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1 General Introduction 

Maize (Zea Mays L.) is a staple cereal that is grown in almost all agro-ecological zones and 
by over 95% of the nation’s smallholder farmers. It accounts for about 40% of daily calories 
and has a per capita consumption of 98 kilograms. In the period 2010 – 2015, annual maize 
production averaged 3.5 million metric tonnes (FAO, 2016). It is estimated that around 10 
million people in Kenya are chronically food insecure, with 2 - 4 million requiring emergency 
assistance on a regular basis (GoK, 2011). Kenya’s agriculture is predominantly rain-fed, 
with the productive crop growing zones making up just 20% of the country’s total land area 
(GoK, 2011). Traditionally, farmers practice stooking or bundling of maize, prior to the har-
vest, to speed-up drying (see Fig. 1.1). During heavy rains, these stooks expose maize to 
losses from germination and ear rots. They also shelter rodents and insects that feed on the 
harvest, damaging kernels and opening up avenues for fungal contaminants. The moisture 
content at physiological maturity can be as high as 38 % wet basis, dropping down to 25%, 
one month into the harvest season (Kaaya, Warren, Kyamanywa, & Kyamuhangire, 2005).  

 
Figure 1.1 “Stooked” maize on a farm in Kitale, Kenya. 

Mycotoxins are highly prevalent in Kenya’s food supplies (Kedera, Plattner, & Desjardins, 
1999; Mboya et al., 2011; Mutegi, Ngugi, Hendriks, & Jones, 2009). They are secondary 
metabolites produced by certain strains of fungi on a wide range of moist food crops includ-
ing cereals, legumes, oilseeds, tree nuts, spices, fruits and vegetables. The severity of spoil-
age is dependent on the fungal strains present, agronomic practices, the composition of the 
food, in-season droughts (erratic rainfall, hot-dry episodes) and the conditions of harvest, 
handling, and storage (Bryden, 2011; Magan et al., 2011). A random study by the American 
Center for Disease Control and Prevention (CDC) and Kenya’s Ministry of Public Health 
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found 65% of maize flour sold in 6 out of 8 provinces to be unfit for human consumption 
(Gathura, 2011).  

Better agronomic and storage practices have been recommended to address the problem 
(Hell & Mutegi, 2011). Pre-harvest mycotoxin mitigation strategies include timely planting, 
ensuring optimal plant densities, proper plant nutrition, avoiding drought stress (for irrigated 
crops), controlling other plant pathogens, weeds and insect pests and timely harvesting.  
Efforts to scale-up the use of biotic control agents for aflatoxin prevention in Africa are on-
going. AflasafeTM, developed and marketed by the International Institute of Tropical Agri-
culture (IITA), employs atoxigenic fungal strains to competitively exclude the toxin producers 
in soils and on crops with efficacy in the range of 50 – 99 % (Adejumo & Adejoro, 2014). 
Postharvest mycotoxin control measures include hygienic handling, limiting kernel damage, 
rapid and sufficient dehydration, proper transportation and packaging, sorting, cleaning, 
smoking, rodent and insect control (Hell & Mutegi, 2011). Safe storage options are also 
being promoted, including the adoption of hermetic (i.e. “air-tight”) solutions to mitigate 
against insects and rodents. Metal silos and Purdue Improved Crop Storage (PICs) bags, 
for example, have been promoted among smallholder farmers for their capacity to maintain 
the quality of the stored product for several months without the need for insecticides, thereby 
enabling smallholder farmers to access premium markets or take advantage of fluctuating 
grain prices to better their incomes and improve livelihoods (Tefera et al., 2011). 

Unseasonable rains present the biggest challenge for securing maize yields due to wet 
“sowing” conditions coinciding with the harvest. Almost all the documented outbreaks of 
acute aflatoxicosis in Kenya, including the most severe, have occurred during El Niño and 
La Niña years, otherwise called the El Niño Southern Oscillation (ENSO), which arise from 
warmer or cooler than normal temperatures in the tropical pacific, respectively, conditions 
which enhance precipitation, storms, floods and droughts in most of the world’s food growing 
zones (FAO, 2011; Rosenzweig, Iglesius, Epstein, & Chivian, 2001; WFP, 2013; Yeh et al., 
2009). Historically, El Niño events in Kenya have been associated with intensification of the 
“Short Rains” (October-November-December), frequently extending to February and 
thereby coinciding with the most of the country’s maize harvest within and outside grain 
basket regions(WFP, 2015). Provision of artificial dryers could go a long way in mitigating 
aflatoxicosis outbreaks associated with recurrent intensification of rains during the harvest 
season, but more research is required to address their high energy requirements and opti-
mise designs to match capacity constraints on small farms in Kenya, and hence the motiva-
tion to conduct this study. 
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2 General Objectives and Layout  

The critical role of water activity in biodeterioration and its potential to mitigate mycotoxins 
is broadly assumed and postharvest practices misinformed on farms. The yield and nutri-
tional value of maize peaks at physiological maturity, but deteriorates rapidly thereafter, 
when the harvest is delayed for lack of in-store drying capacity. Although shelling maize 
hastens dehydration, it is only recommended at moisture contents below 22%wb and this 
necessitates up to three months of pre-drying out in the fields or in cribs. This long period of 
post-maturity field exposure is unfavourable for crops grown in the hot and humid equatorial 
tropics, where rains, insects, moulds, rodents and thieves decimate on average 30% of the 
harvest, scaling up to 100% in the case of mycotoxins. Deficiencies in traditional storage 
infrastructure and practices compound losses under extreme wet weather conditions. Artifi-
cial dehydration of foods is recommended, but it is energy intensive and costly and this 
drawback continues to motivate research into dryer design, taking precedence over capacity 
and reliability (Gunasekaran, 1986; Mujumdar & Zhonghua, 2007; Stenström & Weineisen, 
2008).  This study sought to rethink and strategise design for in-store cobed maize drying 
on small farms so as to enhance capacity to mitigate aflatoxins under all weather conditions. 
More specifically it was sought to:- 

(i) characterise water activity in convective cobed maize drying 
(ii) assess optimal process conditions for forced maize drying on-the-cob 
(iii) assess the impact of traditional maize bulking practices (i.e. husking and shelling) on 

safe capacity in batch drying 
(iv) Explore air dehumidification strategies for hygienic maize drying in enclosed facilities 

In terms of layout, Chapter 3 reviews literature on conventional approaches to modelling 
food drying and compares available empirical data on shelled and cobed maize to assess 
consistency. Chapter 4 introduces the sensor psychrometric approach to profiling elemen-
tary drying kinetics of cobed maize along with its assumptions and validation. This new ap-
proach is then applied in Chapter 5 to address the questions of how process temperature 
and airflow influence the kernel-cob competitive dehydration and how to avoid excessive 
terminal kernel moisture rebound. In Chapter 6, sensor psychrometrics is combined with 
conventional batch drying theory to compare the effects of husking and shelling maize on 
the capacity to dehydrate maize safely, uniformly and with minimal supervision. Sufficient 
ventilation and loading requirements are estimated for “in-store” as opposed to field drying. 
In Chapter 7, the possibilities for in-store maize drying are explored further by comparing 
the efficacies of silica gel desiccant and hot-bulbs in dehumidifying enclosed convective air. 
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3 Evaluating the Convective Water Activity Simulation 
Consistency of Empirical Models for Artificial Shelled and 
Cobed Maize Drying 

Adequate drying is critical for the preservation of foods at harvest. Experiment based 
modelling-simulation is commonly used to guide the design and operation of dryers. In 
the absence of primary data, the prediction of the maize drying is usually based on these 
empirical formulations and significant errors in the estimation of the drying time have 
been reported. A dynamic / concentration based diffusivity was derived for documented 
crop drying models and used to compare the consistency of available data on maize. 
The results confirmed the unique drying characteristics of each of published sample 
sets, limiting the usefulness and objectivity of the widely practiced trend of process mod-
elling for global applicability. Whereas an accurate drying time prediction is important for 
a good choice model, precision in determination of the trend (represented by the variable 
diffusivity) was found to be of more significance for dryer design and the management 
product quality. 

3.1 Introduction 

Computational methods have been used to simulate crop drying under natural and artificial 
conditions (Erbay & Icier, 2010). Drying lowers the moisture content of grains and crops to 
below that favourable for microbial activity and is therefore crucial for postharvest control of 
aflatoxins. Simulation of drying is an approximate art, i.e. the exact interaction between 
many of the process parameters remains unresolved and approximations are therefore used 
to trace the time related product changes and replicate them for prediction of drying under 
similar conditions. Crop deterioration under non ideal drying and storage conditions has 
been reported (Hawkins et al., 2005).  

3.2 Empirical modelling of drying 

Modelling of drying processes is usually based on lumped equations that describe heat and 
mass transfer variations for the product under investigation under different environmental 
conditions (Jayas et al., 1991). The rate of variation in a solid’s moisture content (M) during 
drying is proportional to the distance from equilibrium (Me), expressible in the form (W. K. 
Lewis, 1921): 
𝑑𝑀

𝑑𝑡
= −𝑘(𝑀 − 𝑀𝑒)                                                                                                                                      (3.1) 

where k is the drying coefficient. Diffusion based models, which take into account both in-
ternal and external heat and mass transfer, predict the temperature and moisture gradients 
in drying products better. The analytical drying rate equation for a sphere of radius 𝑟𝑠, with 
concentration dependent diffusivity (D), is expressed as (Chu & Hustrulid, 1968): 

𝑑𝑀

𝑑𝑡
=

1

𝑟2

𝜕

𝜕𝑟
{𝑟2 𝐷

𝜕𝑀

𝜕𝑟
}                                                                        with {

𝑀 = 𝑀0, 𝑡 = 0, 𝑟 ≤ 𝑟𝑠

𝑀 = 𝑀𝑒 , 𝑡 > 0,𝑟 = 𝑟𝑠 
  (3.2) 

The solution form of these differential equations is largely dependent on the assumptions 
and simplifications that are applied.  
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3.2.1 Thin layer modelling based on assumed static drying kinetics 

Thin layer modelling is based on the representation of the analytical element either as a fully 
exposed single grain that is freely suspended or located in a single layer of kernels, or as a 
layer of grain thickness for which the temperature and relative humidity during drying are 
considered to be of the same thermodynamic state (Jayas et al., 1991). The following as-
sumptions are made in the derivation of analytical solutions to Eq. 3.2: 

 the effective moisture diffusivity does not change during drying 
 the drying product is homogeneous and isotropic 
 moisture movement is by liquid diffusion within the product and evaporation occurs 

only at interface with the drying medium 
 heat transfer occurs by convection outside the product and by conduction within 
 the materials physical and thermodynamic properties are time independent 
 shrinkage is negligible 
 temperature gradients are negligible within the thin layer 

For products with spherical shape equivalents, the solution takes the form (Hacıhafızoğlu 
et al., 2009): 

𝑀𝑅 =
𝑀(𝑡) − 𝑀𝑒

𝑀𝑜 − 𝑀𝑒

=
6

𝜋 2
∑

1

𝑛2
𝑒𝑥𝑝(−𝑛2𝑘𝑡)

∞

𝑛=1

≈ 𝑍(𝑘, 𝑡)                                                                       (3.3) 

where MR is the moisture ratio, Mo is the product moisture content at the start of drying (t = 
0). Z(k,t) is an empirically determined approximation correlation for the variation of MR, 
stated in terms of time (t) and the drying coefficient (k).  In the analysis, k is the defined in 
terms of an effective diffusion coefficient D and the radius rs, i.e. 

𝑘 =
𝜋 2𝐷

𝑟𝑠
2

                                                                                                                                                           (3.4) 

Empirically k is determined as the slope of the ln (MR) versus t plot. The observed graphs 
usually take a concave form negating the assumption of constant product diffusivity during 
drying. Table 3.1 gives a summary of drying model equations for different agricultural prod-
ucts (Erbay & Icier, 2010; Jayas et al., 1991).  
The following general observations are made: 

 A time dependent exponential or logarithmic decay in moisture content during drying 
is assumed in all models. 

 The Page model has broad applicability in predicting drying of crops and grains. 
 No single model is adequate to describe the drying characteristics of all products. 
 Multiple models have been applied to describe drying of the same or similar product.  

The broad variability displayed by these findings underlines the complex nature of the 
drying process (or the limited understanding of it). The quoted empirical model coefficients 
are sensitive to changes in experimental methods and procedures as well as location, indi-
cating that the drying process is governed by local product, environment and process spe-
cific conditions. This appears to limit the usefulness and objectivity of the widely practiced 
trend of equation modelling for global applicability.   

A significant inconsistency comparing model assumptions with published empirical data 
is the representation of the drying and (by extension) the diffusion coefficient as constant 
during drying. The differentiable falling rate drying periods observed with most products are, 
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on the contrary, indicative of drying kinetics change with the progressively reducing product 
moisture concentration (Brooker, Bakker-Arkema, & Hall, 1992; Chu & Hustrulid, 1968; 
Sharaf-Eldeen, 1979).  

 
Table 3.1Thin layer drying models for crops and grains (Erbay & Icier, 2010; Jayas et 
al., 1991)  

Name Model equation and product examples* 
Lewis (Newton) Model 𝑀𝑅 = 𝑒𝑥𝑝(−𝑘𝑡) 

products Maize (shelled, ears, cobs), barley, wheat, black tea, 
parboiled paddy, walnuts, shelled popcorn, hay, alfalfa 

Page Model 𝑀𝑅 = 𝑒𝑥𝑝(−𝑘𝑡𝑛) 
products Shelled maize, bagasse, rice (rough, parboiled), white 

beans, grass seed, sunflower oilseed, barley, in shell 
pecans, coconut, dates, grape, green chilli, parsley, 
canola, peanut pods, grass (fresh ryegrass), lentils 

Modified Page Model 𝑀𝑅 = 𝑒𝑥𝑝(−𝑘𝑡)𝑛 or  𝑀𝑅 = 𝑒𝑥𝑝(−𝑘(𝑡 𝜑2⁄ )𝑛) 
products Basil, mint, soybeans, carrots,  kale, sweet potato 

Pabis  
(single term) 

Model 𝑀𝑅 = 𝜑𝑒𝑥𝑝(−𝑘𝑡) 
products Apricot, figs, mulberry fruits, green pepper, onion, 

mulberry fruits 
Modified Henderson 
& Pabis (three term) 

Model 𝑀𝑅 = 𝜑1 𝑒𝑥𝑝(−𝑘1𝑡) + 𝜑2𝑒𝑥𝑝(−𝑘2𝑡) + 𝜑3𝑒𝑥𝑝(−𝑘3𝑡) 

products Grape, cobed maize, plum 
Two term 
exponential 
(Verma et. al) 

Model 𝑀𝑅 = 𝜑1 𝑒𝑥𝑝(−𝑘1𝑡) + 𝜑2𝑒𝑥𝑝(−𝑘2𝑡) or 
𝑀𝑅 = 𝜑1 𝑒𝑥𝑝(−𝑘1𝑡) + (1 − 𝜑1)𝑒𝑥𝑝(−𝑘1𝑘2𝑡) 

products Maize (shelled and cobed), parsley, peach, hazelnut, 
onion, wheat (parboiled), stuffed pepper, banana 

Logarithmic Model 𝑀𝑅 = 𝜑1 𝑒𝑥𝑝(−𝑘𝑡) + 𝜑2 
products Apple, apricot, figs (whole), mulberry fruits, cobed maize 

Midilli et. al. Model 𝑀𝑅 = 𝜑1 𝑒𝑥𝑝(−𝑘𝑡) + 𝜑2𝑡 

products Pistachio, mushroom, longan, apple, apricot, eggplant, 
potato, strained yoghurt, olive husk 

Thompson et. al Model 𝑡 = 𝜏1𝑙𝑛(𝑀𝑅) + 𝜏2[𝑙𝑛(𝑀𝑅)]2 
products Shelled maize, Hazelnut, Sorghum 

*Not exhaustive. Key: t = time, k, ki = rate constants, i = time constants,  i = dimensionless shape 
constants 

3.2.2 Thin layer modelling based on dynamic drying kinetics 

The exact nature of the driving potential moisture transport during drying is undetermined. 
A distinction between moisture concentration and vapour pressure based liquid diffusion has 
been made. Chu & Hustrulid (1968) proposed that the diffusivity in drying varies with the 
moisture concentration and assumed the experimental drying curve to correspond to the 
total diffusivity of the product. The moisture content Eq. 3.3, with this consideration, is rep-
resented as: 
𝑀 = 𝑀𝑒 + 𝑍 (𝑀𝑜 − 𝑀𝑒)                                                                                                                               (3.5) 
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with M = M(t), Z = Z(k,t) i.e. the empirically determined drying curve equation, and the fixed 
parameters Mo and Me as already defined. Differentiating Eq. 3.5 with respect to time yields 
the drying rate expression: 
𝑑𝑀

𝑑𝑡
= Z ′ (𝑀𝑜 − 𝑀𝑒)                                                                                                                                      (3.6) 

where Z ′ = 𝑑𝑍 𝑑𝑡⁄ . Dividing Eq. 3.6 by Eq. 3.2 yields: 
1

𝑀𝑅

𝑑𝑀

𝑑𝑡
=

Z ′

𝑍
(𝑀𝑜 − 𝑀𝑒)                                                                                                                             (3.7)  

from which the drying rate can be rewritten as: 
𝑑𝑀

𝑑𝑡
= −𝑘′(𝑡𝑐)(𝑀 − 𝑀𝑒)                                                                                                                             (3.8)  

This is comparable to Eq. 3.1, but with k = k’(tc), a variable drying rate coefficient given by: 

𝑘′(𝑡𝑐) = −
Z ′(𝑡𝑐)

𝑍(𝑡𝑐)
                                                                                                          , 𝑘′(𝑡𝑐) ≥ 0         (3.9)  

where tc is the characteristic time that is correlated to the thin layer drying time from Mo to 
Me as recommended by  Bruce (1985). The moisture condition (MR) of the drying product 
(not the drying time) is the actual independent variable for all drying kinetics and therefore 
tc is determined as: 
𝑡𝑐 = 𝑓(𝑀𝑅)                                                                                                                                                   (3.10) 
and can be expressed either exactly, by applying subject inversion to the empirical model 
equation for MR, or approximately by regression where MR is complex. It follows from Eq. 
3.4 that the concentration based diffusivity, 𝐷(𝑡𝑐), is expressible for objects with spherical 
form equivalents as: 

