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Widespread use of microwave technology requires 

quantitative scale-up models. However, at present, 

microwave heating models are typically qualitative. 

This work focused on rendering models quantitative 

and elucidating the scale-up behavior of microwave 

heating using numerical simulations. A commonly 

used bench-scale single-mode microwave reactor 

from the CEM Corp. (CEM Discover® SP) was used 

for benchmarking. 

To enable quantitative modeling, microwave 

heating experiments were conducted and compared 

to COMSOL calculations to develop a calibration 

curve for the setpoint vs the delivered microwave 

power. In the COMSOL model, the Helmholtz 

equation was solved to obtain the electromagnetic 

field distribution throughout the applicator. In the 

domain consisting of a Pyrex vial with liquid, 

Helmholtz equation coupled with the energy 

conservation equation was solved to obtain the 

transient temperature profiles. The developed 

calibration curve enabled quantitative prediction of 

the temperature profiles of several liquids with 

widely varying dielectric properties under 

microwave heating. This work demonstrated that 

estimation of dielectric properties and knowledge of 

the delivered power could render microwave heating 

models accurate, i.e., the lack of quantitative 

predictions of previous models is not related with the 

governing equations and physics of the problem, but 

rather to the manufacturing and knowledge of the 

settings of these devices. 

A scale-up study was also performed using the 

validated computational model. To this end, 

microwave-heating of various liquids in a wide range 

of vial sizes was investigated. The scale-up study 

focused on the volumetric power absorbed, energy 

efficiency, and uniformity of power absorbed. 

During the scale-up, the power absorbed first 

increases, and then decreases sharply and eventually 

more gradually (see Figure 1a). Significant power is 

absorbed only for relatively small diameters for 

strongly microwave absorbing liquids.  

 

 
Figure 1: (a) Mean volumetric power absorbed ρ ̅p (W/m3) and (b) energy efficiency as a function of vial diameter. For the mean 

volumetric power absorbed, liquid height hliq is 20 mm and 40 mm. 

On the other hand, energy efficiency exhibits a 

strongly nonlinear response (see Figure 1b). Even 

though high energy efficiencies over 90% occur for 

microwave absorbing liquids for larger vial 

diameters, the volumetric power absorbed is low, 

resulting in a low heating rate. Moreover, when the 
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vial size becomes much larger than the microwave 

penetration depth, most of the heat is generated in a 

narrow region close to the vial surface, making the 

distribution of heat less uniform. This work showed 

that during the scale-up, the volumetric power 

absorbed passes through a maximum, whereas the 

energy efficiency and heating uniformity exhibit 

strongly nonlinear behavior. 

Overall, the non-uniformity of the power 

absorbed underscores the need for improved 

microwave designs. Accurate simulation tools and 

detailed experiments are imperative for scale-up as 

no general design criteria exist for microwave-

assisted chemical technologies. This work 

introduced a way for quantitative modeling of 

microwave heating and provided insights into the 

scale-up of commercial microwave reactors. More 

work is required, especially towards the 

development of simple models that can readily be 

solved to evaluate the performance of the reactor for 

different operating conditions at different scales.  
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