sum registered by the sub metering system.

The whole installation must be optimised, starting with
heat exchanger, booster pumps, valves, actuators, and con-
tinuing with water accumulators. The aim is the client satis-
faction, and the automatic control system must cover all the
restricted situations. For simulating in MATLAB (high per-
formance numeric computation and Vizualization Software)
the thermal and hydraulically systems with pumps, we use
the diagram of fluid circuit on which control valve and
pumps are mounted.

 

Introduction

 

The overload problem in the production of DHW results
from the intermittent load. This intermittent load is not

technically imposed, but it is a social-economical phenome-
na. In order to decrease the cost to the District Heating
Company (DHC), the duration of DHW is restricted. Huge
load peaks are generated also by the working hours of the
occupants of the apartments, with lower possibility of diver-
sification.

In order to understand the reason for the multiple discus-
sions about the sub-metering over registration in water in-
stallations for apartment houses, a bibliographical research
was done. A large series of works was found, and some are
very close to our topic (Cheesewright, 1994). Turbine flow
meters are used extensively in fluid measurement and the
ability of this flowmeter to respond rapidly to transient flow
conditions is an important characteristic. According to
(Cheesewright 1994), for sinusoidal pulsating flows, the me-
ter accuracy deteriorates with increases in the amplitude and
with increases in the frequency of pulsation. If the meter
does not rapidly follow the flow rate, then erroneous mean
flow measurements as well as erroneous time varying flow
measurements can occur. A combination of these effects
causes two common, known problems in turbine flow meter-
ing for gases. Firstly there is a difference between the pulsa-
tion amplitude indicated by the meter and the true
pulsation amplitude; secondly the mean blade passing fre-
quency is higher than that which would occur with the cor-
responding steady flow. These two effects are commonly
termed “amplitude attenuation” and “over-registration” re-
spectively.
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MATLAB simulation for DH with Accumulation 
for DHW

 

Special problems occur in DHW water production if the
power station imposes a constant load. This is a specific case
for DHSC (District Heating Station with Cogeneration),
named CT5, Pascani. Hardware components that have ther-
modynamic impact on the DH system are: a) Cogeneration
unit (heat and power), with 0.87 MW heating power, using
an internal combustion engine Otto using natural gas as the
fuel; b) Boiler for DHW production on peaks in summer
(1.7 MW); c) Boilers for heating (2 x 6 MW), in winter;
d) Two dynamic accumulators 2 x 12.5 m

 

3

 

, for heating
agent; e) Pumps for winter/summer, with variable speed.

The specific problem for the DH system is night opera-
tion, when the warm water load is absent, but the cogenera-
tion unit must produce electrical power. The local
accumulators (25 m

 

3

 

) cover only one hour of operation, and
for this reason the DH is interconnected with three other

DH systems, in which warm water in prepared and stored,
using heat produced in CT5. Three heat exchangers with
circulation pumps are involved, and the main task for the
system is to maintain the cogeneration unit in function, with
no stop period. This condition had to be met, and for this a
dynamic simulation was used. An additional condition was
to verify how the accumulators cover the warm water peak.

Hardware components that have thermodynamic impact
on the DH were available in the form of numerical models.
For the power plant, these components were (Figure 1): the
peak boiler (1.7 MW), the cogeneration unit (0.85 MW), two
boilers of 6 MW, for winter heating (are not included in the
simulation, because in summer these are not necessary).

Computers models were created using SIMULINK
software by the MathWorks. Simulink is a visually
programmed mathematical modelling tool which offers
direct simulations of graphically-constructed block diagrams
(Figure 1). The block diagram interface makes the models
easy to build and easy to understand, by direct reading.

Figure 1. SIMULINK Block Diagram for DH simulations.

Figure 2. Results from SIMULINK Block Diagram for DH simulations.
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In Figure 2 the simulation results are presented for a spe-
cific DHW load. It shows the influence of pumping periods

 

P1

 

, 

 

P2

 

, 

 

P3

 

 and the DHW accumulators (

 

WW ACC

 

) filling
on night operation. The period of operation can be evaluat-
ed for all the hardware, for all DHW load conditions.

A special situation occurs in the evening peak, when it
was demonstrated that the overload can not be solved. An
original solution was design for the DHW automation sys-
tem. Figure 3 shows the diagram for the DHW system,
where a supplementary valve with actuator A1 was intro-
duced for flow limitation. Flow limitation is the solution to
prevent the decreasing of the DHW temperature below the
acceptable value (40 ˚C).