𝐷(𝑡𝑐) =
𝑟2

𝜋 2
  𝑘′ (𝑡𝑐)                                                                                                                                     (3.11) 

Table 3.2 shows the k’(tc) evaluations for some of the frequently used modelling equations 
listed in Table1. The drying coefficient is observed to be dependent on MR in all models 
except the Lewis (Newton) and the Pabis (single term).  
Table 3.2 Dynamic drying coefficient computations for commonly used models 

Name Dynamic drying coefficient, 𝒌′(𝒕𝒄), 𝑴𝑹 =
𝑴−𝑴𝒆

𝑴𝒐−𝑴𝒆
 

Lewis (Newton) 𝒌′(𝒕𝒄 ) 𝑘 
𝒕𝒄 −(𝑙𝑛𝑀𝑅) 𝑘⁄   

Page 𝒌′(𝒕𝒄 ) 𝑛𝑘𝑡𝑐
𝑛−1 

𝒕𝒄 ((−𝑙𝑛𝑀𝑅) 𝑘⁄ )1 𝑛⁄  

Pabis  
(single term) 

𝒌′(𝒕𝒄 ) 𝑘 

𝒕𝒄 −(𝑙𝑛(𝑀𝑅 𝜑⁄ )) 𝑘⁄  
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Table 3.2 (Cont.) 
Name Dynamic drying coefficient, 𝒌′(𝒕𝒄), 𝑴𝑹 =

𝑴−𝑴𝒆

𝑴𝒐−𝑴𝒆
 

Modified 
Henderson & 
Pabis (three 
term) 

𝒌′(𝒕𝒄 ) 𝑘1𝜑1𝑒𝑥𝑝(−𝑘1𝑡𝑐 ) + 𝑘2𝜑2𝑒𝑥𝑝(−𝑘2𝑡𝑐) + 𝑘3𝜑3𝑒𝑥𝑝(−𝑘3𝑡𝑐)

𝜑1𝑒𝑥𝑝(−𝑘1𝑡𝑐) + 𝜑2𝑒𝑥𝑝(−𝑘2𝑡𝑐 ) + 𝜑3𝑒𝑥𝑝(−𝑘3𝑡𝑐)
 

𝒕𝒄 𝑓(𝑀𝑅), regression fit 

Two term 
exponential 
(Verma et. al) 

𝒌′(𝒕𝒄 ) 𝑘1𝜑1𝑒𝑥𝑝(−𝑘1𝑡𝑐 ) + 𝑘2𝜑2𝑒𝑥𝑝(−𝑘2𝑡𝑐)

𝜑1𝑒𝑥𝑝(−𝑘1𝑡𝑐 ) + 𝜑2𝑒𝑥𝑝(−𝑘2𝑡𝑐)
 

𝒕𝒄 𝑓(𝑀𝑅), regression fit 

Logarithmic 𝒌′(𝒕𝒄 ) 𝑘𝜑1𝑒𝑥𝑝(−𝑘𝑡𝑐 )

𝜑1𝑒𝑥𝑝(−𝑘𝑡𝑐 ) + 𝜑2
 

𝒕𝒄 
−

1

𝑘
(𝑙𝑛 (

𝑀𝑅 − 𝜑2

𝜑1

)) 

Midilli et. al. 𝒌′(𝒕𝒄 ) 𝑘𝜑1𝑒𝑥𝑝(−𝑘𝑡𝑐 ) + 𝜑2

𝜑1𝑒𝑥𝑝(−𝑘𝑡𝑐 ) + 𝜑2𝑡𝑐
 

𝒕𝒄 𝑓(𝑀𝑅), regression fit 

𝒕𝒄  = thin-layer (characteristic) drying time, 𝒌, 𝒌𝒊 = rate constants, 𝝋𝒊= regression model constants 

3.2.3 Water activity characterisation in deep bed drying and rewetting of grains and 
crops 

For a better analysis of deep bed drying dynamics, the variation in the product moisture 
content can be considered driven by the difference in vapour pressure between the product 
boundary layer (Pv) and the surrounding gas (Pva), expressed as (Courtois, Lebert, 
Duquenoy, Lasseran, & Bimbenet, 1991): 
𝑑𝑀

𝑑𝑡
= −

𝑎𝑔 𝛽

𝜌𝑔

(𝑃𝑣 − 𝑃𝑣𝑎)                                                                                                                             (3.12) 

where ag is the drying products specific surface (i.e. exposed surface area per unit volume, 
m2 m-3),  𝛽 is the mass transfer coefficient related to pressure (kg m-2 Pa-1 s-1) and 𝜌g is the 
product bulk density. The vapour pressure at the moist material’s surface is proportional to 
the saturation pressure (Pvsat) and is dependent on the water activity (aw), a decimal coeffi-
cient defining the equilibrium relative humidity at the product-air interface. 

𝑃𝑣 = 𝑎𝑤 𝑃𝑣𝑠𝑎𝑡                                                                                                                                              (3.13) 
Assuming the simultaneous action of both concentration and vapour pressure based liquid 
diffusion (Chinnan & Young, 1977), an expression for the determination of the dynamic water 
activity was derived from Eq. 3.8, Eq. 3.12 and Eq. 3.13: 

𝑎𝑤 = − (
𝑑𝑀 𝑑𝑡⁄

𝛽𝑎𝑔𝑃𝑣𝑠𝑎𝑡 𝜌𝑔⁄
) + 𝑅𝐻                                                                                {

0 ≤ 𝑎𝑤 ≤ 1
0 ≤ 𝑅𝐻 ≤ 1

     (3.14) 

where RH is the relative humidity of the surrounding air, 𝑅𝐻 = 𝑃𝑣𝑎 𝑃𝑣𝑠𝑎𝑡⁄ . Incorporating the 
drying rate correlation from Eq. 3.8 yields: 

𝑎𝑤 =
𝑘′(𝑡𝑐)(𝑀 − 𝑀𝑒)

𝛽𝑎𝑔𝑃𝑣𝑠𝑎𝑡 𝜌𝑔⁄
+ 𝑅𝐻                                                                                     {

0 ≤ 𝑎𝑤 ≤ 1
0 ≤ 𝑅𝐻 ≤ 1
𝑘′(𝑡𝑐) ≥ 0

    (3.15) 
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The influence of both internal and external factors on the drying process can be accounted 
for in the fractional first term of Eq. 3.15.  The numerator function represents the actual rate 
of moisture generation at the surface of the product (Eq. 3.8) and is largely dependent on 
the diffusivity (and hence the temperature and moisture condition) and the distance from 
equilibrium. The denominator term denotes the limiting (or potential) rate of moisture re-
moval corresponding to the maximum vapour pressure difference (Eq. 3.12, Pv – Pva = Pvsat). 
It is dependent on the mass transfer coefficient which in turn is proportional to the surround-
ing air flow dynamics and thermodynamics. 

The water activity at the surface of drying products is observed to be very dependent on 
the relative humidity of the surrounding air. Three unique cases, with respect to Eq. 3.15, 
arise: 
Case 1:  Equilibrium product moisture condition (M = Me) 

There is no mass transfer and 𝑎𝑤 = 𝑅𝐻 , i.e. the surface water activity is equal 
to the environmental relative humidity.  

Case 2:  Saturated air humidity condition (RH = 1) 
Here(𝑀 − 𝑀𝑒) ≤ 0, for 0 ≤ 𝑎𝑤 ≤ 1. The product is either at equilibrium (M = 
Me) or rewetting (𝑀𝑒 > 𝑀). 

Case 3: Dry product surface condition (aw=0) 
Here 𝑀𝑒 > 𝑀  for RH > 0, and hence this case applies only to rewetting. The 
critical product rewetting rate under surface dry conditions is independent of 
the internal factors and is expressed as: 
𝑑𝑀

𝑑𝑡
|

𝑎𝑤=0

=
𝑎𝑔𝛽𝑃𝑣𝑎

𝜌𝑔

                                                                                                          (3.16) 

Eq. 3.15 is suitable for design and optimisation of different product drying and rewetting 
processes. High efficiencies in deep bed drying can be obtained by maximising the fractional 
term in Eq. 3.15 at the expense of RH. When drying and storing food crops over very long 
periods, the water activity aw, however, should be maintained at levels that are non-ideal 
for growth of moulds to inhibit the production of harmful mycotoxins. 

3.3 Water activity simulation consistency in maize drying  

In the absence of primary data, the prediction of the maize drying is sometimes based on 
published empirical formulations. Errors on the prediction of the drying time in the range of 
up to 20 hrs. have been reported (Friant, Marks, & Bakker-Arkema, 2004). The nature and 
the significance of the variability, when cross - border / experiment model applicability is 
assumed, were determined. Table 3.3 and Table 3.4 provide empirical data for the drying 
characteristics of shelled and cobed maize, respectively. For computation of diffusion char-
acteristics, the equivalent spherical radius (𝑟𝑠) for the theoretical test samples was approxi-
mated from the empirical data (Brooker et al., 1992; Sharaf-Eldeen, 1979) using the corre-
lation: 
𝑟𝑠

3
  =

Volume 

Surface area 
|

product ≈sphere

=  
1

𝑎𝑔

                                                                                             (3.17) 
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Table 3.3 Empirical model comparisons for shelled maize drying 
Model Coefficients and range of application 
Lewis/ 
Newton 

𝑀𝑅 = 𝑒𝑥𝑝(−𝑘𝑡) 
𝑘 = 𝑒𝑥𝑝(13.328 − 0.0115𝑟ℎ − 8255.9(492 + 1.8𝑇)−1) ℎ−1  
23.5 ≤ T ≤ 56.9 oC,  10 ≤ rh ≤ 60%                     Westerman et al., 1973 

Page  
 

𝑀𝑅 = 𝑒𝑥𝑝(−𝑘𝑡𝑛) 
𝑘 = 𝑒𝑥𝑝(−7.1735 + 1.2793𝑙𝑛(1.8𝑇 + 32) + 0.1378𝑣) ℎ−𝑛  
𝑛 = 0.0811𝑙𝑛(𝑟ℎ) + 0.78𝑀𝑜 ; 2.2 ≤ T ≤ 71.1oC ;  3 ≤ rh ≤ 83% 
0.025 ≤ v ≤ 2.33 [m/s];  0.18 ≤ M ≤ 0.6  [𝑔 𝑔𝑑𝑚

−1 ]            
                                                                              Misra & Brooker, 1980 
𝑘 = 0.01091 + (2.767 × 10−6)𝑇2 + (7.286 × 10−6)𝑇𝑀𝑜 𝑚𝑖𝑛−𝑛  
𝑛 = 0.5375 + (1.141 × 10−5)𝑀𝑜

2 + (5.183 × 10−5)𝑇2  
27 ≤ T ≤ 116 oC;  0.23 ≤ M ≤ 0.36 [𝑔 𝑔𝑑𝑚

−1 ],                   Li & Moray, 1984 
Two-term 
exponential 
 

𝑀𝑅(𝑡) = 𝜑1 𝑒𝑥𝑝(−𝑘1𝑡) + 𝜑2𝑒𝑥𝑝(−𝑘2𝑡)  
𝜑1 = 0.6567 and 𝜑2 = 1 − 𝜑1  
𝑘1 = 236.6𝑒𝑥𝑝[(0.00021𝑇𝑎𝑏𝑠 − 0.0574)𝑀𝑜 − 2108.5 𝑇𝑎𝑏𝑠⁄ ] [ℎ−1]  
𝑘2 = 0.0981𝑘1 ; 35 ≤ T ≤ 75 oC;  0.03 ≤ M ≤ 0.39  [𝑔 𝑔𝑑𝑚

−1 ]   
2 ≤ rh ≤ 13.4 ], v=2.65 m/s,                                     Sharaf-Eldeen, 1979 
𝜑1 = 0.73106 and 𝜑2 = 0.22499 
𝑘1 = 281.287𝑒𝑥𝑝(− 3863.87 𝑇𝑎𝑏𝑠⁄ ) [𝑚𝑖𝑛−1] , 𝑘2 = 25.027𝑘1,  
40 ≤ T ≤ 80 oC, 2.8 ≤ v ≤ 3.0 m/s,  0.25 ≤ 𝑀𝑜≤ 0.33 [𝑔 𝑔𝑑𝑚

−1 ], 
                                                                                             Jittanit, 2007 

Thompson  
 

𝑡 = 𝜏1𝑙𝑛(𝑀𝑅) + 𝜏2[𝑙𝑛(𝑀𝑅)]2 
𝜏1 = −1.862 + 0.00488(1.8𝑇 + 32)    [ℎ] 
𝜏2 = 427.4𝑒𝑥𝑝[−0.033(1.8𝑇 + 32)]    [ℎ] 
50 ≤ T ≤ 150 oC, 0.136 ≤ M ≤ 0.49 [𝑔 𝑔𝑑𝑚

−1 ] , 0.1 ≤ v ≤ 0.3 m/s 
                                                                        Thompson & Foster, 1968 

Analytical 
 

𝑑𝑀

𝑑𝑡
=

1

𝑟2

𝜕

𝜕𝑟
{𝑟2𝐷

𝜕𝑀

𝜕𝑟
} 

𝐷 = 0.00415𝑒𝑥𝑝 (−
3157.6

𝑇𝑎𝑏𝑠
)    [m2ℎ−1]; 40 ≤ T ≤ 70oC; 0.136 ≤ Mo ≤ 0.25   

kg/kg, db; v = 2 m/s; 9 ≤ rh ≤ 24%, rs = 0.004m 
                                                                           Hacıhafızoğlu et al., 2009  
𝐷 = 1.5314𝑒𝑥𝑝[(0.00045𝑇𝑎𝑏𝑠 − 0.05485)𝑀 − 2513 𝑇𝑎𝑏𝑠⁄ ] [m2ℎ−1] 
50 ≤ T ≤ 70 oC, 10 ≤  M ≤  36 [𝑔 𝑔𝑑𝑚

−1 , %] 
rs = 0.0035m, 11 ≤ rh ≤ 70%                                 Chu & Hustrulid, 1968 

The drying curves and the derived moisture diffusivity data were reproduced in Microsoft 
ExcelTM for the empirical models. Comparisons were made, for product drying from 0.4 to 
0.05 𝑔 𝑔𝑑𝑚

−1  at 40oC and 60oC for shelled maize and cobed maize. In both cases a relative 
humidity of 15% and a superficial velocity of 0.5 m/s (where necessary) were assumed. The 
equilibrium moisture content (𝑀𝑒, g gdm

-1 ) for shelled maize was derived using (Thompson et 
al, 1968): 

𝑀𝑒 = 5.69 [
−𝑙𝑛(1 − 𝑅𝐻)

3.82 × 10−5(9𝑇 5 + 82⁄ )
]

0.5

                                                                                            (3.18) 

and for maize ears using (Sharaf-Eldeen et al., 1980): 

𝑀𝑒 = 5.69 [
−𝑙𝑛(1 − 𝑅𝐻)

𝑇𝑎𝑏𝑠

]

0.55

                                                                                                                (3.19) 
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Table 3.4 Empirical data comparisons for drying of fully exposed (husked) cobed 
maize 

Model Coefficients and range of application 
Page  
 

𝑀𝑅 = 𝑒𝑥𝑝(−𝑘𝑡𝑛) 
𝑘 = 𝑒𝑥𝑝[−28.66 + (0.2744𝑇𝑎𝑏𝑠 − 86)𝑀𝑜 + 7947.8 𝑇𝑎𝑏𝑠⁄ ]   [ℎ−𝑛]  
𝑛 = 0.9915; 35 ≤ T ≤ 45 oC,  8 ≤ rh ≤ 15  %; v = 0.3 m/s,   
0.136≤ Mo≤ 0.52   [𝑔 𝑔𝑑𝑚

−1 ]                                   Friant et al., 2004  
Two-term 
exponential 
 

𝑀𝑅(𝑡) = 𝜑1 𝑒𝑥𝑝(−𝑘1𝑡) + 𝜑2𝑒𝑥𝑝(−𝑘2𝑡)  
𝜑1 = 0.8459 and 𝜑2 = 1 − 𝜑1  
𝑘1 = 902𝑒𝑥𝑝[(0.000195𝑇𝑎𝑏𝑠 − 0.0975)𝑀𝑜 − 2619 𝑇𝑎𝑏𝑠⁄ ]   [ℎ−1]  
𝑘2 = 0.1278𝑘1; 35 ≤ T ≤ 75 oC;  0.03 ≤ M ≤ 0.41  [𝑔 𝑔𝑑𝑚

−1 ] ; 
2 ≤ rh ≤ 13.4 %; 0.609 ≤ v ≤ 2.65 m/s            Sharaf-Eldeen, 1979 

Logarithmic 
 

𝑀𝑅(𝑡) = 𝜑1 𝑒𝑥𝑝(−𝑘𝑡) + 𝜑2   
𝐷 = 1.5314𝑒𝑥𝑝[(0.00045𝑇𝑎𝑏𝑠 − 0.05485)𝑀 − 2513 𝑇𝑎𝑏𝑠⁄ ] [m2ℎ−1] 
50 ≤ T ≤ 70 oC; 10 ≤  M ≤  36 [𝑔 𝑔𝑑𝑚

−1 , %]; rs = 0.0035m; 11 ≤ rh ≤ 70%                                                                   
Corrêa et al., 2011 

3.3.1 Comparisons based on empirical models for shelled maize drying 

Figure 3.1 shows the empirical model thin-layer maize kernel drying depictions at 40℃ and 
60℃.   As expected all models predicted increased water activity with corresponding shorter 
drying times at 60℃. Higher drying rates were associated with the Westerman, Li & Morey 
and Chu & Hustrulid models. Their experimental results were based exclusively on tests on 
remoistened or frozen thawed samples and with no correlation to data from drying of natu-
rally moist kernels. Hustrulid (1962) investigated the effects of experimenting with naturally 
moist, remoistened and frozen shelled corn on the drying rates, comparing the midrange 
drying times (half-times) and observed significant sample biasing only in the case of remois-
tened corn.  

