
Innovation in Drying Technologies - Status, 

Needs and Opportunities

Arun S Mujumdar 
McGill & Western University, Canada 

Institute of Chemical Technology, Mumbai, India 

Jiangnan University, Wuxi, China

Sachin V Jangam
National University of Singapore, Singapore



Outline

Ò Drying Conference History

Ò LDRT Statistics

Ò Influence of Drying Conferences/LDRT

Ò Innovation

Ò Selected Innovations

Ò Future R&D Needs

Ò Closing Remarks



01
Drying Conference

HISTORY



ADC History

Ò First ADC was held in 1978 at McGill University,

Montreal, Canada

Ò Purpose

- Provide truly global forum for exchangeof latest R& D

- Multi -disciplinary, Multi -industrial sectors

- Encourageindustry -academiainteraction

- Enhancestate-of-the-art of drying technologies.



HISTORY ðDid We Succeed?

Ò With over 4000 papers from 80+ countries over four decadesADChas

contributed to the technical literature in drying.

Ò ADCspawned several international and national conference series

devoted to drying and many academicdrying researchcentres around

the world

Ò Successof the ADC series led to the establishment of Drying

Technology -an international journal (LDRT),

Ò It is relevant to look into the history of the journal at this point .
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Some Statistics

Ò A few authors made massivecontribution of papers, reviews ɀPereto
principle ɀ20% contributed 80%

Ò Over last decadesituation hasturned around but for quality assurance
dedicated referees are the ȰËÅÙȱto successɀstill a challenge due to
heavymanuscript flow

Ò Paperspublished in LDRT(since1980) -~4700

Ò Averagenumber of authors per volume -~250

Ò Number of countries/territories contributed to LDRT-~90

Ò LatestImpact Factor (2018) ɀ2.307

Ò HighestImpact Factorɀ2.307 (in 2018)

Ò Latest 5 year Impact factor (2018) ɀ2.425 (True impact in industrial
application)

Ò ProjectedImpact Factor for 20219ɀ2.4+



Some Statistics

Ò Major contributing countries (Since start) : China, Canada, United
States,France,Australia

Ò Major contributing authors (Since start) : A.S. Mujumdar, M. Zhang,
T.A.G. Langrish,S. Soponronnarit,X.D. Chen

Ò Editor-in-Chief, Senior Associate Editor, 5 Associate Editors and 7
AssistantEditors

Ò 21 EABmembersfrom 15 countries

Ò LDRThas published 30% of all the papers on drying published in 12
key journals between2000ɀpresent
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Contribution by countries over last 35+ years 

Top 15 contributors (1983 ðpresent)

Contribution by countries in last 20 years 

Top 15 contributors (1998 ðpresent)



Top 15 Contributors During 1983 - Present 

Author Name No. of papers published

Mujumdar, A.S.
259

Zhang, M.
109

Langrish, T.A.G.
62

Soponronnarit, S.
62

Chen, X.D.
58

Raghavan, G.S.V.
47

Hall, C.W.
51

Freire, J.T.
47

Kudra, T. 
43

Maroulis, Z.B.
39

Tsotsas, E.
38

Prachayawarakorn, S.
38

Devahastin, S. 
33

Thorat, B.N. / Lee, D.J.
31

Only RESEARCH 

articles

Source: Scopus (last 

accessed on 

September 2019)



Top 15 Contributors In Last 20 Years 

Author Name No. of papers published

Mujumdar, A.S.
175

Zhang, M.
109

Chen, X.D.
57

Langrish, T.A.G.
54

Soponronnarit, S.
50

Freire, J.T.
41

Tsotsas, E.
35

Prachayawarakorn, S. 
34

Raghavan, G.S.V.
32

Kudra, T. 
31

Thorat, B.N.
31

Bhandari, B.
30

Devahastin, S.
30

Lee, D.J. 
30

Adhikari , B.
27

Only RESEARCH 

articles

Source: Scopus (last 

accessed on 

September 2019)



Current Editorial Team

Arun S Mujumdar
(Editor -in-Chief)

SakamonDevahastin
(Senior Associate Editor)

B. Adhikari; Takeshi Furuta; Tadeusz Kudra; Timothy A.G. Langrish and 

C.L. Law
(Associate Editors)

Sachin V Jangam; AgusP. Sasmito; Meng W. Woo; ZhonghuaWu and 

Azharul Karim, Hong Wei
(Assistant Editors)

V 22 EAB members from 16 countries

V 3000+ authors from 100+ countries

V 185 papers published in 2015

V 27 review papers published in 2012-2015
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Influence of Drying Conference /LDRT