 

MATLAB simulation for heat exchanger used 
for DHW production

 

The heat exchanger models were based on general heat
transfer theory and thermodynamic principles. The heat ex-
changer was divided into a number of elements in water flow
direction. A general energy balance equation was developed
for the cold fluid, hot fluid and the plate material for each of
these elements respectively. A fast model was developed,
with a reasonable level of accuracy (compared with some
specialised data).

The purpose of the simulation was to verify the maximum
rate at which heat that can be transferred to the DHW in the
overload situation. The overload was imposed by the in-
creasing the cold water flow 

 

q2

 

 (Figure 4).
An important conclusion was established after this simu-

lation (Figure 5). Against the nominal power of the heat ex-
changer (Pn, for secondary temperature T22 = 60 

 

0

 

C, for the
moment t = 2), an important overload capacity was proved
for the DHW production, (q2 = 2.06 x Qn, for the moment
t=8.8) if the temperature T22 = 40 

 

0

 

C is accepted by the
customers.

 

Theoretical consideration for sub-metering 
over registration

 

The published theories of transient meter response in gas
flow are all very similar and these treatments assume, either
implicitly or explicitly, that the rotational inertia of the fluid

Figure 3. Diagram for DHW System.

Figure 4. Block Diagram for DHW System Simulation.

Figure 5. Results from the Heat Exchanger Simulation in Overload Situation.
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contained within the turbine rotor is negligible compared to
that of the rotor itself. In some cases, there are no friction ef-
fects, and the flow is assumed to follow the blades. This ap-
proach can be generalized in the form of the equation shown
below (Lee 1975).

(1)
where V

 

m

 

 is the volume flow rate indicated by the meter
(= 

 

k f

 

b

 

 

 

, where 

 

k 

 

is a meter constant and 

 

f

 

b

 

 

 

is the blade passing
frequency); 

 

 

 

V

 

a 

 

is the true volume flow rate and 

 

t 

 

is time. The
response parameter, 

 

b, 

 

determines how quickly the meter
responds to changes in the flow rate; it depends on: the
inertia of the rotor 

 

IR 

 

, the hydrodynamic properties of the
fluid and the aerodynamic characteristics of the blades.
Different values of b have been observe but, for a
generalised discussion, the value is not important.

The results (Lee 1997, Baker 1993, Ower 1973) for the
studied meter were qualitatively very similar. At the largest
pulsation amplitudes they all experienced significant over-
registration for pulsation frequencies above 20 Hz and sig-
nificant pulsation amplitude attenuation, for pulsation fre-
quencies above 5 Hz. The maximum over-registration
observed was 5%. The tests showed that both the over-reg-
istration error and the amplitude attenuation increased sig-
nificantly with increasing pulsation frequency but they only
increased slowly with increasing pulsation amplitude. In the
following quantitative discussion of the meter behaviour,
the ‘relative pulsation amplitude’ is defined by half of the
peak to peak variation of the flow rate as a percentage of the
mean flow rate; the ‘over-registration’ is defined by the indi-
cated mean flow rate minus the true mean flow rate as a per-
centage of the true mean flow rate and the ‘amplitude
attenuation’ is defined by the peak to peak variation of the
true flow rate minus the peak to peak variation of the indi-
cated flow rate as a percentage of the peak to peak variation
of the true flow rate.

As an example of the effects, we can notice also from (Lee
1997), for one particular meter, at 20 Hz pulsation frequen-
cy, the imposed relative pulsation amplitude ranged from
17% to 40%, the observed over-registration errors were
0.27% to 1.58% with amplitude attenuation between 32% to
33%. For the same meter, at 40 Hz pulsation frequency and
the same range of imposed pulsation, the over-registration
errors were between 0.53% and 3.40% with amplitude atten-
uation between 43% and 44%. The true flow waveform was
compared to the meter indicated flow waveform when 40%
relative pulsation amplitude is applied at 20 Hz. The wave-
form of the true flow was obtained from an electromagnetic
flowmeter, scaled to give a mean flow rate which agreed with
that obtained from the weigh tank.

All these conclusions demonstrate the huge differences
between continuous, constant flowmetering and random
flow conditions. As we will demonstrate, these differences
are incorrectly explained. For a superior level of generality,
we propose to extend the Equation (1) to the second order
differential equation. Because of some inconsistency and
uncertainties in the values of the response parameter for the
different meters, we had included an additional term in the

meter response equation as suggested by (Dijstelbergen
1970).

Starting with Equation (1), which explains only the inertia
of the process, we can study also the damping caused by the
frictional effects.