The higher non-coincidence of predicted drying times, however (as 𝑀𝑅 0), shows that 
differences in applied water activity modelling are not significant in the first half (𝑀𝑅 > 0.5), 
but in the second where the possible bias of sample preparation was observed. The Thomp-
son model, developed from experiments range 500C to 1500C, was observed to correlate 
better with the results of other models at higher temperatures.  Out of range extrapolation of 
this model at 400C showed significant inconsistencies in both the predicted diffusivity and 
characteristic drying time. 
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Figure 3.1  Empirical model depictions of thin-layer maize kernel drying at 40℃ and 
60℃, for the experimental conditions stated in Table 3.3    

3.3.2 Comparisons based on cobed maize drying experiments 

Unlike the case of shelled maize, few studies report the drying kinetics of kernels on-the-
cob. Figure 3.2 shows the results of the empirical thin-layer cobed-maize drying at 40℃ and 
60℃.   The three models applied in this study showed good consistency and the predicted 
drying times were again observed to be independent of the variable model diffusivities in the 
first half of drying. The significantly big difference in the predicted drying times at the cut-off 
point (0.08 g gdm

-1 ) is attributed to the dip in the ear moisture diffusivity predicted by the 
Sharaf-Eldeen model in the second half of drying. Friant et al. (2004) showed their model to 
predict better the terminal dehydration of cobed maize in batch dryers. The Corrêa model 
predicted a faster drying at 600C compared to the other models. Possible biasing in the 
preparation of the test samples was observed again. The maize ears were subdivided twice 
significantly increasing the exposed surface per unit volume of drying product (Eq. 3.17). 
Both Sharaf-Eldeen and Friant, on the other hand, conducted tests on whole (undivided) 
ears. The out of range extrapolation, however, for the Corrêa et al. model at 350C compared 
favourably with the other models. 
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Figure 3.2  Empirical model depictions of thin-layer cobed maize drying at 40℃ and 
60, for the experimental conditions stated in Table 3.4 

3.3.3 Comparisons based on applied model 

Significant differences were observed in the moisture transport characteristics, especially 
in the case of shelled maize. Table 3.5 and Table 3.6 compare the predicted threshold dy-
namic drying constants for shelled and cobed maize, respectively. The Page model was 
associated with high diffusivity at the start of drying as a result of the differentiated fractional 
exponent that is applied on the time variable (i.e. t in the denominator). This model also 
predicted the highest variation in the drying rate in the initial period (Figure 3.1). A similar 
trend was observed for the purely empirical Thompson equation, indicating its potential for 
representing data described by the Page model. The two-term exponential was observed to 
predict variable diffusivity in the initial phase of drying followed by constant rate drying. Un-
like the other models, the logarithmic equation represented an increase in maize ear mois-
ture diffusivity during drying above 450C (Figure 3.2). The choice of model is often solely 
based on the application of statistical methods to isolate a best-fit correlation and, in some 
cases, multiple models have been observed to satisfy the set R-square accuracy require-
ments (Corrêa et al., 2011), despite their distinctly different diffusivity profiles. This justifies 
the need for more objectivity (or more advanced algorithms) in analysing the errors arising 
from the curve fitting process.  
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Table 3.5 Comparisons of initial drying rate predictions for shelled maize 
Applied model 
(shelled maize) 

Threshold drying constant 
𝒌𝒐 ≈ 𝑲′(𝟎), [h-1] 
40oC 60oC 

Westerman et al., 1973 0.23 0.55 
Misra & Brooker, 1980 16.67 29.53 
Li & Moray, 1984 3.67 4.21 
Sharaf-Eldeen, 1979 0.27 0.48 
Jittanit, 2007 0.54 1.13 
Thompson & Foster, 1968 0.74 0.85 

Table 3.6 Comparisons of initial drying rate predictions for cobed maize 
Applied model 
(Cobed maize) 

Threshold drying constant 
𝒌𝒐 ≈ 𝑲′(𝟎), [h-1] 
35oC 60oC 

Friant et al., 2004 0.04 0.07 
Sharaf-Eldeen, 1979 0.05 0.08 
Corrêa et al., 2011 0.05 0.07 

3.4 Conclusions and recommendations 

Empirical maize drying is governed by local product, environment and process specific con-
ditions and careful consideration should be made when experimental data is adapted for 
application outside these settings. Whereas an accurate time prediction is important, preci-
sion in determination of the trend (represented by the variable diffusivity) is of more signifi-
cance for dryer design and the management product quality. The standardisation of proce-
dures and equipment for field-based rapid profiling of product drying, as opposed to univer-
sal equation modelling, is in this regard recommended.  
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4 An Introduction to Computational Sensor Psychrometrics for the 
Digitisation of Convective Cobed Maize Drying  

This study introduces sensor-psychrometrics, as opposed to the physically constrained 
static-gravimetric experimentation, for the digital characterisation of cobed maize drying. 
Simultaneous spreadsheet integration and SolverTM analytics were used to interpret the 
digital drying curve from sensor-sampled psychrometric data. The results were validated 
gravimetrically at dryer settings of 37oC, 43oC, and 53oC. The ear drying curves were 
reproduced with a goodness-of-fit consistency of 0.997 – 0.999 across the different cal-
ibration settings. The new methodology, presented along with its uncertainty, exploits 
advances in computing and instrumentation to digitise empirical drying, moving experi-
mentation beyond the rigid confines of the lab to the desktop. 

4.1 Introduction 

The conventional drying experiment is gravimetric, i.e. desorption is described mainly in 
terms of weight loss (Erbay & Icier, 2010; Jayas et al., 1991). Thin layer drying experiments 
for maize and a wide range of other agricultural products are reported (Erbay & Icier, 2010; 
Jayas et al., 1991; Rahman, Islam, & Mujumdar, 2007; Shijun & Xuejun, 2011). These ex-
periments provide data that is used for the prediction of drying capacity in thick beds 
(Rahman et al., 2007; Sitompul, Istadi, & Widiasa, 2001; D.-W. Sun & Woods, 1997; Y. Sun, 
Pantelides, & Chalabi, 1995).  

Manual weighing is tedious and constrained.  Frequent interruption of the experiment is 
required and the extraction and displacement of the drying samples within the test environ-
ment do not always guarantee continuity. Although automated weighing is possible, it better 
suits products that dry quickly because the sensitivity of the elastic detectors used in such 
systems varies with temperature and the duration of continuous loading, effects which have 
been overlooked in some experiments (Sharaf-Eldeen, 1979). The shortcomings of expo-
nential modelling of drying based on gravimetric experimentation have been highlighted 
(Muchilwa, Hensel, & Matofari, 2014). Despite the good convergence of published sorption 
and desorption isotherms for maize (Samapundo et al., 2007; Soleimani, Tabil, Shahedi, 
Emami, & Alberta, 2006; D.-W. Sun, 1998), divergent exponential models are proposed for 
the convective drying kinetics (Corrêa et al., 2011; Friant et al., 2004; Muchilwa et al., 2014; 
Sharaf-Eldeen, 1979), pointing to the challenges of curve fitting sparsely sampled data.  To 
address this deficiency, the possibility of characterising and predicting empirical drying on 
the basis of electronically sampled psychrometric (hygroscopic and thermo-physical) data 
was investigated. More specifically, this study sought to: 

 develop a conceptual framework for profiling of single-ear cobed maize drying using 
temperature and humidity sensor data (conveniently referred to as sensor-psychro-
metrics). 

 benchmark the results of the new methodology against those of the standard gravi-
metric drying analysis. 

 characterise the uncertainty in the results of new technique 
This study forms part of a broader investigation to determine optimal drying requirements 
for cobed maize, considering the competitive dehydration of the kernels and the cob.  
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4.2 Materials and methods 

4.2.1 Drying rate profiling based on empirical temperature curves 

Evaporative cooling has been correlated to the convective drying of hygroscopic products 
(Kumar, Millar, & Karim, 2015). A model for the characterisation of drying based on this 
concept was set up with the following assumptions: 

 the supplied drying air temperature is constant 
 heat loss from system to surrounding air is negligible 
 each of the maize ear components are homogeneous and isotropic 
 heat transfer occurs by convection externally and by conduction inside the ear com-

ponents  
 Moisture evaporation occurs both at the surface of the kernels and on the cob (in the 

spaces between the kernels and cob) 
 drying of the kernels and cob takes place concurrently 
 the drying rate is piecewise constant 
 the materials physical and thermodynamic properties are time independent 
 Shrinkage does not significantly alter the system’s thermodynamics and can be ig-

nored 
The step response of a wet ear inserted into flowing stream of hot air is illustrated in Fig. 
4.1.  

 

Figure 4.1  Influence of drying on temperature curves 

In the absence of drying, heat gain is exponential and equilibration with the forced air is 
attained faster.  On the contrary, the temperature of a fully exposed wet ear inserted abruptly 
into a flowing stream of hot air increases above the threshold steady state value in a piece-
wise constant manner, representing a series of equilibrium levels between the rate of evap-
orative heat loss and the rate of convective heat gain, expressible as: 

ℎ𝑓𝑔

𝑑𝑀

𝑑𝑡
= ℎ𝑎𝑠(𝑇𝑎 − 𝑇(𝑡))                                                                            , 𝑇(𝑡)≥𝑇𝑠𝑠      (4.1) 
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For falling rate drying, the maximum dehydration rate is evaluated as the slope of the drying 
curve at start of drying and for the threshold equilibrium condition at the ear surface under 
steady state conditions, 

ℎ𝑓𝑔

𝑑𝑀

𝑑𝑡
|

𝑚𝑎𝑥

= ℎ𝑎𝑠 (𝑇𝑎 − 𝑇𝑠𝑠)                                                                                             (4.2) 

Dividing the first two expressions and neglecting changes in the heat transfer coefficients, 
yields: 
𝑑𝑀

𝑑𝑡
=

𝑑𝑀

𝑑𝑡
|

𝑚𝑎𝑥

𝑇𝑎 − 𝑇(𝑡)

𝑇𝑎 − 𝑇𝑠𝑠

                                                                              , 𝑇(𝑡)≥𝑇𝑠𝑠     (4.3) 

When drying is complete, temperature equilibrium is also achieved between the drying air 
and the product (i.e. as 𝑀 → 𝑀e ,𝑇(𝑡) → 𝑇e≈ 𝑇a) and Eq. (4.3) can be rewritten as: 
𝑑𝑀

𝑑𝑡
= TR

𝑑𝑀

𝑑𝑡
|

𝑚𝑎𝑥

 ;    TR =
𝑇𝑒 − 𝑇(𝑡)

𝑇𝑒 − 𝑇𝑠𝑠

                                                          , 𝑇(𝑡)≥𝑇𝑠𝑠      (4.4) 

TR is similar to the universal MR =  (𝑀 − 𝑀𝑒) (𝑀𝑜 − 𝑀𝑒)⁄ . The significance of Eq. (4.4) is 
that the drying rate is derivable from the experimental temperature. 

4.2.2 Drying rate profiling based on empirical humidity data 

Fig. 4.2 illustrates the innovative in-bottle drying concept that was applied in this study. Two 
independent airflow systems, each with close to 100% recirculation were applied, the first 
taking place in the bottle where the test sample is mounted and the second external, passing 
over a thermostat regulated heater (not shown) and providing convective heating to the bot-
tle. The external airflow recirculation rate was fixed while the internal in-bottle recirculation 
rate was varied depending on the maximum and minimum fan speed settings. 50% openings 
on the bottle top allowed the water of drying to escape into the external chamber and into 
the room, driven exclusively differences in vapour pressure (i.e. the test chamber faci litated 
the exhaustion of the water and not the air).  

The resistance to water vapour diffusion offered by the multi-millimetre sized ventilation 
of the test chamber, is incomparably lower than that offered by the microscopic pores of the 
dehydrating product at the same elevated temperature, and it can be deduced that relative 
humidity accumulation within the test chamber corresponds directly to the instantaneous 
drying rate. This was verified by changes in the room humidity which reflected instantane-
ously within the test chamber. The wet test samples were fully immersed into the in-bottle 
airflow. Temperature evaluations were made at the locations T1, T2 and T3 and the air hu-
midity sampled by a sensor placed in the recirculation stream as shown. 
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Figure 4.2 Schematic representation of in-bottle drying of cobed maize 

The two-channel temperature/humidity sensor data indicated changes in the in-bottle water 
activity at the temperature of the recirculating air stream, which varied less than 2oC between 
the initial steady state and terminal equilibrium. In this regard, the drying rate derived under 
assumed isothermal free-stream conditions is stated as (Courtois, 1993):  
𝑑𝑀

𝑑𝑡
= Φ(𝑎𝑤𝑃𝑣𝑠∞ − 𝑃𝑣∞)  = Φ𝑃𝑣𝑠𝑒(𝑎𝑤 − 𝑎𝑤𝑒 );  𝑃𝑣𝑠𝑒 = 𝑃𝑣𝑠∞                                                             (4.5) 

For dehydration characterised as falling rate, the maximum drying rate can be expressed 
as: 
𝑑𝑀

𝑑𝑡
|

𝑚𝑎𝑥

≅ Φ𝑃𝑣𝑠𝑒(𝑎𝑤𝑜 − 𝑎𝑤𝑒)                                                                                                                   (4.6) 

and by proportion; 
𝑑𝑀

𝑑𝑡
= HR

𝑑𝑀

𝑑𝑡
|

𝑚𝑎𝑥

 ; HR =
𝑎𝑤 − 𝑎𝑤𝑒

𝑎𝑤𝑜 − 𝑎𝑤𝑒

                                                                               (4.7) 

In terms of the corresponding equilibrium water activity at the product surface, Eq. (4.7) was 
rewritten as: 
𝑑𝑀

𝑑𝑡
= HR

𝑑𝑀

𝑑𝑡
|

𝑚𝑎𝑥

 ; HR =
𝑎𝑤

′ − 𝑎𝑤𝑒
′

𝑎𝑤𝑜
′ − 𝑎𝑤𝑒

′
;   𝑎𝑤

′ (𝑡)

= 𝑃𝑣 𝑃𝑣𝑠
′ (𝑡);  𝑃𝑣 = 𝑎𝑤 𝑃𝑣𝑠𝑒;⁄                                              

 𝑎𝑤𝑜
′ (𝑡) = 𝑃𝑣𝑜 𝑃𝑣𝑠

′ (𝑡);  𝑃𝑣𝑜 = 𝑎𝑤𝑜 𝑃𝑣𝑠𝑒 ;  𝑎𝑤𝑒
′ (𝑡) = 𝑃𝑣𝑒 𝑃𝑣𝑠𝑒

′ (𝑡);  𝑃𝑣𝑒 = 𝑎𝑤𝑒𝑃𝑣𝑠𝑒⁄⁄      (4.8) 
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with 𝑃𝑣𝑜and 𝑃𝑣𝑒 evaluated at the reference sensor/free stream temperature, and 𝑃𝑣𝑠
′  and 𝑃𝑣𝑠𝑒

′  
evaluated at the “pseudo-wet-bulb” temperature T1 (Fig. 4.2).  HR is similar in definition to 
the widely used MR and is significant because it facilitates estimation of the empirical drying 
rate directly from electronically sampled temperature and humidity data.  

4.2.3 Compensation for Environmental drift 

Two approaches were adopted to mitigate the effects of environmental vapour pressure 
fluctuations on the analysis: 

Differential humidity compensation with single point referencing 

Simultaneous humidity monitoring was conducted in the bottle and in the immediate envi-
ronment of the experimental setup. The room vapour pressure at the close of the experiment 
was set as the reference and variations from this point were compensated, in the bottle, 
using the following correlation: 

 𝑃𝑣
′(𝑡) = 𝑃𝑣(𝑡) +(𝑃𝑣∞ (𝑡) − 𝑃𝑣∞,𝑟𝑒𝑓) ;    =  

∆𝑃𝑣

∆𝑃𝑣∞

|
𝑀→𝑀𝑒

                                                              (4.9) 

The compensation factor  was evaluated from the change in vapour pressure within the 
bottle at the end of drying which corresponded directly to that in the room (i.e. environment). 
Estimation of the saturation vapour pressure was based on the following correlation.1 

𝑃𝑣𝑠[𝑚𝑏𝑎𝑟] ≅  6.11 × 10𝜕  ;  𝜕 =  
7.5𝑇

(237.7 + 𝑇)
                                                                                    (4.10) 

LOESS smoothing 

LOESS smoothing (Cleveland, 1979) was applied to further isolate short-term “noise”. This 
computationally intensive technique curves out trends from scattered data by sequentially 
applying localised simple regression to dynamic subsets of data. Alpha factors (α) were 
selected for maximum insensitivity of the LOESS curves to the changing room conditions at 
equilibrium, and also for rapid SolverTM convergence. Eq. (4.8) is restated, with drift com-
pensation and LOESS smoothing, as: 
𝑑𝑀

𝑑𝑡
= HR̂

𝑑𝑀

𝑑𝑡
|

𝑚𝑎𝑥

;  HR̂ =
𝑎𝑤 − 𝑎𝑤𝑒

𝑎𝑤𝑜 − 𝑎𝑤𝑒

 ; 𝑎𝑤 = LOESS(𝑎𝑤
′ (𝑡))                                                       (4.11)  

4.2.4 Optimisation modelling with MS Excel Spreadsheet Solver Analytics 

Use of Microsoft Excel Solver for computational modelling of biological phenomena, has 
been demonstrated (Denton, 2000; Roberts, Barnes, & Mackie, 2001; Walsh & Diamond, 
1995). Fig. 4.3 summarises some important aspects of the spreadsheet solver methodology 
based on empirical temperature and humidity data interpretation.  