Influence of IDS/LDRT on Drying R&D

Users Vendors
Interactive

ÅProduct 

development

ÅProcess 

development

ÅInteraction 

with global 

academic

PostgradResearch

ÅDryer innovation

ÅImproved designs/ 

scale-up

ÅConnected with 

innovators in 

academics globally

ÅMarketing 

opportunities

ÅTarget oriented

ÅMulti displaying

ÅCombined transport 

phenomenon with 

material science

ÅForum to present new 

results, transfer 

knowledge between 

industry/academic

ÅMultidisciplinary

research 

ÅNetworking

ÅMentoring 

opportunities

ÅCollaborative 

research

ÅExposure to 

global expertise

Industry intention

Academic Industrial



SWOT Analysis

A Brief SWOT Analysis

Strengths Globalized, multi-disciplinary, multi -industry forum 
with huge opportunities for innovation

Weaknesses Highly interdisciplinary; applied discipline; 

Options/
Opportunities

Broad range of problems in drying/dewatering with 
over 10000 materials in several hundreds of dryers . 
Huge opportunities for enhancing efficiency, quality, 
environmental impact

Threats As applied discipline must benefit industry/society. 
Technology transfer is key. Must attract active 
industry participation. A real challenge. Threatens 
innovation.
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Innovation in Drying Technology

× Introduction - What is innovation? Novelty, Renovation
versusInnovation

× Why Innovation? Incremental vs Radical

× Technology Development via Industry -University
Collaboration

× Time scales of Innovation in Drying-Academia-Industry
appearto be a mismatch

× Innovative dryers-most are at lab and pilot scales



Thinking Out of the Box



Key areas for improvement!

Conventional dryer type Scope for improvement

Tray Design of air distribution system to achieve flow 

uniformity

Fluidized bed dryers Poor fluidization quality of class ôCõ and class ôDõ 

particles; improving gas distribution system; novel 

chamber designs

Spray dryers Improvement in drying chamber design; 

improvement of atomization; injection of 

supplementary air; application of CFD

Rotary dryers New designs of flights; Use of internal HE; 

Improvement of hot air injection system

Vacuum dryers Use of combined heating modes; 

Freeze dryers Controlling crystal size; reduce cycle time; 

operation at atmospheric pressure to reduce cost



Motivating Factors for Innovation

× New product or process

× Higher capacities than current technology permits

× Better quality than currently feasible

× Reduced overall cost

× Reduced environmental impact, sustainable

× Safer operation; more flexibility

× Better efficiency



Developments in drying

Coarse Classification of 

Innovations in Thermal Dryers

How wet material 

is handled 
Miscellaneous

ÅStationary

ÅMoving 

ÅAgitated

ÅVibrated 

Åetc

ÅConvection

ÅConduction

ÅRadiation

ÅMW/RF

ÅCombinations /  

Concurrent /  

Consecutive

ÅIntermittent

How heat is 

supplied to dryer 

ÅHybrids

ÅMulti -staging

ÅIn-situ heat 

generation ðRema 

flam / Flame 

Drying

ÅPulse Combustion 

Drying

ÅSuperheated 

Steam Drying



Developments in drying



On Innovation in Drying Tech - Why Slow?

× Hundredsof innovative ideashaveappearedin public domain - IDSand
LDRTamongother publications

× Few are followed up and are actually used in industry ; often ideas are
usedbut not known to originator sometimefor over a decade

× Cost of scale up, R&D is prohibitive for most vendors specializing in
only a few dryer types

× Long life of dryers makes need for innovative designs not critical
enough; multiple dryer typescanoften perform equally well

× Experiments with large quantities makes development of new dryers
very expensive. Henceneedfor reliable drying and dryer models

× Validated math models can then be used to explore new designs e.g.
different spray chamberconfigurations

× As knowledge replaces know how in dryer design/scale-up, we can
look forward to greater innovation in drying equipment



On Innovation in Drying Tech - Why Slow?

1. Most innovative ideas in public domain comefrom academia; they are tested on lab scaleand

frequently modelled to allow scale-up ; technoeconomicanalysisconspicuousby absence

2. Drying/dryers re highly nonlinear units/processes requiring expensive empirical input and

knowhow to commercialize. Collaboration between academia,user and vendor necessaryfor

technologytransfer.

3. Half-life /operating life of most dryer systems are long , discouraging need for replacement

with better/innovative dryers. Developing economies are more likely to leapfrog to new

Technologythen establishedonese g vacuumsteamdrying of timber.

4. Buzz Word research areas tend to attract major fraction of funding available; much less

available for R&Din drying. Industrial funding hasnot taken up the slackfor various reasons.

Solution : Make R&Dcost-effective by sharing knowledge, ideas,resourcesglobally and enhance

industry -academiainteraction.