(2)
where V

 

m

 

 and V

 

a

 

 have the same nature, but two specific
values are used, the undamped natural frequency 

 

w

 

n

 

 and
the damping factor 

 

z

 

. The parameters 

 

w

 

n

 

 and 

 

z

 

 are very im-
portant for characterizing a system’s response. Note from
Equation (2) that 

 

w

 

n

 

 turns out to be radian frequency of os-
cillation when 

 

z

 

=

 

0

 

. As 

 

z

 

 increases in value from zero, the os-
cillation decays and becomes more damped. When 

 

z 

 

≥

 

 

 

1

 

, an
oscillation does not occur.

Starting from Eq. (2), on consider the second order quad-
ratic, phase-lag transfer function given by:

(3)
Considering for this moment that the particulars values

 

w

 

n

 

 and 

 

z 

 

are less important (those values must be determi-
nate using specific methods, like 

 

System Identification

 

) we
propose to study the dynamic response of the flowmeter not
only for some frequency, but for all of them, starting to zero.

 

The dynamic response analysis

 

To study the flowmeter response in sinusoidal flow, we pro-
pose to use the Bode diagram approach (Shinners 1988), as
one of the most commonly used methods for the analysis
and 

 

synthesis

 

 of linear feedback control systems.

(4)

The Bode diagram for this transfer function can be obtained
like in Figure 6.

To obtain practical information from this, on represent
two diagrams which have 

 

w

 

 as a common axis. These two di-
agrams, illustrated in Figure 6, are usually referred to as
Bode diagrams. It is important to emphasize that the Bode
diagrams represent the frequency response for the ampli-
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tude and phase. Because this theory starts from open loop
system, we can use it with success for our flowmeter analy-
sis.

To obtain Bode diagrams, we can use MATLAB func-
tions. Figure 7 illustrates a typical result of this. Without nu-
merical examples, we notice that the aspect of the Bode
diagrams will be the same, for any values given to 

 

w

 

n

 

 and 

 

z

 

,
with small differences around the 

 

w

 

n

 

 frequency. 

 

For the high-
est frequencies, the same rate of amplitude attenuation will be ob-
tained.

 

It was easy to retrieve the attenuation presented above
(Baker 1993), for 20 and 40 Hz.

As we intend to demonstrate, the 

 

amplitude attenuation
does not generate over registration

 

. The inertial behaviour
introduce a delay, but the total flow will be correct. A fast
model for this was realized (Figure 7), based on Eq. (3) witch
can be retrieved in the block “Transfer Function”. The val-
ues obtained on 

 

Display1

 

 and 

 

Display 

 

are practical identical,
because of the initial transitory time. Graphical results are
obtained on block “Scope”, similar with (Baker 1993).

The sinusoidal wave study is useful only for the real ran-
dom flow. The explanation is very easy, because any random
signal can be decomposed as a sum of sinusoidal waves, us-
ing Fourier series. The next step in this study was to apply
a random flow to the simulated meters. The graphical results
are shown in Figure 8.

Figure 6. Bode diagrams for a typical transfer function ( = 1 

and  =0,25).
nw

z
Figure 7. MATLAB simulation for the flow meter dynamic 
response.

Figure 8. Simulation results for random + square flow.

Figure 9. Dynamic model for sub-metering system.

Figure 10. Error distribution curve for a flow meter.
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It may be observed that there is a significant delay (d) and
amplitude attenuation (a), but the final result has only small
differences, explained by the numerical approximation of
SIMULINK.

The most difficult aspect is to estimate the correlation
between the errors generated by the general meter and the
sub-meters, caused by the different precision class.  In
Figure 10 is presented a classical error curve for flowmeter,
with the same aspect for the B class or C class, but with dif-
ferent caracteristical values q

 

min

 

, q

 

t

 

 and q

 

p

 

.
In order to evaluate the evolution of general metering

process, we must consider the situation, which occurs fre-
quently during the night, when the general flow meter
works in transient region (close to q

 

t

 

 ) and a number of sub
meters work to the left of the starting flow (q

 

min

 

). For some
particular situations, the differences will be very important
(Figure 9), and some difficulties in the payment procedure
will occur.

 

Conclusion

 

The simulation and analysis of entire DH Systems are com-
plicated by the great number of parameters involved. This
paper, using a simple dynamic simulation, offers important
answers for some critical aspects. The simulation results can
be used to study the regime of DH with different configura-
tions, control strategies and operating parameters. Further-
more, the simulation methodology can be used as a design
tool by the consulting engineers to evaluate the perform-
ance of DH system not only under peak load, but also under
partial loads (by night). Also, it can be a valuable diagnostic
tool for examining the performance of existing DH system.
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