The general form of the mass declination formula that was adopted for spreadsheet inte-
gration of the drying curve based on the variable drying rate (Fig. 4.3), is stated as: 

𝑚𝑖 = 𝑚𝑖−1 − ∆𝑡. ѱ𝑖 .
𝑑𝑀

𝑑𝑡
|

𝑚𝑎𝑥

                                                       , 𝑓𝑜𝑟 𝑚𝑖 ≥ 𝑚𝑓 , 𝑖 = 1,2,… , 𝑛       (4.12) 

For the lumped ear Non-Gravimetric Analysis (NGA): 

                                                                 
1 http://www.gorhamschaffler.com/humidity_formulas.htm, last accessed January 15, 2014 
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 𝑚𝑖,𝑁𝐺𝐴 = 𝑚𝑖−1 − ∆𝑡. HR̂𝑖 .
𝑑𝑀

𝑑𝑡
|

𝑚𝑎𝑥

;     ѱ𝑖 = HR̂𝑖 =
𝑎𝑤𝑖 − 𝑎𝑤𝑒

𝑎𝑤𝑜 − 𝑎𝑤𝑒

                  𝑖 = 1,2, … , 𝑛;         (4.13) 

 

Figure 4.3 Schematic showing the digitisation of the drying curve from 
electronically sampled water activity data using MS Excel Spreadsheet Solver 
analytics 

The composite mass of the whole ear in the Multicomponent Non-Gravimetric Analysis 
(MNGA) is stated as: 
𝑚𝑖,𝑀𝑁𝐺𝐴 = 𝑚𝑘𝑖 + 𝑚𝑐𝑖        , 𝑖 = 1,2, … , 𝑛                                                                                         (4.14) 
with the kernel mass as:  

𝑚𝑘𝑖 = 𝑚𝑘𝑖−1 − ∆𝑡. ѱ𝑖𝑘
.
𝑑𝑀

𝑑𝑡
|

𝑚𝑎𝑥,𝑘

;  ѱ𝑖𝑘
=  

𝑇𝑘𝑒 − 𝑇𝑘𝑖

𝑇𝑘𝑒 − 𝑇𝑘𝑠𝑠

           }
𝑖𝑓 𝑇𝑘𝑖 ≤𝑇𝑘𝑠𝑠  𝑡ℎ𝑒𝑛 𝑇𝑘𝑖 =𝑇𝑘𝑠𝑠 ,

𝑖𝑓 𝑚𝑘𝑖 ≤𝑚𝑘𝑓  𝑡ℎ𝑒𝑛 𝑚𝑘𝑖=𝑚𝑘𝑓

𝑓𝑜𝑟   𝑇𝑘𝑖 ≥𝑇𝑘𝑠𝑠  𝑎𝑛𝑑 𝑚𝑘𝑖 ≥𝑚𝑘𝑓

𝑖=1,2,…,𝑛
           (4.15) 

and the cob mass as: 

𝑚𝑐𝑖 = 𝑚𝑐𝑖−1 − ∆𝑡. ѱ𝑖𝑐
.
𝑑𝑀

𝑑𝑡
|

𝑚𝑎𝑥,𝑘

;  ѱ𝑖𝑐
= TR𝑐 =

𝑇𝑐𝑒 − 𝑇𝑐𝑖

𝑇𝑐𝑒 − 𝑇𝑐𝑠𝑠

    }
𝑖𝑓 𝑇𝑐𝑖 ≤𝑇𝑐𝑠𝑠  𝑡ℎ𝑒𝑛 𝑇𝑐𝑖 =𝑇𝑐𝑠𝑠 ,

𝑖𝑓  𝑚𝑐𝑖 ≤𝑚𝑐𝑓  𝑡ℎ𝑒𝑛 𝑚𝑐𝑖 =𝑚𝑐𝑓

𝑓𝑜𝑟   𝑇𝑐𝑖 ≥𝑇𝑐𝑠𝑠  𝑎𝑛𝑑 𝑚𝑐𝑖 ≥𝑚𝑐𝑓

𝑖=1,2,…,𝑛
           (4.16) 

The cob and kernel temperatures were approximated, for the sensing configuration shown 
in Fig. 4.2, as follows:  

𝑇𝑐𝑖 =
𝑇1 + 𝑇2

2
 ; 𝑇𝑘𝑖 =

𝑇2 + 𝑇3

2
                                                                                          (4.17) 

Eq. (4.15) and Eq. (4.16) were applied in the steady state, when the transients have stabi-
lised and so Ti was set to Tss when 𝑇𝑖 ≤ 𝑇𝑠𝑠. A near constant drying rate, related to the move-
ment of unbound surface moisture, is shown to persist and extend beyond the time required 
for temperature stabilisation.(Sharaf-Eldeen, 1979)  
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Exponential models have been used to represent the drying of biological materials (Erbay & 
Icier, 2010; Jayas et al., 1991). Two different speculative formulations were developed, con-
sidering temperature and humidity effects respectively. The temperature based (TMSGA) 
drying trend formulations were: 
For the kernel 

ѱ𝑖𝑘
=  

(�̂�𝑚𝑎𝑥 + 𝜑𝑘1𝑒𝑥𝑝(𝜑𝑘2𝑡𝛾𝑘1 )) − (�̂�𝑖 + 𝜑𝑘3𝑒𝑥𝑝(𝜑𝑘4𝑡𝛾𝑘2 ))

(�̂�𝑚𝑎𝑥 + 𝜑𝑘1) − (�̂�𝑚𝑖𝑛 + 𝜑𝑘3)
                    , 𝑖 = 1,2,… , 𝑛     (4.18) 

And for the cob 

ѱ𝑖𝑐
=  

(�̂�𝑚𝑎𝑥 + 𝜑𝑐1 𝑒𝑥𝑝(𝜑𝑐2𝑡𝛾𝑐1 )) − (�̂�𝑖 + 𝜑𝑐3 𝑒𝑥𝑝(𝜑𝑐4𝑡𝛾𝑐2 ))

(�̂�𝑚𝑎𝑥 + 𝜑𝑐1 ) − (�̂�𝑚𝑖𝑛 + 𝜑𝑐3)
                     , 𝑖 = 1,2,… , 𝑛       (4.19) 

The LOESS average for the empirical temperature variation in the bottle (see Fig. 4.2), was 
computed as: 

�̂�𝑖 = LOESS(𝑇(𝑡)𝑎𝑣𝑔 );  𝑇(𝑡)𝑎𝑣𝑔 =
𝑇1 + 𝑇2+𝑇3 + 𝑇𝑎

4
                                                                        (4.20)  

The drying trend formulations based on humidity data (HMSGA), were specified as follows:  

ѱ𝑖𝑘
=  

𝑎𝑤𝑖

𝑎𝑤𝑜

𝑒𝑥𝑝(−𝛿𝑘𝑡𝛾𝑘) ; ѱ𝑖𝑐
=  

𝑎𝑤𝑖

𝑎𝑤𝑜

𝑒𝑥𝑝(−𝛿𝑐𝑡𝛾𝑐)                                        , 𝑖 = 1,2,… , 𝑛       (4.21) 

The actual number of computations, n, was determined as: 

𝑛 =
Total drying time
Sampling interval

=
𝑡𝑡𝑜𝑡𝑎𝑙

∆𝑡
                                                                                                             (4.22) 

For sufficient representation of the experimental drying kinetics, a sampling interval t = 1 
minute was applied in this study. 

4.2.5 Uncertainty analysis 

An uncertainty analysis for the computational sensor-psychrometric methodology was per-
formed by accounting for the possible sources of error in the adopted procedures, which 
included difficulties in interpretation of temperature and relative humidity variations attribut-
able to the different maize ear components, difficulties associated with the determination of 
residual dry matter of the cobed maize components and, finally, difficulties in determination 
of the initial kernel / cob moisture content relation. The residual dry matter was stated along 
with its uncertainty as follows: 

𝑚𝑘,𝑑𝑚,0.95[𝑔] = (𝑚𝑘,𝑓 −
𝑚𝑘,𝑓 − 𝑚𝑘,𝑜𝑣𝑒𝑛

0.95
) ± (

0.05

2
) (

𝑚𝑘,𝑓 − 𝑚𝑘,𝑜𝑣𝑒𝑛

0.95
)                                       (4.23) 

and for the cob (most certainly) 
𝑚𝑐,𝑑𝑚 [𝑔] = 𝑚𝑐,𝑜𝑣𝑒𝑛                                                                                                                                     (4.24) 
Fig. 4.4 shows the defined uncertainty range for the kernel – cob moisture variation during 
field dry-down (ASABE Standards, 1999a), that was used along with the solver optimiser to 
estimate the average initial kernel moisture.  
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Figure 4.4 Uncertainty range for the initial cob-kernel moisture content relation 
(ASABE Standards, 1999a) 

4.2.6 Experimental hardware and procedures 

The drying experiments were carried out at the University of Kassel’s Department of Agri-
cultural Engineering in Witzenhausen, Germany. Maize ear samples from Kenya were 
wrapped in vacuum sealed bags and refrigerated at 8 ± 2oC, to inhibit moulding during the 
course of experiments. Prior to each run, a half- ear sample was extracted from the refrig-
erator and fully exposed to the ambient experimental room air conditions for 12 hours, so as 
to warm up remove any excess accumulation of water. The initial and final dimensional 
characteristics, i.e. length and circumference (taken at the bigger end, wrap around method) 
were measured for the same marked off positions on the sample, using a graduated tape 
measure. The volume of the sample (𝑉𝑠) at the start and end of each experiment, was esti-
mated by first filling up a container to its brim with silica gel desiccant and taking the mass 
(less that of the container, 𝑚𝑑𝑓), then emptying it partially to allow full insertion of the test 
sample into the container, which was then refilled to the brim with the desiccant granules 
and the sample withdrawn to give the residual mass of desiccant (𝑚𝑑𝑟). The volume of the 
test container (𝑉𝑡𝑐) was determined from the mass of distilled water required to fill it up. The 
volume of the sample was then estimated from the change in density as follows:  

𝑉𝑠 ≈ 𝑉𝑡𝑐 (1 −
𝑚𝑑𝑟

𝑚𝑑𝑓

)                                                                                                                                    (4.25) 

Three type K thermocouple sensors (Chromel / Alumel, standard accuracy ± 2.2oC or ± 
0.75%) were the mounted onto the sample, two of which were inserted at the top central 
positions on the ear and along the grains at the cob-kernel interface (for good contact and 
shielding from the free flowing air stream). The third thermocouple was inserted into the 
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central pith of the cob from the bigger end of ear and up to the level of the external sensors.   
The ear mass at the beginning and end of the experiment was determined on a precision 
scale (range 500g, accuracy ± 0.005g). At the end of drying run the mass fractions of the 
kernels and cob were determined on the same precision scale and were then oven dried at 
105 ± 1oC for 24 hours to determine the residual dry mass along with its uncertainty. For the 
semi-gravimetric analyses, non-interference with the drying ear was maintained by simply 
unplugging the external power and USB communication cables, and then weighing the entire 
experimental apparatus (Fig. 4.5), at intervals of approximately 12 hours, on a precision 
gram weighing scale (range 5000g, accuracy ± 0.5g, this margin of uncertainty was consid-
ered acceptable for the weighed mass of approximately 4000g, and taking into account the 
time interval between weighing of 12 hours).  The weighing sequence lasted on average 1 
minute and the device cables were then reconnected to continue the experiment. The light 
weight desktop experimentation unit was constructed using non-water absorbent Polypro-
pylene PP-H tubing (typical thermal conductivity and water absorption of 0.2 W/mK and  ≤ 
0.1%, respectively) with an external cover of a 13mm thick Polyethylene based closed-cell 
foam pipe insulation (typical thermal conductivity of 0.034 - 0.038 W/mK at 0 – 40oC).  The 
rated maximum power consumption was just 50 Watts. An AerocoolTM X-Vision LCD 3.5 
inch fan speed controller was applied.  

 

Figure 4.5 Convective drying water activity digitiser 

Estimation of the airflow rates was based on velocity determinations using a Testo 405 – V1 
digital thermal anemometer (± 0.1 m/s). Table 4.1 and Table 4.2 give the respective experi-
mental airflow and temperature settings used in this study. The temperature settings were 
selected to facilitate comparisons based on the transition from conventional low temperature 
drying (typically < 40℃) to high temperature drying (typically > 50℃). An adjustment time 
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between experiments of 12 hours was allowed for the equipment to adapt to new test set-
tings, when applied. The duration of individual experiments ranged between 94 hours and 
114 hours. 
Table 4.1 Airflow regimes for the cobed maize drying experiments 

Experiment 
airflow 
settings 

Average in-
bottle fan 
speed (RPM) 

Forced air recirculation rate 
(𝒎𝟑 𝒉⁄ ) 
Inside bottle  
(channel pipe dia 
65mm) 

Outside bottle,  
(channel pipe dia 99mm, 
external bottle dia 88mm)  

Low airflow 1900 ± 100 6 ± 1 1.3 ± 0.05 
High airflow 3600 ± 100 12 ± 2 1.3 ± 0.05 

Table 4.2 Experiment temperature and airflow settings 
Experiment Temperature (oC) Airflow regime 

(reference Table 
4.1) 

Thermostat 
setting 
(NTC sensor) 

Actual in-bottle  
(NTC sensor) 

1 (control) 45 ± 1 43 ± 0.5 Low airflow 
2 45 ± 1 43 ± 0.5 High airflow 
3 55 ± 1 53 ± 0.5 High airflow 
4 38± 1  37 ± 0.5 High airflow 

PC based data acquisition was employed with a sampling interval of 1 minute. A Pico TC-
08 thermocouple recorder was used for the temperature measurements. The in – bottle 
temperature and relative humidity (RH) data was sampled at intervals of 1 minute using a 
Testo 174H data logger ( ± 0.5oC and ± 3% RH), while the room temperature and humidity 
was also logged at the same interval using a FreeTec data logger ( ± 1oC and ± 4% RH).  

4.3 Results and discussion 

4.3.1 Sensor-psychrometric profiling of cobed maize drying 

It was observed, as expected, that single stream (stand-alone) sensor data is insufficient for 
the prediction of drying. Device inaccuracies (or imprecisions), coupled with external inter-
ference from the environment, render impractical the prediction of drying based on single 
device / point sensing.  However, sensors respond proportionately, by design, to relative 
changes in their measurands. The psychrometric methodology proposed here applied mul-
tipoint measurements to compensate for environmental noise, and baseline referencing / 
calibration to isolate drying trends from noisy sensor data, thereby consistently achieving 
accurate results, even with lower precision devices, and without the need to carry out the 
tests in a conditioned space (considered good for remote / field based experimentation).  
Fig. 4.6 shows the correlation procedure that was used to evaluate the influence of the en-
vironment of the experimental conditions and to compute the drift compensation factor Eq. 
(4.8). 
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Figure 4.6 Psychrometric environmental drift compensation factor estimation, (𝚿 ≈
𝐬𝐥𝐨𝐩𝐞) 

In all experiments, a linear correlation between the in – bottle and the environmental vapour 
pressure variations was observed, as the drying samples approached equilibrium, con-
sistent with the definition of water activity (𝑎𝑤) during convective drying (Muchilwa et al., 
2014):  

𝑎𝑤 = �̇�𝑤 + 𝑎𝑤𝑒 ; �̇�𝑤 = (
−𝑑𝑀 𝑑𝑡⁄

𝛽𝑎𝑔𝑃𝑣𝑠 𝜌𝑔⁄
) ;  𝑎𝑤𝑒 = 𝑎𝑤 |𝑑𝑀 𝑑𝑡⁄ =0         {

0 ≤ 𝑎𝑤 ≤ 1
0 ≤ �̇�𝑤 ≤ 1
0 ≤ 𝑎𝑤𝑒 ≤ 1

                         (4.26) 

The relationship between the drying rate and the evaporative cooling effect is shown in Fig. 
4.7 and Table 4.3. The degree of cooling was defined here as:  
∆𝑇𝑒𝑐 =  𝑇𝑒 − 𝑇𝑠𝑠        [℃]                                                                                                                            (4.27) 
Fig. 4.7 and Table 4.3 showed an increase in the degree of cooling with the drying rate. At 
43oC, doubling the airflow, doubled the degree of cooling and this was reflected in the in-
creased drying rate at the high airflow setting. At the high airflow setting, increasing the 
temperature from 37oC to 43oC, and then to 53oC, resulted in increased cooling by 92% and 
152% (above the 37oC setting).  The sensor-psychrometric methodology employs Spread-
sheet Solver analytics to interpret the drying rate from sampled temperature / cooling effect 
and water activity, thereby profiling the drying curve for cobed maize between known initial 
and terminal states. 
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Figure 4.7 Evaporative cooling effect comparisons in cobed maize drying 

Table 4.3 Evaporative cooling effect comparisons in cobed maize drying 
Experiment 
setting 

Maximum drying rate 
𝒅𝑴 𝒅𝒕⁄ |𝒎𝒂𝒙 , 
[𝐠𝒘.𝐦𝐢𝐧−𝟏 .𝒌𝒈𝒅𝒎 ] 

Degree of cooling 
∆𝑻𝒆𝒄 
[℃] 

43oC, low airflow 0.3205 3.15 
43oC, high airflow 0.4352 6.30 
53oC, high airflow 0.6661 8.25 
37oC, high airflow 0.3310 3.28 

4.3.2 Psychrometric versus Gravimetric cobed maize drying analysis 

The results of the new methodology were validated against those of the conventional static 
gravimetric analysis, the universal standard for characterising drying. The notable differ-
ences between the two approaches, as applied in this study, are highlighted in Table 4.4. 
Table 4.4 Applied gravimetric versus psychrometric method comparisons 

 
 

 
 
 
 
 
  

Parameter Static gravimetric 
analysis 

Sensor-psychrometric 
analysis 

Ear drying analysis Whole (lumped) Lumped and composite 
(multicomponent)  

Data designation Hard (physical) Soft (digital) 
Sampled raw data  10 - 12 39,000 - 47,000 
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Table 4.4 (Cont.) 
 

 
 
 
 
 
 
 
 
 
 

Figures 4.8 – 4.11 and Table 4.5 show the benchmarking / validation results obtained from 
comparisons of the gravimetric (GA), multicomponent semi-gravimetric (temperature and 
humidity based, TMSGA and HMSGA, respectively) and the psychrometric non- gravimetric 
approaches (lumped ear and composite, NGA and MNGA, respectively), at the different test 
settings.  

