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Functionalized solid amine-based temperature swing adsorption (TSA) processes have recently beenproposed as
a potential way to reduce the energy-penalty of post-combustion carbon capture processes. Thereby, multi-stage
fluidized bed contactors with immersed heat exchanger surfaces and counter-current flow of solids and gas
phase may solve the heat transfer challenge while maintaining the thermodynamic process requirements.
Hence, the present work develops design requirements for TSA stages based on achievable heat transfer rates
in bubbling fluidized beds. The considered particles are Geldart Type B. It is shown that the pressure drop of
multi-stage fluidized bed TSA units for flue gas CO2 capture is practically determined by the heat exchange re-
quirement. Scalability, maintainability and durability of different heat exchanger geometries are considered.
The net movement and mixing of particles within the bubbling bed stage must be maintained in spite of the im-
mersed heat exchangers concerning possible dead zones in the area of the tube bundles. Comprehensivemodels
are used to predict heat transfer coefficients for tubes immersed influidization. A heat transfermeasurement test
device for optimization of the heat exchanger geometry has been put into operation and heat exchangemeasure-
ment results are compared to calculated heat transfer coefficients. It is shown that experimentally obtained heat
transfer rates for single tubes are in good agreement with modeled values. A model proposed for Geldart A par-
ticles is used to estimate heat transfer rates for two particular tube bundles with a tube diameter of 25 mm and
horizontal tube spacing of 2.2 and 2.8. It is shown that the calculated results represent heat transfer rates quali-
tatively and quantitatively for tube bundle heat exchangers immersed in Geldart Type B particle fluidized beds.
Although this article has beenmotivated by heat exchange in TSA, itmay be of interest for other applications con-
cerned with heat transfer between bubbling fluidized beds and immersed heat exchanger surfaces.
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1. Introduction

A double loop, multi-staged fluidized bed system operated with
functionalized solid amine sorbents, bymeans of temperature swing ad-
sorption (TSA), has been introduced for continuous post-combustion
CO2 separation tasks [1,2]. In this process configuration, staged bubbling
fluidized bed columns are used for the adsorber and desorber, respec-
tively. For continuous operation it is necessary to extract the heat of
adsorption from the adsorber and to supply about the same amount of
heat into the desorber. In addition, the sensible heat caused by the
temperature swing has to be transferred. Thermodynamically, the
contactors could be favorably designed as fixed or moving beds.
However, heat transfer rates are poor for fixed and moving bed re-
gime and heat transfer is crucial in TSA [3]. Hence, fluidized bed
contactors with counter-current flow of solids and gas may solve the

heat transfer challenge while maintaining the thermodynamic process
requirements.

On the one hand, it is important to achieve high heat transfer coeffi-
cients in order to limit the pressure drop across the adsorber column,
because of the major influence on blower power consumption. On the
other hand, high heat transfer rates are equally important with concern
to the desorber. The restriction on stripping steam demand for de-
sorption has limiting influence on fluidization and, therefore, on
fluidized bed volume to accommodate heat exchanger geometries.
Furthermore, with increasing pressure drop difference between ad-
sorber and desorber it gets harder to seal them against each other,
and the possibility of purging supply lines increases. Since adsorption
kinetics are known to be fast and mass transfer is efficient in fluidized
beds, we formulate the hypothesis that the required heat exchanger
surface will determine the dimensions of the fluidized bed stages. This
would mean that the practically achieved heat transfer rates, the
resulting compactness of the heat exchanger bundles and the opera-
tional expenditures would determine the overall costs of such a contin-
uous TSA device.
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Fig. 1 shows the principle of the double loop fluidized bed system in-
cluding the relevant heat exchangers in the adsorber and desorber reac-
tor columns featuring five stages each for efficient CO2 separation with
resulting capture efficiencies up to 90% or more. The top-down moving
sorbent particles are fluidized by introducing raw exhaust gas at the
bottom of the adsorber column. While contacting the sorbent in coun-
ter-current flow, CO2 is progressively removed from the flue gas. After
the separation process, when the rich sorbent reaches the bottom of
the adsorber, these particles are lifted through a riser system to the
desorber, that is operated at higher temperatures. For regeneration,
stripping steam is used to fluidize the top-down streaming sorbent in
the desorber. On top of the desorber, a gas mixture containing steam
and CO2 is obtained. In order to obtain pure CO2 the steam is condensed
downstream of the desorber. To close the particle circulation loop, the
lean sorbent is lifted from the bottom of the desorber column to the ad-
sorber for further CO2 separation.

As mentioned previously, heat exchange is expected to be the dom-
inant limiting factorwhen carrying out TSA. Therefore, the presentwork
focuses on the application of established heat exchange calculation
methods for immersed surfaces in bubbling fluidized beds; in particular
single tubes [6–9] and tube bundles [10–14]. Previously defined TSA
process design parameters [1,2,4] are considered as input data. Further-
more, the calculated results are used to develop an awareness for
practical heat exchanger design possibilities. In spite of already accom-
plished investigations regarding heat exchange in bubbling fluidized
beds, a heat transfer measurement test device (HTMT) has been de-
ployed to conduct heat exchange measurements at immersed single
tubes and, preferably, tube bundles in various settings. It is shown,
that the theoretically achievable heat transfer coefficients calculated
with the model proposed by Lechner et al. [19], valid for Geldart Type
A particles only, is also able to predict coefficients for Geldart Type B
bulk material.

2. Heat exchange in TSA

2.1. Prediction of necessary heat exchanger surface area

Based on Fourier's law the heat flow Q to be transported in the ad-
sorber and desorber can be written as

Q ¼ h � Ahex � ΔTm ð1Þ

where h is the overall heat transfer coefficient applied to the outside di-
ameter do of the heat exchanging tube

h ¼ do
di
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For thin tubewalls with high heat conductivity λ and turbulent flow
of liquid in the tubes we may assume
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and thus
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Assuming that the reactor design has a rectangular cross sectional
area with the lengths a and b and, furthermore, 100% of this area is
used to accommodate heat exchanger tubes, the total heat exchanging
surface area Ahex can be estimated by

Ahex ¼
a � b � π

do � sh � sv
� Hfb ð5Þ

Fig. 1. Principle of the continuous TSA CO2 separation process with relevant heat exchange requirements featuring five stages in the adsorber and desorber (blue = cooling requirement,
red = heating requirement). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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