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A Study on The Dynamic Characteristics and Control
of Heat Exchangers in Waste Heat Recovery Systems
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Heat exchangers are used extensively in varicus industrial
process, such as power plants and so forth. With the evolution of
many processes, precise and fast operations for start up, shutdown,
emergency situation and load changes are required. The traditional
design bhased on the steady state data becomes inadeguate, and
attention has been focussed on investigating the dynamic
characteristics of the heat exchangers in order to perform the most
appropriate control, design and operation,

pPrevious research works are concerned with the dynamic behavior
of several types of a single heat exchanger, egpecially shell and
tube heat exchangers. In practice, some connection systems of heat
exchangers are fregquently encountered, for example the two geries-
combined heat exchangers used for waste heat recovery. Thelr dynamic
characteristics were firstly investigated by g.Kawal and
T,Machiyama, using the characteristics representatlion method,
However, this method can 2Lt be uged for simulating any thermal
gystems consisting of the heat exchangers Or for control system
design. As a result, simple lumped-parametexr models with low order
approximation are reguired for the gsimulation and optimal control
design of the mentioned systems. In addition, no research works have
been reported yet concerning the development of the simple lumped-
parameter models for investigating the dynamic behaviors of the two
series-combined heat exchangers. As a consequence, the Eirst
objective of this research work, as described in Chapter 1, is to
develop lumped-parameter models for investigating a relation between
the dynamic characteristics and control of the two geries-combined
heat exchangers and their static characteristiles, subject to flow
rate changes of the inside tube £luid.

In contrast to the conventional heat exchangers, moving-bed
heat exchangers have received much less attention. A model for
investigating the static characteristics of the moving-bed heat
exchangers, with small particles and take into account the heat
conduction effect within the particles, was firstly proposed by W.D.
Munro and N.R. Amundson. However, this model is not general and can
not be used for the heat exchangers with large particles.

Furthermore, the heat conduction effect is actually negligible for

the heat exchangers with small particles. In practice, there are
some moving-bed heat exchangers, with very large particles and
employed in waste heat recovery systems. For instance, the particle
diameters of the heat exchangers of the waste heat recovery system
in sginter cooler are some 200 mm. In addition, no research works
have been reported yet concerning the investigation on thelr static
and dynamic characterigstics., As a consequence, the second objective
of this research work is to develop a model of the moving-bed heat
exchangers, with large particles and taking intec account the heat
conduction effect, for investigating thelr static and dynamic
characteristics,'as algso described in Chapter 1., Particularly,
parameters having effect on their static and dynamlc characteristics
are investigated.

Fundamental dymamic equations of the two series-conbined heat
exchangers are firstly derived in Chapter 2. They are subsegquently
converted into lumped-parameter models by the method of welghted
residuals (MWR) ., Thelr statlic equations are algo derived for
establishing original charts which can be used for determining the
transient response types of the heat exchangers.

In Chapter 3, fundamental equations of the moving-bed heat
exchangers, with large particles and taking into account the heat
conduction effect, are derived. They are subseguently converted into
dimensionless models. In addition, parameters governing the hesat
exchanger characteristicqs are defined, namely the number of transfer
unit (NTU), the heat capacity rate ratic(Cr} and the Biot number(gi).

The validity of the two geries-combined heat exchangers was
firstly verified by conducting scme experiments of gtap and
frequency responsee subject to flow rate changaes of the inside tube
fluid 4in Chapter 4. It has beaen found that the MWR
linearization model gives good approximation results for the case of
flow rate changes of small amplitudes. For the case of flow rate
changes of both large and small amplitudes, the MWR non
linearization model gives good agreement with the experimental data.
In addition, some experimental data of translent responses were
presented to confilirm the validity of the model of the moving-bed

heat exchangers,




A correlation between the dynamic behaviors of the two series-
combined heat exchangers and their static and structural
characteristics, subject to flow rate changes of the inside tube
fluid, have been investigated in Chapter 5 using the MWR lumped-
parameter models with 2nd order approximation and based on their
static and structural characteristics. It has been found that the
transient response types, the reverse or non reverse responses, are
dependent upon the static characteristics of not only the upstream
heat exchanger but also the downstream heat exchanger. In other
wordg, the transient responge types are dependent upon the number of
transfer unit of the upstream heat exchanger and the flow rate ratio
of the downstream heat exchanger. The overshoot magnitude of the
reverse response is also dependent upon the gtatlic and structural
characteristics of the upstream and downstream heat exchangers.
Furthermore, there is a correlation between the ratio of the number
of transfer unit or the flow rate ratio of the downstream heat
exchanger and the stabllity regions of the PI control system of the
two series-combined heat exchangers.

Static and dynamic characteristics of the moving-bed heat
exchangers are investigated in Chapter 6. It has been found that the
heat conduction effect on the static behaviors of the heat
exchangers, the heat exchanger effectiveness and the temperature
distribution of the particle and gas along the moving-bed, 1is
significant and has to take into account. The transient and
frequency responseg of the heat exchangers are mutually dependent
upon three dimensionless parameters governing the charactéristics of
the heat exchangers(NTU, Cr and Bi)., Moreover, it has been found
that the heat conduction hag a more significant effect on the static
behavior than. that on the dynamlc characteristics.

Conclusions of this research work in Chapter 7 indicate that
the proposed models of the two serles-combined heat exchangers are
practically appropriate not only for investigating their dynamic
characteristics but also for designing their optimal control
gsystems. In addition, the proposed model of the moving-bed heat
exchangers can be used for designing any moving-bed heat exchangers

and for designing thelr optimal control asystems.
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