 
Figure 4.8 Validation results for cobed maize drying at 43oC, low airflow 

 

Parameter Static gravimetric 
analysis 

Sensor-psychrometric 
analysis 

Raw data sources 1 (mass - ear) 10 , i.e. 3 mass- initial & terminal 
for whole ear, kernels and cob 
5 temperature - 3 ear, 2 air 
2 air relative humidity 

Environment humidity Excluded Included 
Drying rate / curve 
determination 

Drying curve differentiation 
based on best-fit (R2) 
exponential models  

Sensor data interpretation using 
simultaneous spreadsheet 
integration (SSI) and MS Excel 
Solver optimisation 

Regression range Global Local (LOESS) 



- 42 - 

 
Figure 4.9  Validation results for cobed maize drying at 43oC, high airflow 

 

Figure 4.10  Validation results for cobed maize drying at 53oC, high airflow 
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Figure 4.11  Validation results for cobed maize drying at 37oC, high airflow 

Table 4.5 Method validation results based on static gravimetric calibration 

Ear mass ratio prediction 
consistency  

43oC, 
low  
airflow 

43oC, 
high  
airflow 

53oC, 
high  
airflow 

37oC, 
high  
airflow 

Sensor-
psychrometric 
NGA (lumped) 

Pearson’s r 0.9993 0.9989 0.9992 0.9992 
Adjusted 𝑅2  0.9986 0.9977 0.9983 0.9983 
Standard error 0.0110 0.0150 0.0124 0.0121 

Sensor-
psychrometric 
MNGA 
(composite) 

Pearson’s r 0.9996 0.9988 0.9995 0.9991 
Adjusted 𝑅2 0.9991 0.9974 0.9989 0.9980 
Standard error 0.0088 0.0158 0.0097 0.0130 

Semi-
gravimetric 
TMSGA 
(composite) 

Pearson’s r 0.9998 0.9990 0.9992 0.9987 
Adjusted 𝑅2 0.9996 0.9978 0.9982 0.9972 
Standard error 0.0061 0.0143 0.0129 0.0157 

Semi-
gravimetric 
HMSGA 
(composite) 

Pearson’s r 0.9997 0.9989 0.9995 0.9996 
Adjusted 𝑅2 0.9994 0.9975 0.9989 0.9991 
Standard error 0.0070 0.0152 0.0098 0.0085 

 

Near unitary correlation coefficients were obtained between the psychrometric and gravi-
metric evaluations, across all experiments, with a maximum inconsistency of just under 
0.3%. This justified the use of the adopted model simplifications and assumptions, and also 
affirmed that the soft data variations captured by the sensors corresponded strongly to the 
actual dehydration and weight loss. The corrected goodness-of-fit (or adjusted R-squared) 
consistency of the psychrometric drying curves, in the range 0.997 – 0.999, across all tests, 
compared well with that of other empirical models recommended for use with drying of foods 
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(Corrêa et al., 2011; Erbay & Icier, 2010; Friant et al., 2004; Midilli, Kucuk, & Yapar, 2002; 
Sharaf-Eldeen, Y.I., Hamdy, M.Y., Blaisdell, 1979). However, the gravimetric best – curve 
fitting approaches were observed to be subject to the influence of outliers, particularly when 
the sampling points are few (HMSGA, Fig. 4.11). The risk of assigned exponential models 
imposing uncharacteristic drying trends on the product are highlighted  in Chapter 3. Incor-
porating psychrometric data evaluations into standard experimental procedures can provide 
the extra objectivity needed to discriminate against rogue gravimetric data points. 

4.3.3 Characterisation of uncertainty in the sensor-psychrometric methodology 

Validation of the new sensor-psychrometric drying characterisation approach would be in-
complete without the statement of its uncertainty. Fig. 4.12 presents the estimated uncer-
tainty in the drying time predictions of the composite, sensor-psychrometric methodology 
(MNGA) 

 

Figure 4.12  Sensor – psychrometric drying time prediction uncertainty (MNGA) 

The standard uncertainty decreased with increasing temperature, indicating an inverse 
relationship with the drying rate. Uncertainty under ± 1 hour, was observed over the useful 
dehydration range of 𝑚𝑟 ≥ 0.1, corresponding to maize ear moisture contents above 11 - 
12%wb, and drying rates in excess of 0.1 𝑔𝑤 𝑚𝑖𝑛−1 𝑘𝑔𝑑𝑚

−1 . Over this range, �̇�𝑤 ≫

𝑎𝑤𝑒  (Eq. (4.26) and Fig. 4.6) and the detected water activity is mainly that of drying. In con-
trast, for slow drying below 0.1 𝑔𝑤 𝑚𝑖𝑛−1 𝑘𝑔𝑑𝑚

−1 , over the range 𝑚𝑟 < 0.1, and for maize ears 
below 11%wb (over-dried), �̇�𝑤 ≈ 𝑎𝑤𝑒 and the environmental water activity disguises the dry-
ing, increasing the model uncertainty. The maximum observed uncertainty in this range was 
just ± 6 hours, for drying times extending up to 112 hours. A comparison of published expo-
nential empirical drying models for cobed maize revealed inconsistencies of up to ± 35 hours 
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on the predicted terminal drying times,  at a moisture content of 12%wb.(Muchilwa et al., 
2014) 

The notably low uncertainties of Fig. 4.12 show that the dehydration dynamics of the 
kernel and cob are unique and differentiable at the digitised drying curve derived from the 
summation of componential effects. A discussion, however, of the results of the composite 
analysis of cobed maize drying based on computational sensor psychrometrics is beyond 
the scope of this paper. 

4.4 Conclusion and recommendations 

A conceptual model for the prediction of single-ear cobed maize drying from empirical tem-
perature and humidity sensor data has been developed and validated. The drying kinetics 
of cobed maize correlate strongly to changes in the thermodynamic properties of the local 
air-product system, and are traceable from sampled psychrometric data. A determination of 
the applicability range of the new methodology, including its suitability for use on other hy-
groscopic materials besides cobed maize, was beyond the scope of this study, and is rec-
ommended for further research. 
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5 A Sensor Psychrometric Characterisation of the Composite 
Convective Drying Dynamics of Cobed Maize 

This study applied sensor psychrometrics to digitize elementary drying and assess the 
effect of multi-componential hygroscopicity on overall dehydration so as to identify the 
conditions under which maize dries optimally on-the-cob. The hypothesis that kernel-
cob desorption is unique and differentiable using sensible thermo-hygrometric data was 
assumed and the influence of process settings on their competitive dehydration tested  
at 37oC, 43oC, and 53oC, the range of transition between low and high temperature dry-
ing. The results showed the kernels and the cob to differ in their capacity to take up 
availed enthalpy during convective drying. Process air in the range 35oC to 45oC, com-
bined with high airflows (> 1.5 m/s), favored advance kernel drying ahead of the cob. At 
53oC, extensive cob drying occurred early, exhausting evaporative cooling and exposing 
the kernels to overheating.  Dewatering kernels on the cob to 12%wb minimized the risk 
of terminal moisture rebound above the safe storage limit of 13.5%wb when forced dry-
ing is stopped. 

5.1 Introduction 

Aflatoxins are a rising concern for food safety in the humid tropics and subtropics. These 
secondary metabolites, produced by fungi that colonise maize under sub-optimal harvest, 
drying and storage conditions, adversely affect human health and nutrition (Bryden, 2011). 
In Kenya, for example, where maize is a staple food,  35 - 42% of children are stunted with 
regions prone to recurrent outbreaks of acute aflatoxicosis most affected (GoK, 2011; 
Hoffman, Jones, & Leroy, 2013).  Early harvesting and prompt (i.e. timely and adequate) 
drying are critical controls for the mitigation of pre and post-harvest contamination, as well 
losses from field pests (insects and rodents and birds) and theft associated with high poverty 
levels.  

Cobed maize (see Fig. 5.1) attains physiological maturity and can be harvested with ker-
nel moistures as high as 37 – 38% wet basis. Pre-drying maize on-the-cob to 20 – 22%wb 
before threshing is recommended and is necessary to avoid physical damage to the kernels, 
which enhances spoilage (Chuan-udom, 2013). The use of heated and displaced air to 
speed up the drying is common with bulk processing, but risks incomplete dehydration be-
cause of the tendency of the kernel moisture to rebound (Friant et al., 2004; Huelsen & 
Brown, 1960). Empirical studies on thin-layer convective dehydration of cobed maize as-
sume homogeneity and a lumped mass approach that ignores its composite structure 
(Corrêa et al., 2011; Friant et al., 2004; Islam, Marks, & Bakker-Arkema, 2004; Kolling, 
Dalpasquale, & Sperandio, 2006; Sharaf-Eldeen, 1979). The universal drying curve does 
not distinguish between componential effects and cannot explain the conditions that favour 
faster dehydration of kernels over the cob (or vice versa), necessary for the design of batch 
drying systems and the establishment of optimal drying. Ameobi and Woods (1993) show 
the cob to fully dehydrate ahead of kernels at elevated temperatures, indicating the influence 
of differential hygroscopicity on competitive drying of the maize ear components. Hygrosco-
picity defines the capacity of a material to capture or release water so as to maintain equi-
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librium with contacting air at reference temperature and relative humidity and is usually rep-
resented using moisture sorption / desorption isotherms. Moisture isotherm derivation, how-
ever, requires controlled atmospheres and very long periods for equilibration, making them 
unsuitable for the characterisation of the drying kinetics of composite materials.  

 

 
Figure 5.13 A husked and partially shelled maize ear showing the arrangement of 
the kernels on the cob 

  Mathematical  / multiphysics modelling (including Computational Fluid Dynamics - 
CFD) has been explored for the analysis of food drying systems (Defraeye, 2014; 
Khatchatourian, 2012; Kumar et al., 2015; Martinello, Muñoz, & Giner, 2013; Parry, 1985). 
For good accuracy, these numerical techniques necessitate complex problem formulation, 
along with detailed specification of the geometric and material physical and thermodynamic 
properties (often assumed).  Gravimetric calibration is then applied to validate the results, 
and whereas their accuracy continues to improve, the significance of  uncertainty still needs 
addressing (Jamaleddine & Ray, 2010). Gravimetric calibration risks misrepresenting drying 
kinetics because of inconsistencies arising from modelling sparsely sampled data, as ob-
served in Chapter 3 (Kemp, 2011; Muchilwa et al., 2014).  

Computational sensor psychrometrics was introduced in Chapter 4 to address the limita-
tions of the gravimetric analyses. This new approach formulates the empirical drying as the 
aggregate of thermo-physical changes taking place within and around the dehydrating test 
object. The drying curve is interpreted directly from sensor-sampled temperature and hu-
midity data, with resolution (in the order of tens of thousands) that enables the composite 
characterisation of drying, and hence the focus and basis for this study. The hypothesis that 
the kernel-cob dehydration is distinguishable at the global (digitised) drying curve for maize 
ears was tested. More specifically, this study set out to: 

 derive the composite (kernel-cob) sensor - psychrometric drying profiles for cobed 
maize 

 establish / validate uniqueness of the composite sensor-psychrometric analysis in 
comparison with a parallel approach based on exponential modelling with gravimetric 
calibration (standard practice) 
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 characterise the influence of temperature and airflow on the competitive drying kinet-
ics of the kernels and the cob, and its implications for energy efficiency in deep beds. 

 characterise “sufficient” drying of cobed maize for the avoidance of kernel moisture 
rebound beyond the safe storage limit. 

5.2 Materials and methods 

5.2.1 Composite analysis of cobed maize drying with MS Excel Spreadsheet Solver 
Analytics  

MS Excel Spreadsheet SolverTM modelling was applied to integrate and sum the dehydration 
of the kernels and the cob simultaneously, and to reconcile the cumulative drying curve with 
concurrent variations in the electronically sampled psychrometric data. This way, the most 
probable transitions (95% confidence) between the known initial and terminal masses of the 
components were derived. Fig. 4.3 in Chapter 4 illustrates the digitisation of composite dry-
ing from electronically sampled temperature and humidity data using MS Excel Spreadsheet 
Solver analytics, and Table 5.1 summarises the applied modelling approaches. 
Table 5.6 Modelling approaches for the composite analysis of cobed maize drying  

Composite analysis 
model 

Acronym  Drying curve 
determination 

Calibration 
points 

Multicomponent Non-
gravimetric Analysis 

MNGA Simultaneous Spreadsheet 
Integration (SSI) with MS 
Excel Solver analytics 

39,000 - 47,000 

Multicomponent Semi-
Gravimetric Analysis - 
Temperature  

TMSGA Exponential modelling of the 
evaporative cooling with 
gravimetric calibration 

10 - 12 

Multicomponent Semi-
Gravimetric Analysis - 
Humidity  

HMSGA Exponential modelling of 
water activity with 
gravimetric calibration 

10 - 12 

5.2.2 Experimental hardware and procedures  

Table 5.2 lists the experiments performed in this study. The first set varied airflow at constant 
temperature (43oC), while the second varied the temperature at constant velocity (3  𝑚 𝑠−1). 
Freshly harvested maize ears were husked, split midway and packed into hermetic storage 
bags, then refrigerated at 8oC to deter moulding over the duration of the experiments. Before 
the experiments, each half- ear sample was removed from the sealed bags and exposed to 
ambient room conditions for 12 hours, so as to warm up remove any excess accumulation 
of water. The initial mass, circumference (at the biggest end) and length were then meas-
ured before mounting the sample into the test chamber of the water activity digitiser.   A 
detailed disclosure of this equipment along with the requisite experimental hardware and 
procedures for the sensor-psychrometric profiling of drying is provided in Chapter 4.  
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Table 5.7 Design of experiments for the composite analysis of cobed maize drying 
Split samples Process settings Designation Drying 

time 
[𝒉𝒓𝒔] 

Temperature  
[oC] 

Contacting air 
velocity [𝒎 𝒔−𝟏] 

Ear 1 1st half 43 1.5 43oC LA 94 

2nd half 43 3 43oC HA 95 

Ear 2 1st half 53 3 53oC HA 95 

2nd half 37 3 37oC HA 114 

5.3 Results and discussion 

5.3.1 Physical representations of cobed maize drying 

The results of the physical evaluations taken before and after the cobed maize drying runs 
are presented in Table 5.3. The initial moisture contents of the maize ear samples used in 
this study were in the range 43 - 45%wb. Physiological maturity of maize at wetness in the 
range 34 – 45%wb, under varied growth conditions, is reported (Brooking, 1990).  
Table 5.8 Physical characterisation of cobed maize drying based on the observed 
initial and terminal states  

Composite cobed maize 
drying parameters 

a Exp. 1  
43oC LA 

Exp. 2 
43oC HA 

Exp. 3 
53oC HA 

Exp. 4 
37oC HA 

Initial moisture 
content 
(𝑴𝒐,%wb) 

Ear 44.3 ±0.2 44.6 ±0.2 42.5 ±0.1 43.7 ±0.2 
bKernels 40.9 ±1.5 40.7 ±1.4 39.2 ±0.2 39.9 ±1.9 
bCob 54.7 ±4.7 58.4 ±6.6 52.8 ±0.0 56.2 ±8.0 

Final moisture 
content 
(𝑴𝒇,%wb) 

Ear 9.8 ±0.2 7.4 ±0.2 5.9 ±0.1 8.4 ±0.2 
cKernels 10.0 ±0.2 7.7 ±0.2 6.3 ±0.2 8.8 ±0.2 
cCob 8.9 5.5 4.3 6.3 

Residual dry 
matter (grams) 

Ear 91.20 ±0.20 76.80 ±0.13 94.10 ±0.13 73.37 ±0.15 
kernels 73.32 ±0.20 64.04 ±0.13 75.34 ±0.13 60.09 ±0.15 
cob 17.88 12.75 18.76 13.28 

Ear volume  
[cm3] 

Initial 199 168 194 151 
Final 144 123 139 108 
Shrinkage, 
% 

28 27 28 28 

Ear 
circumference  
[cm] 

Initial 16.5 15.0 16.4 14.7 
Final 15.0 13.2 14.8 13.2 
Shrinkage, 
%  

9 12 11 10 

Ear length  
[ cm] 
 

Initial 11.0 11.0 10.6 10.8 
Final 10.0 10.0 9.4 9.9 
Shrinkage, 
%  

9 9 11.3 8.3 

a Control, b Sensor - psychrometric model estimates, c weighed directly at end of 
experiments  
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Despite their relatively high initial wetness, the dried kernels showed no visible signs of 
stress-cracks, even at the highest temperature setting of 53oC.  This was attributable to on-
the-cob drying with moisture from the rapidly dehydrating cob, especially at the beginning, 
keeping the kernel surface moist while tempering the drying rate. These quality benefits, 
among others, make cobed maize drying the preferred method for bulk seed processing 
(Islam et al., 2004). Cobed maize drying was accompanied by both gravimetric and volu-
metric shrinkage, in the ranges 38 – 40% and 27 – 28%, respectively. Gravimetric shrinkage 
was more pronounced for the cob, consistent with its higher initial moisture content, relative 
to that of the kernels. The degree of dimensional shrinkage in the radial and longitudinal 
directions was uniform at around 10%, with variations within the margin of uncertainty of the 
methods employed. From the radial arrangement of the kernels on the cob, it can be de-
duced that the circumferential shrinkage corresponds more to that of the kernels and the 
longitudinal shrinkage, to that of the cob.  

5.3.2 Composite analysis of cobed maize drying with Spreadsheet Solver analytics 

Figure 5.2 presents the results of the composite analysis of cobed maize drying based on 
sensor-psychrometric calibration (MNGA). The normalised mass ratios describe the transi-
tion between the observed initial and terminal componential masses. The shaded bands 
indicate standard uncertainty, a measure of the clarity and consistency with which the back-
solving models differentiated kernel-cob contributions to the consolidated drying curve.  

 

Figure 5.14 Composite cobed maize drying with sensor psychrometric calibration 
(MNGA). The shaded bands represent standard uncertainty at 95% confidence 

The relative broadness of the uncertainty bands decreased with increasing temperature, 
suggesting even (or closely associated) drying dynamics at the lower settings (37oC and 
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43oC), and uneven (or distinctly different) drying dynamics at 53oC.  The standard uncer-
tainty on kernel drying was amplified by an average factor of 4 on the cobs, consistent with 
their mass proportions (Table 5.3). The spread of the componential uncertainties, relative to 
each other, characterised the nature of drying at the different experimental settings. At 43oC 
LA, the uncertainty associated with the cob was evenly distributed around that of the kernels, 
indicating uniform drying of the components.   At 37oC HA and 43oC HA, the cob uncertainty 
was skewed left, indicating marginally dominant kernel drying in the mid-range. At 53oC, the 
componential curves completely dissociate as a result of the unhindered dehydration of the 
fibrous cob as compared to the hindered drying of the hardening / glass-transitioning ker-
nels, a trend common with cobed maize drying at high temperatures (Ameobi & Woods, 
1993; Huelsen & Brown, 1960).  

