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A large increase in process efficiency can be accomplished with novel 
intensified reactors based on integration of reaction and separation. An 
important example is the fluidized bed membrane reactor for ultra-pure 
hydrogen production by autothermal or steam reforming of hydrocarbons. In 
this type of reactors hydrogen perm-selective membranes are immersed in the 
catalytic fluidized bed to selectively extract the ultra-pure hydrogen product 
from the reaction mixture, thereby also shifting the equilibrium reactions 
towards completion at much lower temperatures than conventional reactors. 
Thanks to the enormous improvement in membrane preparation, membranes 
with very high permeation fluxes combined with extremely high perm-
selectivities have become available. How and to what extent the extraction of 
large amounts of gas affects the fluidization behavior in terms of fluid dynamics 
(viz. solids circulation patterns and bubble size distributions) and mass transfer 
rates (concentration polarization) remain the most important unanswered 
questions hampering full exploitation of membrane fluidized bed reactors.

Another interesting example of process intensification is chemical looping 
combustion and reforming processes, where air separation is achieved via a 
solid oxygen carrier (supported metal particles), accomplishing fuel conversion 
with integrated CO2 capture. The effects of high temperature gas-solid 
reactions, particle residence time distributions and solids addition/extraction on 
the hydrodynamics in these reactors are not yet fully understood. 

For better understanding and further development of novel integrated 
multi-phase reactors, there is a grave need for reliable, non-invasive 
experimental techniques to measure hydrodynamics and gas and solids 
concentration profiles under actual reactive conditions, which often imply very 
high temperatures. 
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Schematic representation of the IR-PIV/DIA technique
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In the Chemical Process Intensification group at TU/e two new 
experimental techniques are being developed for detailed monitoring of fluidized 
bed (membrane) reactors under reactive conditions. 

The first technique allows non-invasive, whole-field gas concentration 
measurements in a pseudo-2D, gas-solid fluidized bed with high temporal and 
spatial resolution. The technique is based on digital image analysis (DIA) of 
images acquired with an infrared (IR) and a visual (VIS) high-speed camera 
(see Fig. 1) to obtain the local gas-phase concentration field of a tracer gas 
[1], which is combined with particle image velocimetry (PIV) to also obtain 
the solids flux and porosity profiles simultaneously. This technique has been 
applied to investigate bubble-to-emulsion phase mass transfer and gas mixing 
characteristics in bubbling and turbulent fluidized beds. 

Secondly, the application of particle image velocimetry and digital image 
analysis techniques is further extended to (very) high temperatures applications 
(up to 1000 °C). This is made possible with the aid of two high temperature 
endoscopes (see Fig. 2), one to acquire the images and one for illumination 
via a laser [2]. The experimental results will be also used to validate CFD-
based reactor models (TFM/DPM) and improve phenomenological models for 
integrated fluidized bed (membrane) reactors.
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Schematic representation of the high-
temperature endoscopic PIV/DIA technique