Time to Commercialization

× From proof -of -concept to commercialization is a long tortuous

nonlinear route

× Often it takes one to several decades; many never see successful

technology transfer

× Superheatedsteam drying idea was first published in 1898 - still not

commontechnologydespitenumerousadvantages

× Pulsecombustion drying concept has been around for over 6 decades

but still not mainstream

× Impinging streamdryers alsohavenot succeededin commercialization
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Intermittent drying

Ò Another way - applying step-wise change in operating 

conditions

Ò Especially final stage of drying ðdrying rates are sluggish 

(diffusion controlled) hence effect of external conditions 

is negligible

Ò Use ðstepwise change in operating conditions to save 

energy

Ò Use ðCombinations of modes of heat input 

Ò Concept can be applied for different drying methods ðtray 

dryer, FBD, conveyor dryer etc.

Ò Flipping of product?



Intermittent drying

Classification of Intermittent 

Dryers

ON/OFF 

Type

Examples:

Pulsed 

fluidized 

beds

Pulsed heat 

pump drying

Cyclic 

Examples:

Fixed/variable 

frequency

Multi -flash 

drying

Heat pump 

drying

Step-wise 

Examples:

Convective 

drying of foods 

with step -wise 

change in 

operating 

conditions

Random 

Variations

Examples:

Use of 

hybrid heat 

inputs at 

random time 

as required



Intermittent drying

Some examples of Intermittent Drying

Rotating Jet Spouted Bed dryer

Pulsed bed - intermittent fluidization

Vibrated bed with tempering periods

Intermittent IR/MW in a batch heat pump dryer

Conveyor (Apron) dryer with parts of the dryer 

unheated

Aside from reduced energy/air consumption, product quality may be better 

for heat -sensitive and/or fragile solids. Slight increases in drying time are 

expected



Intermittent drying



Variable pressure drying

Ò Instantaneous Controlled Pressure Drop òDICó method (Détente 

Instantanée Controlee)

Pressure 

MPa

Time

Patm

Vacuum

Instant Pressure Drop

High température treatment 

time0.1< P <1

5 < t < 60 s

5 kPa

Autovaporization

Decontamination

Instant cooling

Expansion



Variable pressure drying

Expansion

Auto -

vaporization

DIC

Instant 

Cooling

Swell-Drying

Solvent 

Extraction

Cracking/ depolymerizat

ion of cellulose: 3 rd

generation bioethanol

DDS Direct 

Drying

Essential oil Extraction  

(volatile molecules)

Stop thermal 

degradation

3-stage spray-

drying

In-Situ TransEsterification

(Biodiesel)
De-

allergenicity

Decontamination



Variable pressure drying

Swell-DryingStandard Drying

Structure and Microstructure



Hybrid dryers

MW Freeze drying

Åmicrowave can heat the material volumetrically; thus, greatly improving 

freeze drying rate is possible 

Åmost promising techniques to accelerate drying and to enhance overall quality

ÅExamples ðCabbage, marine products, banana chips, potato, skim milk

T

Cold trap

Vacuum 
Pump

MW freeze drying 
chamber

MW source

freeze drying chamber



Hybrid dryers

ÅFlash + Fluid bed

ÅFluid bed + Packed bed 

ÅVacuum + MW

ÅWell-mixed fluid bed + 
plug flow fluid bed dryer

ÅConvection dryer + 
Vacuum frying

Some Hybrid Dryers

Liquid/ Paste
Sheets (e.g. 

fruit leather)
Particulate, Granular 

products

ÅSpray + Fluid bed

ÅSpouted bed or 
fluid bed of inert 
particles

ÅImpingement + IR
Radiation

ÅFluid bed of inert
particles



CO
2

Drying

× Use of pressurized CO2 to remove water from food materials

× Low temperature drying in absence of oxygen, hence, very good 

product quality 

× Lower investment cost

× Reduced energy consumption 

× short contact time

× No excessive shrinkage

× Environmentally friendly operation



Foam mat drying

× Foam-mat drying: drying liquid - solid foods by being mixed with 

stabilising agent and or foaming agent to produce stable foam, 

which undergoes air drying temperatures ranging from 50 -80 C

× Used to dry juice, milk, fruits, beverages, jams; foam dried 

product is then further ground to produce a powdered product.

× Less expensive, less complicated and is less time consuming 

(Foam formation is very crucial )



Foam mat drying

Steps:

ÅPreparation of fruit pulp

ÅPasteurization / cooling

ÅAdding foaming agent/whipping

ÅDrying (either hot air, freeze, spray drying)

ÅMild grinding/packaging



Smart dryers

Ò Drying is highly energy intensive hence it adversely effects

environment, plus good quality is needs to be maintained for

foods ðneed for smart/intelligent dryers

Ò Use mathematical models, advanced sensors and automatic

control strategies to design smart dryer

Ò A smart dryer:

Ó Provides actionable information regarding the performance of the

drying system

Ó Proactively monitors and detects errors or deficiencies in dryer

operation

Ó Incorporates the tools, technologies, resources and practices to

contribute to energy conservation and environmental sustainability .