5.3.3 Calibration consistency comparisons for the applied models 

Table 5.4 compares the calibration consistencies of the applied back-solving models. All the 
applied approaches returned near unitary goodness-of-fit values, indicating very good con-
sistency between the predicted overall drying and the sampled dehydration. More signifi-
cantly, the results confirmed sensor-psychrometric data to sufficiently represent cobed 
maize drying, eliminating the need for intermittent manual weighing.  
Table 5.9 Overall drying trend calibration consistencies for the applied composite 
analyses 

Approach Trending consistency,  𝑹𝒄𝒂𝒍
𝟐  

Gravimetric Psychrometric 
Exp. 1  
43oC LA 
 

MNGA 0.998 0.999 
TMSGA 0.999 0.998 
HMSGA 0.999 0.996 

Exp. 2  
43oC HA 
 

MNGA 0.994 0.999 
TMSGA 0.996 0.998 
HMSGA 0.995 0.992 

Exp. 3  
53oC HA 
 

MNGA 0.998 0.999 
TMSGA 0.998 0.993 
HMSGA 0.998 0.999 

Exp. 4  
37oC HA 
 

MNGA 0.996 0.999 
TMSGA 0.994 0.998 
HMSGA 0.998 0.989 

Figure 5.3 compares the predicted composite drying profiles when plotted against the 
drying potential (representing the concentration of residual water above equilibrium), at the 
incremental temperature and velocity settings. The THSGA and HMSGA approaches incon-
sistently correlated the componential drying to the residual moisture content, and also failed 
to account sufficiently for changes in the experimental settings. For example, the TMSGA 
predicts kernel drying to take place almost entirely in one falling rate period. This contradicts 
studies (Ameobi & Woods, 1993; Sharaf-Eldeen, 1979) which show kernel dehydration to 
differentiate into two falling rate periods separated by a transition phase. The HMSGA ap-
proach, on the other hand, predicted uncharacteristically slow terminal dehydration of the 
cob at 43oC HA and 53oC HA and suggested similar drying kinetics for the kernel and cob, 
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except at 43oC LA. The germ on the kernel is shown to dehydrate last because of the Scu-
tellum, which is one of the main pathways for moisture migration during drying (G. Chen, 
Maier, Campanella, & Takhar, 2009; Kovács & Neményi, 1999; Song, Litchfield, & Morris, 
1992).  

 
Figure 5.15 Trending consistency comparisons for the composite analysis of cobed 
maize drying based on the MNGA, TMSGA and HMSGA approaches, at the applied 
test settings 

5.3.4 Effect of process settings on the ear componential drying rates 

Figure 5.4 shows the impact of adjusting temperature and airflow on the composite drying 
rates for the sensor-psychrometric MNGA approach. Taking the 43oC LA setting as the con-
trol, doubling the airflow, from 1.5 𝑚 𝑠−1at 43oC LA to 3.0 𝑚 𝑠−1 at 43oC HA, caused the 
steady-state initial ear drying rate, computed for the first five hours, to increase from an 
average 0.26 𝑔𝑤 𝑚𝑖𝑛−1 𝑘𝑔𝑑𝑚,𝑒𝑎𝑟

−1  to 0.38 𝑔𝑤 𝑚𝑖𝑛−1 𝑘𝑔𝑑𝑚,𝑒𝑎𝑟
−1  (read as grams of water removed 

per minute, per kilogram ear dry matter). This represented an increase of around 46% above 
the control. In terms of the constituents, kernel drying increased 69% above the control, from 
0.16  𝑔𝑤 𝑚𝑖𝑛−1  𝑘𝑔𝑑𝑚,𝑒𝑎𝑟

−1   to 0.27 𝑔𝑤 𝑚𝑖𝑛−1 𝑘𝑔𝑑𝑚,𝑒𝑎𝑟
−1  , while cob drying increased only 9%, 

from 0.10  𝑔𝑤 𝑚𝑖𝑛−1 𝑘𝑔𝑑𝑚,𝑒𝑎𝑟
−1   to 0.11 𝑔𝑤 𝑚𝑖𝑛−1 𝑘𝑔𝑑𝑚,𝑒𝑎𝑟

−1 . Increasing airflow at this tempera-
ture setting benefited the kernels at the expense of the (inedible) cob, suggesting better 
energy efficiency. 
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Figure 5.16 Effects of varied temperature and airflow on the componential kernel-
cob drying rates for the sensor - psychrometric MNGA   

At the fixed high airflow setting, raising the temperature from 43oC HA to 53oC HA raised 
the steady state drying rates to 0.52, 0.30 and 0.22 𝑔𝑤 𝑚𝑖𝑛−1 𝑘𝑔𝑑𝑚,𝑒𝑎𝑟

−1 , for the ear, kernels 
and cob, respectively. These rates exceeded the control by 100%, 87.5% and 120% for the 
ear, kernels and cob, respectively. Increasing both the temperature and airflow impacted 
negatively on efficiency because the available extra enthalpy (intended ideally for the ker-
nels) was exhausted by the rapidly dehydrating cob. The cob was drained to 4.3%wb (Table 
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5.3) and, with reduced evaporative cooling, the kernel temperature rose drastically above 
50oC. Quality deterioration has been associated with prolonged processing at high temper-
atures (Courtois, 1993; Haros, Tolaba, & Suárez, 2003; Hundal & Takhar, 2010; Kolling et 
al., 2006; Malumba et al., 2009; Mujumdar & Law, 2010; Peplinski, Paulis, Bietz, & Pratt, 
1994). Whereas process temperatures of up to 70oC are recommended (Brooker et al., 
1992), the opportunistic dehydration of cob at high temperatures, over the kernels with 
capped diffusion, places the optimal range for energy-efficient and qualitative drying of 
cobed maize below 50oC.  

At 37oC, the consolidated initial steady state ear drying rate was 0.30  𝑔𝑤 𝑚𝑖𝑛−1 𝑘𝑔𝑑𝑚,𝑒𝑎𝑟
−1 , 

representing an increase of 15.3% above the control (43oC LA). In terms of the components, 
the kernel drying rate increased from 0.16  𝑔𝑤 𝑚𝑖𝑛−1  𝑘𝑔𝑑𝑚,𝑒𝑎𝑟

−1   to 0.22  𝑔𝑤 𝑚𝑖𝑛−1 𝑘𝑔𝑑𝑚,𝑒𝑎𝑟
−1  

(i.e. 37.5% above the control), while the cob dehydration declined only marginally from 
0.10 𝑔𝑤 𝑚𝑖𝑛−1 𝑘𝑔𝑑𝑚,𝑒𝑎𝑟

−1   to 0.08 𝑔𝑤 𝑚𝑖𝑛−1 𝑘𝑔𝑑𝑚,𝑒𝑎𝑟
−1  (i.e. 2% below the control, within the mar-

gin of error). These figures, however, decreased significantly below the control values over 
the range 𝑚𝑟 <  0.5, confirming the temperature dependency of terminal dehydration. Two-
stage processing of cobed maize is common in advanced drying systems, with the use of 
exhausting air at 35 - 40oC  preceding that of hot air at 45 - 50oC (Friant et al., 2004; Kolling 
et al., 2006). In general, the kernels were shown to dominate drying proceedings at low 
temperatures, which was considered good for focussed application of energy. However, 
their dehydration ahead of the cob makes it difficult to estimate when to stop drying. 

5.3.5 Characterising “sufficient” drying of cobed maize 

Insufficient dehydration exposes stored foods to the risk of microbial spoilage. Over-drying, 
on the other hand, wastes energy / capacity and renders maize kernels brittle and more 
susceptible to breakage during handling and shelling.  Adequate drying was established by 
comparing the residual moisture contents of the kernel-cob maize ear components in rela-
tion to their differential moisture sorption hygroscopicity. Figure 5.5 shows selected moisture 
sorption isotherms for maize from literature (C. Chen & Tsao, 1994; Igathinathane, Womac, 
Sokhansanj, & Pordesimo, 2005). In comparison to the woody cob, the starchy kernels 
demonstrate lower water activity at equivalent moisture contents. “Water activi ty” corre-
sponds directly to the energy level of free water and hence materials with lower water activ-
ity, relative to their environment, generally attract, adsorb / absorb water (i.e. are hygro-
scopic). Moisture re-distribution and re-equilibration between mixtures of wet and dry grains 
has been demonstrated (Henderson, 1987). 

Table 5.5 compares the dehydration times, componential moisture contents and the cor-
responding equilibrium relative humidity, obtained when different “stop-drying” criteria were 
applied in the MNGA. The indicated moisture rebound limits were computed taking into ac-
count the componential residual dry-matter from Table 5.3 and assuming hermetic condi-
tions for water activity equilibration to the kernel-cob moisture relation observed during the 
natural (field-based) dry-down of maize ears (ASABE Standards, 1999a; Muchilwa & 
Hensel, 2015): 

𝑀𝑐𝑟 = 7.23 +
53.47𝑀𝑘𝑟

4.78

2152879 + 𝑀𝑘𝑟
4.78 ; 𝑀𝑐𝑟 =  

100𝑋𝑐
′

1 + 𝑋𝑐
′

;  𝑀𝑘𝑟 =  
100𝑋𝑘

′

100 + 𝑋𝑘
′ ;                                                       
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    𝑋𝑐
′ = 𝑋𝑐 ±

𝑚𝑤𝑎𝑒

𝑚𝑑𝑚,𝑐

 ; 𝑋𝑘
′ = 𝑋𝑘 ∓

𝑚𝑤𝑎𝑒

𝑚𝑑𝑚,𝑘

          (5.1) 

where 𝑋𝑐 and 𝑋𝑘,are the pre-equilibration moisture contents [𝑔 𝑔𝑑𝑚
−1 ] of the cob and kernels, 

respectively, at the termination of forced drying; 𝑀𝑐𝑟 and 𝑀𝑘𝑟 are the moisture content re-
bound limits [%wb] for the cob and kernels, respectively, after water activity equilibration; 
 𝑚𝑤𝑎𝑒 is the mass of the redistributed water [𝑔] and 𝑚𝑑𝑚,𝑐and 𝑚𝑑𝑚,𝑘  are the bone-dry 
masses [𝑔𝑑𝑚 ] of the cob and kernels, respectively. The parameters 𝑀𝑐𝑟  ,𝑀𝑘𝑟 and 𝑚𝑤𝑎𝑒  were 
evaluated iteratively using MS Excel SolverTM.  

 

 
Figure 5.17 Comparisons of published moisture sorption / desorption isotherms for 
maize, showing differential hygroscopicity of the “starchy” and “woody” 
components  

Table 5.10 Comparison of process termination options for elementary (thin-layer) 
cobed maize drying based on the sensor -psychometric MNGA 

Cobed maize “stop-drying”  
criteria 

Exp. 1  
43oC LA 

Exp. 2 
43oC HA 

Exp. 3 
53oC HA 

Exp. 4 
37oC HA 

Ear 
moisture 
content 
𝟏𝟑. 𝟓  
%wb 

Drying time, hours 70.7 ± 0.7 43.6 ± 0.1 34.8 ± 0.1 66.8 ± 1.5 
Kernel moisture,  
%wb 
(aERH at 25oC, %) 

13.2 ± 1.0 
(61 ± 7) 

12.7 ± 0.4 
(58 ± 3) 

15.6 ± 0.0 
(74 ± 0) 

12.6 ± 0.9 
(57 ± 6) 

Cob,  %wb 
(bERH at 25oC, %) 

14.5 ± 4.3 
(76 ± 18) 

17.5 ± 2.0 
(90 ± 6) 

4.3 ± 0.0 
(9 ± 0) 

17.3 ± 3.8 
(87 ± 10) 

Kernel-rebound 
limit, %wb 
(Cob, %wb) 

13.6 ± 0.1 
(13.0 ± 0.1) 

13.8 ± 0.1 
(13.3 ± 0.1) 

13.6 ± 0.0 
(12.9 ± 0.0) 

13.6 ± 0.1 
(13.0 ± 0.1) 
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Table 5.5 (Cont.) 
Cobed maize “stop-drying”  
criteria 

Exp. 1  
43oC LA 

Exp. 2 
43oC HA 

Exp. 3 
53oC HA 

Exp. 4 
37oC HA 

Kernel 
moisture 
content 
𝟏𝟑. 𝟓  
%wb 

Drying time, hours 70.0 ± 3.8 42.1 ± 0.8 39.2 ± 0.1 64.0 ± 3.0 

Ear moisture,  
%wb 

13.9 ± 1.2 14.6 ± 0.5 11.9 ± 0.1 14.7 ± 1.1 

Cob,  %wb 
(bERH at 25oC, %) 

15.1 ± 6.0 
(74 ± 21) 

19.4 ± 0.8 
(94 ± 5) 

4.3 ± 0.0 
(9 ± 0) 

19.2 ± 5.5 
(89 ± 11) 

aKernel ERH at 
25oC, % 

63 63 63 63 

Kernel-rebound 
limit, %wb 
(Cob, %wb) 

13.9 ± 1.0 
(13.7 ± 2.0) 

14.6 ± 0.5 
(15.0 ± 1.0) 

12.0 ± 0.0 
(10.6 ± 0.0) 

14.5 ± 0.9 
(15.1 ± 1.9) 

Kernel 
moisture 
content 
𝟏𝟐. 𝟎 %wb 

Drying time, hours 75.6 ± 4.6 45.0 ± 1.0 42.5 ± 0.1 70.4 ± 5.1 

Ear moisture,  %wb 12.3 ± 1.2 12.7 ± 0.6 10.6 ± 0.0 12.8 ± 1.2 

Cob,  %wb 
(bERH at 25oC, %) 

13.0 ± 5.5 
(65 ± 23) 

14.8 ± 3.0 
(80 ± 11) 

4.3 ± 0.0 
(9 ± 0) 

15.8 ± 5.9 
(78 ± 19) 

aKernel ERH at 
25oC, % 

54 54 54 54 

Kernel-rebound 
limit, %wb 
(Cob, %wb) 

12.5 ± 1.0 
(11.3 ± 1.5) 

12.8 ± 0.5 
(11.7 ± 0.9) 

10.8 ± 0.0 
(9.3 ± 0.0) 

12.9 ± 1.0 
(12.1 ± 1.7) 

aKernel Equilibrium Relative Humidity (Soleimani et al., 2006), bCob Equilibrium Relative Humidity 
(C. Chen & Tsao, 1994) 
Ideally, drying should be stopped when the maize ear attains an average moisture content 
of 13.5%wb (Table 5.5), the recommended limit for safe storage of  maize in Kenya (NCPB, 
2015). At 53oC HA, under this criterion, it was observed that the kernels, at 15.6%wb, were 
still significantly wet at the stoppage of drying.   At the 37oC HA and 43oC HA settings, on 
the other hand, the kernels at 12.5%wb and 12.0%wb, respectively, were marginally over -
dried. Moisture redistribution between the kernel and cob occurs due to the indicated differ-
ences in componential water activity, but the kernel rebound under assumed hermetic con-
ditions does not exceed 13.8%wb (close to optimal). In practice, conventional moisture con-
tent meters are adapted only to testing grains and this confines the “stop-drying” criteria to 
kernel-moisture determinations. 

For drying terminated at the presumed safe kernel moisture content limit of 13.5%wb, the 
results showed that the ears did not attain the safe storage condition, except at 53oC.  Al-
lowing the kernels to dehydrate to 12%wb ensured adequate dehydration of the cob, elimi-
nating the risk of moisture rebound above the safe limit. Experienced operators at bulk maize 
drying facilities usually terminate drying at kernel moisture contents in the range 11 – 13%wb 
(Islam et al., 2004).  
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5.4 Conclusions and recommendations 

Sensor-psychrometrics offers unique possibilities for characterising the drying kinetics of 
composite (or assembled) foods. For the cobed maize samples applied in this study, the 
results showed the kernels and cob to differ in their capacity to take up availed enthalpy 
during convective drying. Low process air temperatures in the range 35oC to 45oC, combined 
with high airflows (> 1.5 m/s), favoured dehydration of the kernels ahead of the cob in the 
thin-layer and are recommendable for energy-efficient drying of cobed maize at high initial 
moisture contents. High temperature applications above 50oC promoted extensive cob dry-
ing at the expense of the kernels in the thin-layer, eroding efficiency.  Dewatering kernels 
on the cob to 12%wb avoided the risk of terminal moisture rebound above the safe storage 
limit, when drying is stopped.  
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6 Impact of Husking and Shelling Maize on Safe Loads In 
Undisturbed Batch Drying 

Mishandling of maize at harvest is compounding food losses and malnutrition in the hu-
mid tropics. Husking and shelling maize is practiced in disregard of ambient drying po-
tential and the misguided construction and use of cribs only ensures that the crop spoils 
before it dries. This study assumed the hypothesis that husking and shelling maize sig-
nificantly changes its bed packing characteristics and the pace at which it dries or spoils, 
and this has a direct bearing on design and operational considerations for innovative 
batch dryers targeting small farms in the tropics. Safe loads were defined as those that 
avoid moulding in the portions subject to exhausting air and that dehydrate uniformly 
without the need for mechanical stirring or airflow reversal.  Empirical sensor psychro-
metrics and MS Excel Solver analytics are combined to estimate safe loads and assess 
how husking and shelling maize alters its packing, holding, ventilation and dehydration 
in undisturbed deep and shallow beds. 

6.1 Introduction 

Cribbing of maize is widely practiced by small scale farmers across the tropics to avoid post-
maturity field losses arising from delayed harvesting (Bodholt, 1985; Komen, Mutoko, 
Wanyama, Rono, & Mose, 2010). In general, the capacity to adequately dry maize in cribs 
is dictated by the ambient temperature and humidity (location specific), initial moisture con-
tent and bulk properties (product specific), and the embedded ventilation rate (store spe-
cific). In the humid equatorial regions, the dehydrating potential of unheated air is limited 
and drying times extending up to six months are reported (Hossain, Bala, & Satter, 2003). 
Deterioration of food exposed to high humidity and temperature is rapid and this implies that 
maize stored in these poorly designed farm structures often spoils before it dries. The ad-
verse implications that this has on health, nutrition and commerce cannot be overstated 
(Abass et al., 2014; Kaaya & Kyamuhangire, 2006; L. Lewis et al., 2005). Re-engineering 
the traditional crib to secure its relevance in a modern world facing unprecedented climatic 
challenges (Paterson & Lima, 2010; Programme, 2006; Stathers, Lamboll, & Mvumi, 2013; 
Tefera, 2012) is called for and hence the motivation for this study.  

Optimal designs for naturally ventilated cribs in the humid tropics have been recom-
mended (Bodholt, 1985; Smith, n.d.). Cob-drying is preferred because it offers less re-
sistance to airflow and holds for longer periods without spoiling as compared to shelled 
maize. The crib sizing and drying potential however are still very much influenced by weather 
and this subjects them to the risks and uncertainties presented by shifting climates and  
global warming (Wolff et al., 2011; Yeh et al., 2009). The introduction of simple fans and 
minimal auxiliary heating have been shown to greatly improve the holding and drying capac-
ity of deep beds (Giner & Martinello, 2010; Y. Sun et al., 1995), and this presents a better 
way forward for extending the advantages of forced drying (albeit at threshold potential) to 
small farms in Kenya. 

This study assumed the hypothesis that husking and shelling maize significantly changes 
its bed packing characteristics and the pace at which it dries or spoils, and this has a direct 
bearing on design, capacity and operational considerations for innovative in-store drying. 
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Safe beds for maize were determined by factoring safe holding times for avoidance spoilage 
into the conventional batch drying analysis. Safe loads were defined as those which avoid 
moulding in the portions subject to exhausting air and also restrict the formation of over/un-
der-dried zones. The “undisturbed” bed was defined as that in which adequate and uniform 
batch drying is achieved without mixing or airflow reversal. The comparative safe loads, in 
this regard, reflected directly on the relative requirements for dryer sophistication.  
In abstract terms, this study sought to: 

 Define “safe beds” in the context of conventional theory of fixed (or undisturbed) batch 
drying. 

 Carry out comparative sensor-psychrometric profiling of elementary drying of un-
husked, husked and shelled maize. 

 Evaluate the impact of maize bulking (i.e. husking and shelling) on bed packing, safe 
loads and ventilation requirements. 

The extent to which husking and shelling maize depletes the safe bed necessitating sophis-
tication is investigated and the implications for the overall design of appropriate post-harvest 
drying technologies targeting small farms, are discussed 

6.2 Material and methods 

Sections 6.2.1 - 6.2.4 introduce the theoretical modelling that was applied to define the safe 
beds and estimate their threshold ventilation and heating requirements, while Section 6.2.5 
describes the experimental sensor psychrometric characterisation of elementary cobed 
maize drying. 

6.2.1 Projecting safe loads in undisturbed deep bed drying  

Logarithmic models have successfully been applied to predict the drying of hygroscopic ma-
terials in packed beds (Aregba & Nadeau, 2007; Barre, Baughman, & Hamdy, 1971; 
Sutherland, 1975). These “spreadsheet-computation” based approaches avoid the complex-
ity, time and costs of the more robust Computational Fluid Dynamics (CFD), and are vali-
dated as sufficiently accurate to facilitate the comparative analysis of drying in fixed beds at 
low-temperatures (Aregba & Nadeau, 2007; Barre et al., 1971; Jingyun, Huiling, & Zhou, 
2012; Kemp, 2011). Their use is predominant in dryer-design and decision support platforms 
that require fast analysis and feedback with minimal computing (Aregba, Sebastian, & 
Nadeau, 2006; J. H. Young & J. W. Dickens, 1975).     

Figure 6.1 conceptualises the drying zone and its progression through a typical deep bed. 
Hukill’s (base - 2) moisture ratio model (Brooker et al., 1992) was applied because it provides 
more resolution in the drying zone, and is analogous to the exponential-base model devel-
oped by Barre et al. (1971). The deep bed drying analytics of  Barre et al. (1971) were 
adopted, with facilitation of the following variable substitutions, by analogy (J. H. Young & J. 
W. Dickens, 1975):  

MR(𝐷,̂ �̂�) =
𝑀 − 𝑀𝑒

𝑀𝑜 − 𝑀𝑒

=
2𝐷

2𝐷 + 2�̂� − 1
≡  

𝑒𝐷

𝑒𝐷 + 𝑒𝑌 − 1
 ;  �̂� =

𝑡

𝑡0̅.5

 ;  𝑡0̅.5 ≈ 𝑙𝑛2 𝑘;    ⁄                              

   �̂� = 𝐷 𝑙𝑛2⁄ ; �̂� = 𝑌 𝑙𝑛2⁄ ; 𝑑�̂� = 𝑑𝐷 𝑙𝑛2⁄ ; 𝑑�̂� = 𝑑 𝑌 𝑙𝑛2⁄                          (6.1) 
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where  𝑡 is the batch drying time [hours] and 𝑡̅0.5 is the average period over which the thin-
layer MR subdivides [hours]. The time constant  𝑘 was derived by fitting the basic logarithmic 
model MR = 𝑎0𝑒−𝑘𝑡 + 𝑎1 to the empirically determined drying curves for unhusked, husked, 
shelled maize and the cob. 

 

Figure 6.18 Schematic for the steady-state progression of the drying zone through 
an undisturbed deep bed based on Hukill-curves (�̂� ≥ 𝟏𝟎) (Brooker et al., 1992) 

 
Table 6.1 lists the typical safe holding periods (SHT) for maize in the humid tropics (Bern, 
Steele, & Morey, 2002; Thai Standard, 2010). To avoid moulding in the portions of the bed 
subject to exhaust air, the safe loads analysis for deep beds was carried out with  𝑡 = 24SHT.  
Table 6.11 Recommended safe holding time before critical spoilage of wet maize 
components in tropical climates (Bern et al., 2002; Del Campo, 2010; Suleiman, 
Rosentrater, & Bern, 2013; Thai Standard, 2010) 

Cobed maize component Safe holding time at 20℃  [SHT, days] 
15%wb 25%wb 35%wb 

Whole ear (with husk)  90 30 7 
Dehusked ear (undamaged)  60 15 7 
Shelled maize 5 3 3 
Cob 160 17 5 

The drying time for the bed, from heat and mass transfer considerations, is expressible as: 

𝑡 =
0.01ℎ𝑓𝑔𝜌𝑑𝑚(𝑀0 − �̅�𝑓)𝐻𝑟𝑠   

�́�𝑎 𝑉𝑎𝑐𝑝𝑎(𝑇𝑎𝑖 − �̅�𝑝𝑒)(3600)
;  𝑉𝑎 = 𝑣𝑎 휀̂  ; 𝜌𝑑𝑚 = 𝜌𝑑𝑚

′ (1 − 휀̂)                                        (6.2) 

𝑣𝑎  and 𝜌𝑑𝑚
′  were determined from the thin layer drying experiments. Table 6.2 summarises 

the main thermo-physical properties for air as applied in this study. The depth variable  𝜆 is 
defined as that of a hypothetical bed which dehydrates to equilibrium in the period 𝑡0̅.5 and 
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over which the heating capacity of air is exhausted. For the bed exposed to room tempera-
ture and pressure, saturated humidity at the exit implies �̅�𝑝𝑒 approximates to 𝑇𝑤𝑏𝑒 forestalling 
any drying. The depth variable 𝜆 is formulated as (Brooker et al., 1992):  

𝜆 =
�́�𝑎𝑉𝑎𝑐𝑝𝑎(𝑇𝑎𝑖 − 𝑇𝑤𝑏𝑒)(3600𝑡0̅.5)

0.01ℎ𝑓𝑔𝜌𝑑𝑚 (𝑀0 − 𝑀𝑒)
                                                                                                        (6.3) 

Table 6.12 Air-water thermo-physical properties 
Parameter Approximate values 
�́�𝒂                          [𝒌𝒈. 𝒎−𝟑]  353(𝑇𝑎 + 273.15)−1  

𝒄𝒑𝒂               [𝒌𝑱. 𝒌𝒈−𝟏𝑲−𝟏]  1.005 
𝒉𝒇𝒈,𝟒𝟑℃              [𝒌𝑱. 𝒌𝒈−𝟏]  2400 
𝝁𝒂                          [𝑷𝒂. 𝒔−𝟏]  0.000018 
𝑻𝒘𝒃𝒆,𝟐𝟎℃,𝟖𝟓%𝒓𝒉,            [℃]  18 

 

From Equations (6.2) and (6.3), the correlation between the dimensionless time and depth 
variables is deduced:  

�̂� =
(𝑀0 − 𝑀𝑒)

(𝑀0 − �̅�𝑓)
 �̅�. �̂�;     �̂� =

𝐻𝑟𝑠

𝜆
 ;   �̂� =

𝑡

𝑡0̅.5

; �̅� =
𝑇𝑎𝑖 − �̅�𝑝𝑒

𝑇𝑎𝑖 − 𝑇𝑤𝑏𝑒

                                       �̅�𝑓 ≥ 𝑀𝑒   (6.4) 

where �̅� is the mean heat exhausting efficiency, also expressible as (Aregba et al., 2006; 
Barre et al., 1971):  

�̅� = 1 +
1

�̂�𝑙𝑛(2)
 𝑙𝑛 (

2𝐷 + 2�̂� − 1

2𝐷
)                                                                                                          (6.5) 

When the bed is operated at theoretical 100% efficiency (�̅� = 1, 𝑇𝑝𝑒 =  𝑇𝑤𝑏𝑒 ), the product 
in the exit zones risks spoilage due to prolonged exposure to saturated humidity. Fungal 
growth and toxin synthesis on wet maize (>23%wb) has been shown to peak in the 
range  24 –  28℃, with water activity above 85% (Makun et al., 2002; Trenk & Hartman, 
1970).   Equations (6.4) and (6.5) show that, for the avoidance of these conditions, undis-
turbed beds have to be loaded less and therefore operate with some inefficiency. The air 
condition exiting the bed was determined as follows (Barre et al., 1971):  

RH𝑒 ,±3% = 100
𝑃𝑣𝑒

𝑃𝑣𝑠𝑒

≈ 10(2−𝜕) ; 𝜕

= 7.5 (
�̅�𝑎𝑒

125 + �̅�𝑎𝑒

−
𝑇𝑤𝑏𝑒

125 + 𝑇𝑤𝑏𝑒

) ;                                                       

�̅�𝑎𝑒 = 𝑇𝑤𝑏𝑒 + (1 − �̅�)(𝑇𝑎𝑖 − 𝑇𝑤𝑏𝑒);    �̅�𝑎𝑒 ≥ 𝑇𝑤𝑏𝑒 , 17 ≤ 𝑇𝑤𝑏𝑒 ≤ 20℃                 (6.6)  
where 𝑇𝑤𝑏𝑒 ≈ 18℃  at the applied room reference setting of 20℃ and 85%RH. 
Critical dehydration and critical wetness in undisturbed deep beds  
Typically, terminally dried and undried zones form at air entry and exit ends of deep static 
beds, respectively, during extended periods of drying. The exhaustion of free water for evap-
orative cooling in the dehydrated zone exposes the grain to spontaneous overheating with 
consequential losses in nutritive and milling quality, as well as seed viability (Beck, 2002; 
Courtois, 1993; Peplinski et al., 1994). The proportion of bed material at risk of severe ther-
mal degradation was characterised in terms of critical dehydration 𝐶𝐷[%], stated as: 
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𝐶𝐷[%] = {

100ℎ𝑑

𝐻𝑟𝑠

=
100Γ

�̂�
; ℎ𝑑 = 𝜆Γ ;  Γ ≈ (�̂� − 6)                    𝑓𝑜𝑟  �̂� ≥ 10

 0                                                                                            𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

                               (6.7) 

Similarly, moulds spread rapidly in the undried zone at expiry of the safe holding period for 
wet grains. The proportion of the bed with critical wetness (CW) was estimated as: 

CW[%] = { 

100ℎ𝑤

𝐻𝑟𝑠

=
100Λ

�̂�
; ℎ𝑤 = 𝜆Λ ;  Λ ≈ �̂� − (�̂� + 6)         𝑓𝑜𝑟  �̂� ≥ 22

0                                                                                             𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

                              (6.8) 

Estimation of bed voidage, resistance to airflow, kernel equivalent density and fan power 
The widely used Ergun’s equation for the resistance to airflow in a bed packed with non-
spherical objects was modified to take into account compaction, as follows  

SP =
150𝜇𝑎𝑉𝑎

𝑟𝑠
2

(1 − 휀̂)2

휀̂3
+

1.75𝜌𝑎𝑉𝑎
2

𝑟𝑠

(1 − 휀̂)

휀̂3
 ;  𝑟𝑠 =  

3

𝑎𝑔

;  휀̂ = 𝜓휀                                                  (6.9)  

The variables 𝑉𝑎 , 𝑟𝑠 and 𝜌 ̂ were obtained directly from the thin-layer / elementary drying ex-
periments.  A prediction correlation for 휀 was applied (Benyahia & O’Neill, 2005):  

휀(±2.5%) ≈ (0.1504 +
0.2024

𝜙
)                                                                             0.42 ≤ 𝜙 ≤ 1         (6.10) 

The empirical expression for the bed airflow resistance is stated (ASABE Standard, 1999b):  

𝑆𝑃 =
∀𝑘1𝑉𝑎

2

𝑙𝑛(1 + 𝑘2𝑉𝑎)
                                                                                                                                    (6.11)  

Typically 1.2 ≤ ∀≤ 2.3 (Grama, Bern, & Hurburgh Jr, 1984). Table 6.3 lists values of 𝑘1, 𝑘2 , 
∀ that were applied for the maize ear components in this study.   The bed compaction factor 
(𝜓) was obtained by applying iterative goal-seeking with MS Excel SolverTM to establish 
coincidence of Equations (6.9), (6.10) and (6.11). The kernel equivalent density was deter-
mined from the componential bone-dry mass fractions in the thin layer drying experiments, 
as follows: 
𝜌𝑘,𝑑𝑚 =  𝜋𝑘 ,𝑑𝑚 𝜌𝑑𝑚;   𝜋𝑘 ,𝑑𝑚 = 𝜌𝑘,𝑑𝑚 𝜌𝑑𝑚                                                                                            (6.12)⁄  
The fan power was estimated from: 

�̇�𝑖 =
�̇�𝑜

∅
;  �̇�𝑜 = 𝑆𝑃. 𝑉𝑎𝐻                                                                                                                              (6.13) 

Table 6.13  Empirical coefficients in the bed pressure drop correlation (ASABE 
Standard, 1999b; Cooper & Sumner, 1985; Grama et al., 1984) 

Bed component 𝒌𝟏 𝒌𝟐 ∀ 
Whole ear with husk 3467 2996 1.5 
Dehusked ear 3467 2996 1 
Shelled maize 20700 30.4 1.2 
Cob 3467 2478 2.5 

6.2.2 Safe drying capacity projection in undisturbed shallow beds 

Undisturbed shallow beds achieve safe drying without significant moisture content zoning, 
thereby avoiding the occurrence of critical dehydration or wetness. The initial dehydration 
zone extends through the entire depth of bed and the eventual drying time for the batch falls 



- 63 - 

below that required for thin-layer equilibration. The approach used for projection of safe ca-
pacity in shallow beds was similar to that of the deep bed, but with 𝐻 = 0.5𝜆 (see Fig. 6.1). 
Both CD and CW are non-existent in shallow beds.  