Ò Designed to sense local drying conditions/product properties

and adjust them in order to get specified quality at optimized

energy consumption.



Smart dryers

Schematic of smart drying 

technology

Scheme of the drying tunnel 

with NIR



Smart dryers

Schematic diagram of experimental 

set-up for the control system
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Future R&D Needs

1. Applied vs Basic (fundamental , non targeted )

ÁOnly 5 per cent of all. Engineering Researchin15 European countries is

labelled Applied in a recent study. This is alsotrue of ADC,LDT

ÁHowever some Scienceoriented journals to look at some basic issues in

Drying but at microscale.Difficult to usefor design/optimization etc

ÁMajor problems : Drying materials are too complex; parameters are

dynamic and hard to measureaccurately,computationally very challenging

etc

ÁFunding for blue sky Research - like drying materials is shrinking

everywhere !



Future R&D Needs

2. Need to study microstructure and relate it through multi -scale

modelling to drying kinetics, quality parameters etc.

Á Needto study microstructure and relate it through multi -scalemodelling to drying

kinetics, quality parametersetc.

3. Innovative dryers - miniaturized, smart , optimized with low carbon

footprint etc.

Á Expensive computationally and experimentally. Needs advanced instrumentation

like NMR,AFM,SCM,TEM,XRD,X-ray tomography,etc etc. Evensuchmeasurements

do not often suffice to provide validation of models.



Future R&D Needs

× Basic research including multiscale modeling , molecular dynamic 

simulation along with advanced CFD modelling and computation of 

stress/strain development in drying solids

× Innovative dryers that are significantly smaller with low physical and 

carbon footprint capable of coupling renewable energy with fossil fuels 

as needed.

× Use AI to design smart dryers for high quality products. Are these 

needed?

× Re-evaluate current drying technologies in paper, wood, ceramics 

industries which have not shown trend to innovate in recent decades. 



How to Enhance Basic Research in Drying

× Currently most drying research is multi and interdisciplinary between 

applied sciences  engineering . New paradigm requires cooperation 

with pure sciences (chemistry, biochemistry, physics and mathematics)

× Publish in applied and pure science journals - already happening in 

limited areas such as colloids/suspensions/nanotechnology areas. 

Drying problems need to be made known to Science communities.

× Large industrial communities can offer grants to study science of 

drying to pursue so-called Blue Sky Research. Long term research is 

currently missing.

× Lack of truly novel ideas will hamper future innovation.



Role of Industry-Academia Collaboration 

1. Tangible support and collaboration by industry- users of dryers and 

vendors- is key to innovative drying technology in practice

2. Both incremental and radical innovations that disrupt current practice 

are possible only through such collaboration 

3. Minimization of R&D costs requires sharing human and capital 

resources via institutional cooperation and international networking 

4. Design innovation via reliable math modeling is cost-effective but much 

research is needed to improve design and scale up of new dryers

5. Reduction of carbon footprint while enhancing dried product quality is 

the goal of innovation 



Examples of Interdisciplinary Areas

Material Sciences

Biological Sciences

Health Sciences / Pharmaceuticals

Drying Technologies for most commodity products have matured although 

Deeper knowledge is needed for future improvement. No new ideas have 

Emerged in drying of paper, textiles, wood, ceramics etc. 
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Closing Remarks

ü Much has been achieved directly and indirectly on a global scale in 4

decades - inter and multidisciplinary theme of Drying Science and

Technologyhasadvancedsignificantly despitemajor barriers

ü A key accomplishmenthasbeento bring awarenessof the importance of

the subject to industry and academiain most sectors

ü International networking and active collaboration hasresulted in a high

degreeof innovation and generationof new ideas

ü Future R&D should be driven by basic sciencesworking with applied

sciencesand engineeringwith proactive industry participation



Closing Remarks

ü Advancesin analytical, visualization and computational tools should be applied

to advance basic knowledge of drying. This can also lead to cost effective

innovation.

ü Design and scale-up of drying systems should increasingly be based on basic

knowledgeand lesson knowhow.

ü Competing of research funds and human talent to this field will remain a

challengerequiring multiple innovative solutions which may vary with country.

A kaleidoscope of very challenging research problems still remains and will

needdecadesof further effort .

ü Industry participation is essential to effective technology transfer leading to

more efficient and cost effective industrial drying systems. Steps should be

taken to expandthe industry basein IDSsof the future.
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