6.2.3 Determination of threshold convective-heating and fan airflow requirements 
for the safe beds  

The safe-minimum convective heating and airflow were evaluated on the basis of a 1 tonne 
kernel equivalent bed, i.e. a batch with a kernel yield of 1 tonne (bone-dry) per unit bed 
section area perpendicular to the plug flow direction. Assuming adiabatic conditions and 
taking into account the evaporative load, the mean convective heating of the kernel equiva-
lent bed is stated as follows: 

�̇�𝑣 = ℎ̅𝑎𝑏 �̅�(𝑇𝑎𝑖 − 𝑇𝑤𝑏𝑒); ℎ̅ =  
0.01ℎ𝑓𝑔𝜌𝑑𝑚

3600𝑡𝑎𝑏 �̅�
 

(𝑀0 − �̅�𝑓)

(𝑇𝑎𝑖 − 𝑇𝑤𝑏𝑒)
  ;  �̅� =

𝑇𝑎𝑖 − �̅�𝑝𝑜

𝑇𝑎𝑖 − 𝑇𝑤𝑏𝑒

                               (6.14) 

The minimum convective heat transfer coefficient for safe drying was evaluated at the safe 
holding time, adjusted to take into account the mean bed efficiency (inefficiency within the 
bed implies that the product at the exit also dries extending the SHT, Table 6.1): 

ℎ̅′ =  
0.01ℎ𝑓𝑔𝜌𝑑𝑚

3600(24SHT′)𝑎𝑏 �̅�′
 

(𝑀0 − �̅�𝑓)

(𝑇𝑎𝑖 − 𝑇𝑤𝑏𝑒)
 ; SHT′ ≈

SHT

�̅�
                                                            (6.15) 

From Eq. (6.14) and Eq. (6.15), 
ℎ̅′

ℎ̅
=  

�̅�𝑡

24SHT
; ℎ̅′ =

𝑘𝑎

𝐿𝑐
𝑁𝑢′; ℎ̅=

𝑘𝑎

𝐿𝑐
𝑁𝑢; 𝐿𝑐=2𝑟𝑠 (

휀

1 − 휀
) ;

�̅�

�̅�′
≈ 1                                                       (6.16) 

The following empirical correlation has been derived for laminar flow in packed beds 
(Whitaker, 1972):  

𝑁𝑢 = (0.5𝑅𝑒1 2⁄ + 0.2𝑅𝑒1 3⁄ )𝑃𝑟1 3⁄ (𝜇𝑎 𝜇𝑤⁄ )0.14  ;  𝑅𝑒 =
𝜌𝑎 𝑣𝑎𝐿𝑐

𝜇𝑎

   { 20 ≤ 𝑅𝑒 ≤ 104

0.34 ≤ 휀 ≤ 0.48
              (6.17) 

Consequently, Eq. (6.16) is reformulated as: 
0.5(𝜌𝑎𝑉𝑎

′𝐿𝑐 𝜇𝑎⁄ )1 2⁄ + 0.2(𝜌𝑎𝑉𝑎
′𝐿𝑐 𝜇𝑎⁄ )1 3⁄

0.5(𝜌𝑎𝑉𝑎𝐿𝑐 𝜇𝑎⁄ )1 2⁄ + 0.2(𝜌𝑎𝑉𝑎𝐿𝑐 𝜇𝑎⁄ )1 3⁄ =
�̅�𝑡

24SHT
                                                                         (6.18) 

The minimum fan requirements for the kernel equivalent bed were determined by solving 
Eq. (6.18) for 𝑉𝑎

′. For the characterisation of drying kinetics at 𝑉𝑎
′, the following correlation 

from empirical data (Barre et al., 1971; Muchilwa & Hensel, 2015) was adopted;  
𝑘 ′

𝑘
=

𝑡0.5

𝑡0.5
, ≈ (

𝑉𝑎
′

𝑉𝑎

 )

0.8

                                                                                                         (6.19) 

6.2.4 Uncertainty analysis 

A sensitivity analysis of the safe load predictions to small variations (5%) in the bed mois-
ture content, product bulk density and the bed superficial velocity, was performed. These 
sources of error were assumed to be insignificantly correlated and the average overall un-
certainty evaluated as: 

∪̅ (𝐻, 𝑚𝑑𝑚, 𝑡) = ±
𝑚𝑎𝑥𝑖𝑚𝑢𝑚

2
(

𝜕(𝐻, 𝑚𝑑𝑚, 𝑡)

𝜕𝑀𝑜,±5%

𝑜𝑟
𝜕(𝐻, 𝑚𝑑𝑚, 𝑡)

𝜕𝜌𝑑𝑚,±5%
′ 𝑜𝑟

𝜕(𝐻, 𝑚𝑑𝑚, 𝑡)

𝜕𝑉𝑎,±5%

 )                   (6.20) 
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6.2.5 Sensor-psychrometric profiling of elementary maize drying  

The ability to dry foods qualitatively in fixed batches is heavily dependent on the convective -
dehydration characteristics of the elements within the hypothetical thin-layer. Fig. 6.2 shows 
the desktop convective water activity digitiser that was applied in this study to characterise 
convective drying of unhusked, husked and shelled maize. Sensor-psychrometrics provides 
a digital signature of the convective drying process that is unique and comparable for differ-
ent products and process settings. The experiments were conducted at the University of 
Kassel’s Department of Agricultural Engineering in Germany. Physiologically mature maize 
was harvested whole (i.e. with husk cover), wrapped in vacuum bags and refrigerated at 8℃ 
to deter moulding. Prior to each experiment, a sample was extracted from the refrigerator 
and exposed to room conditions, for at least 12 hours, to allow excess surface water to 
evaporate. Convective drying runs were performed for unhusked (with husk), husked and 
shelled maize and the cob at temperatures of 36℃, 45℃ and 53℃. The samples were 
weighed before and after the experiments on a precision scale (±0.005g).  

 

Figure 6.19 Sensor-psychrometric digitisation of elementary drying of maize with 
improvised pseudo “wet-bulbs”. a - desktop convective water activity digitiser; b – 
Unhusked maize c- Husked maize; d – shelled maize (kernel wet bulb); e – 
cob/spindle 

To ensure equilibration under the test settings, the experiments were run uninterrupted 
for 7 days (168 hrs.) for the unhusked ear and husked maize, and 2 days (48 hrs.) for the 
shelled maize and cob. Real-time temperature logging on PC was conducted using negative 
temperature coefficient (NTC) thermistors, and Type K thermocouples sensitive to 
±0.005℃. The wetness variation in both the drying chamber and the room was profiled using 
Testo 174H and FreeTec humidity/temperature data-loggers. A sampling interval of 5 
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minutes was adopted for the data loggers. Airflow levels for each experiment were deter-
mined using a Testo 405 –V1 digital thermal anemometer (± 0.1 m/s). Lumped mass decli-
nation (Muchilwa & Hensel, 2015) was applied, for digitisation of the drying curves, between 
the initial and the electronic equilibration time, i.e. the time taken for the pseudo-wet bulb 
temperature (read from sensor mounted along the top central axis of the dehydrating object) 
to peak and sustain for over 12 hours, under constant chamber humidity.  

6.3 Results and Discussion 

6.3.1 Elementary drying of maize ear components 

Figure 6.3 presents results of the digitisation of elementary unhusked, husked and shelled 
maize drying based on computational sensor-psychrometrics, at the temperature setting of 
45oC. A plotting interval of 2 hours was applied between symbols to facilitate better visuali-
sation of the variation in drying potential.  For example, rapid dehydration at the start of 
drying (𝑚𝑟 = 1) is demonstrated by the broader spacing between symbols, in all the exper-
iments. Conversely, slow drying as the equilibrium condition is approached (𝑚𝑟 → 0) is 
demonstrated by crowding of symbols. The difference between the relatively slow drying of 
unhusked maize and rapid dehydration of shelled maize is also deducible from the crammed 
and sparse plotting, respectively.  

 

Figure 6.20 Sensor-psychrometric digitisation of elementary drying at 45oC showing 
interactions between the product temperature (pseudo-wet-bulb), water activity, 
moisture content and drying times as a function of the drying potential. 

The exhaustion of drying potential (signalling attainment of the equilibrium condition,  𝑚𝑟 =

0) was demonstrated by the overlapping of symbols on both the temperature and water 
activity profiles, indicating insensible changes in the terminal product condition. A pseudo-
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wet-bulb temperature develops at the centre of thick and porous hygroscopic bodies ex-
posed to convective evaporative cooling, when the net internal heat gain from convectio n 
and conduction is cancelled out by the outward bound vapour diffusion and evaporation 
(Nissan, Kaye, & Bell, 1959). A typical step-response characterised the initial increase in the 
product pseudo-wet-bulb temperature, consistent with the abrupt placement of the wet sam-
ples into the hot air stream. In the steady-state, the product temperature was observed to 
increase gradually with declining drying potential, attributable to the declining evaporative 
cooling effect of convective water.  

Figures 6.4 – 6.6 compare the results of elementary drying rates and times for the differ-
ent maize components, and the evaporative cooling (evaluated as the difference between 
the initial and final product steady state temperatures, over the approximate range  0 ≤ 𝑚𝑟 ≤

0.9). Husking and shelling maize shortened the drying times, with corresponding increases 
in the drying rate and degrees of evaporative cooling observed. The drying rates and de-
grees of evaporative cooling both increased with increasing temperature, but this trend was 
less pronounced for unhusked maize, attributable to the barrier effect of the husk. The times 
required for sufficient drying ranged between 49 – 67 hours for unhusked maize, 19 - 39 
hours for husked maize and just 2 – 11 hours for shelled maize, at the applied temperature 
settings.  

 
Figure 6.21 Elementary evaporative cooling, drying rate and drying time 
comparisons for unhusked, husked, shelled maize and the cob / spindle for drying 
at 36oC, 45oC and 53oC.  

At the highest temperature setting of 53oC, bulking operations resulted in a tenfold rise in 
the mean drying rate, increasing from 0.11 to 1.27 𝑔𝑤 𝑘𝑔𝑑𝑚

−1  𝑚𝑖𝑛−1, for unhusked and shelled 
maize, respectively. Correspondingly, evaporative cooling increased from 4oC to 11oC, rep-
resenting close to a threefold rise for shelled maize. 
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Figure 6.22 Impact of husking and shelling maize on the elementary drying times for 
unhusked, husked, shelled maize and the cob / spindle for drying at 36oC, 45oC and 
53oC 

 
Figure 6.23 Evaporative cooling effect comparisons for unhusked, husked, shelled 
maize and the cob / spindle for drying at 36oC, 45oC and 53oC.  
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In Fig. 6.6, it was observed that unhusked maize, at all the temperature settings, heated 
up the fastest in the initial phase (0.5 ≤ 𝑚𝑟 ≤ 0.9) consistent with its lower drying and evap-
orative cooling rates. Rapid heating of slow drying foods, above the environmental dew 
point, can be advantageous in ventilated piles, because hot walls expel enclosed water va-
pour, dehumidifying air and maintaining surface-dry conditions that deter microbial and fun-
gal activity. Slower rates of threshold product heating were observed with both shelled maize 
and the bare cob, both of which were associated with higher rates of drying and degrees of 
evaporative cooling.   

6.3.2 Impact of husking and shelling maize on bed packing 

Table 6.4 summarises the main bed packing parameters that were derived for the samples 
in the elementary drying experiments. The parameters for shelled maize, with exception of 
the bulk density, were adopted from literature (Brooker et al., 1992). In general, the bed 
porosity (or voidage) is dependent on the object shape and does not significantly change for 
beds with scaled-up proportionate geometries.  
Table 6.14 Approximate bed packing parameters for the dried elementary units  

Test object 𝒓𝒔 𝝓 �̂� 𝝍 𝝆𝒅𝒎
′  𝝆𝒅𝒎 𝝆𝒌𝒅𝒎 𝒂𝒈 𝒂𝒃  

Unhusked 
maize 

36oC 0.036  
0.4 
 

0.37  
0.6 

498 315 259 84 53 0.13 
45oC 0.032 0.38 511 317 260 94 58 0.18 
53oC 0.036 0.37 506 320 262 84 53 0.18 

Husked 
maize 

36oC 0.031  
0.4 
 

0.43  
0.7 

665 380 327 98 56 0.36 
45oC 0.032 0.42 661 380 327 95 55 0.29 
53oC 0.032 0.42 636 367 315 94 54 0.36 

Shelled 
maize 
(Brooker et 
al., 1992) 

36oC  
0.004 
 

 
0.7 
 

 
0.38 
 

 
0.9 

 
1040 
 

 
643 

 
643 

 
784 
 

 
484 

0.20 
45oC 0.17 
53oC 0.16 

Cob 
(spindle) 

36oC 0.023  
0.4 
 

0.37  
0.6 

185 117  
0 

130 83 0.21 
45oC 0.020 0.39 216 132 154 94 0.17 
53oC 0.020 0.38 213 131 150 92 0.27 

𝑟𝑠 = 𝑠phere equivalent radius [𝑚], 𝜙 = sphericity  [~], 휀̂ = bed voidage-compact [−],  
𝜓 = bed compaction factor, 𝝆𝒅𝒎

′ = true density-bone dry [𝑘𝑔𝑑𝑚 𝑚−3], 𝝆𝒅𝒎 =
bulk density- bone dry [𝑘𝑔𝑑𝑚 𝑚−3], 𝝆𝒌𝒅𝒎 = kernel bulk density -bone dry [𝑘𝑔𝑑𝑚 𝑚−3], 𝒂𝒈 =

product specific surface [𝑚2 𝑚−3], 𝒂𝑏 = bed specific surface [𝑚2 𝑚−3], =
volumetric shrinkage factor  [~] 

The obtained values in the range 0.37 – 0.43 are typical for solid cylinders in packed beds 
in which the object geometry is far smaller than that of the physical bed, i.e. the effect of the 
uneven filling at the walls is negligible (Benyahia & O’Neill, 2005). From Eq. (6.9) it can be 
deduced that the static pressure drop per unit depth of shelled maize with an 𝑟𝑠 of 4 mm is 
significantly higher than that for husked and unhusked maize, sized at 32 mm and 36 mm, 
respectively. A smaller 𝑟𝑠  also increases the convective heat transfer coefficient (see Eq. 
(6.16)) and this, coupled with the near ten-fold increase in exposed specific surface and the 
doubling of density, implies that the convection capacity of the shelled (kernel) bed is out-
standingly higher than that of the other beds. The obtained true and bulk densities ranging 
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from 185 𝑘𝑔𝑑𝑚 𝑚−3 to 1040 𝑘𝑔𝑑𝑚  𝑚−3 and 117 𝑘𝑔𝑑𝑚 𝑚−3 to 643 𝑘𝑔𝑑𝑚  𝑚−3, respectively, are 
consistent published data for maize and other biological materials (ASABE standard, 1999a; 
Hatamipour & Mowla, 2003; Rodríguez-Ramírez, Méndez-Lagunas, López-Ortiz, & Torres, 
2012; Sharaf-Eldeen, 1979; Zhang, Ghaly, & Li, 2012).  

With regards to risk compounding factors for fungal and microbial spoilage in packed 
beds, a bigger 𝑟𝑠 coupled with lower 𝜙  (Table 6.4) implies larger pockets of enclosed air 
within packed beds and this slows down relative humidity accumulation at the same temper-
ature (Boyle’s law: 𝑃𝑣2 = 𝑃𝑣1(𝑉1 𝑉2⁄ ), for 𝑉2 ≫ 𝑉1 ), enabling piled foods to hold safely for 
longer periods This justifies (in-part) the longer holding times for both unhusked and husked 
maize (as well as the cob) over shelled maize, as reported in Table 6.1. Husking and shelling 
maize at relatively high moisture contents also increases the risk of physical injury to the 
kernels, before and during drying (particularly in mechanically agitated beds), and this ac-
celerates deterioration in quality (Galati, Giannuzzi, & Giner, 2011). Rajasekaran et al. 
(2013) found the tip (or pedicel) to be the main pathway for entry of Aspergillus flavus (A. 
flavus) into fully exposed (undamaged) kernels. A. flavus is associated with the production 
of aflatoxins in maize. Husk cover and on-the-cob drying conceal the pedicel thereby mini-
mising the risk and / or pace of spoilage.  Fig. 6.7 illustrates the main constituents of un-
husked maize by bone-dry mass fractions. 

 
Figure 6.24 Residual/bone dry mass fractions for unhusked maize as estimated from 
the test samples in this study 

6.3.3 Comparisons of projected safe loads undisturbed deep beds  

Table 6.5 summarises the main results from the undisturbed deep bed drying analyses 
based on Hukill’s two-parametric MR model. The listed �̂� and �̂� variables can be applied to 
estimate the drying kinetics at any time and position within the bed, as well as determine the 
location, width and rate of advance of the drying zone. The MR halving times (𝑡0.5), obtained 
from the elementary drying experiments varied between 29 – 34 hours and 1.5 – 4.4 hours, 
for unhusked and shelled maize, respectively. The characteristic depth () ranged between 
1.96 – 2.74 m for unhusked maize and 0.11 – 0.17 m for shelled maize, implying a reduction 
of up to 2000% in the width of the drying zone as a consequence of shelling.  
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Table 6.15 Hukill’s MR model characterisation of undisturbed deep beds  
 

                       oC 
Unhusked maize Husked maize Shelled maize Cob/spindle 

36 45 53 36 45 53 36 45 53 36 45 53 

D
ee

p 
be

d 
𝐇

=
𝝀

𝑫
  [

𝒎
]  

�̂� 4.92 5.90 5.36 8.19 15.2 18.1 16.4 22.4 47.1 34.8 50.3 77.5 

�̂� 5.32 7.18 6.45 10.6 20.4 23.7 19.6 31.2 71.8 43.6 68.1 122 

𝑡0.5 34.2 28.5 31.4 20.5 11.1 9.3 4.40 3.22 1.53 3.45 2.38 1.55 

 1.96 2.00 2.74 0.99 0.68 0.65 0.13 0.17 0.11 0.20 0.21 0.23 

𝑇𝑎𝑒 25.9 25.9 29.3 20.9 18.7 18.7 18.1 18.0 18.0 18.0 18.0 18.0 

RHe 62 62 51 83 96 96 90 100 100 100 100 100 

CD% 0 0 0 0 45 51 53 53 57 66 65 59 

CW% 0 0 0 0 0 0 0 9 26 6 17 31 

Figure 6.8 compares the projected adiabatic drying profiles for undisturbed deep beds of 
unhusked, husked and shelled maize and the cob. The kernel safe load potentials increased 
with the temperature setting, ranging between 2 to 5 tonnes per square meter (approximate), 
for all the beds. 

 
Figure 6.25 Adiabatic safe loading capacities for batch drying of maize in 
undisturbed deep beds,  including the plenum static air pressure , the safe bed 
filling depth and maize kernel load, the terminal bed moisture content range, drying 
time and heat exhaustion efficiencies. 

The bed filling depths were highest for cobed maize (both unhusked and husked), in the 
range 10 - 18 m and increasing with the temperature setting. For better load management, 
split beds are often applied (in series) for cobed maize, with exhausting air from the first 
being fed into the next to enhance thermal efficiency (Kolling et al., 2006). Unhusked cobed 
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maize beds were observed have the lowest thermal efficiencies of 84 – 90%, consistent also 
with the unsaturated air exiting these beds, as shown by RHe in the range 51- 62% (Table 6.5). 
In contrast, the deep bed filling for shelled maize was much lower than that of cobed maize, 
ranging between 2.6 – 7.7 m and also increasing with temperature.  Whereas it could be 
argued that the shorter overall drying times coupled with lower space requirements of 
shelled maize beds, extend their capacity over cobed maize, these advantages are over-
shadowed by the bigger fan requirements and higher degree of non-uniform / discriminative 
drying.  For the same maize kernel yield, the resistance to airflow (indicated by the plenum 
static air pressure, Fig. 6.8) was in the range 16.2 – 47.6 cmw g for shelled maize, i.e. 4 – 7 
times higher than that of cobed maize.  

The terminal bed moisture content range differentiating the wetness conditions at the top 
and bottom of the undisturbed batch, was notably significant for all the deep beds at  �̂� ≥

5 (or 𝐻 = 5𝜆). Figure 6.9 plots the terminal bed moisture content range in relation to the 
number of depth factors, which is indicative of the degree of bed loading for the tested maize 
samples. An exponential increase was established for the variation of the terminal bed mois-
ture content range with �̂� (see Fig. 6.9). Use of undisturbed deep beds with �̂� ≥ 1 (or 𝐻 ≥ 𝜆)  
promotes uneven drying and should be avoided. If these beds are employed, they have to 
be regularly “disturbed” through the application of airflow reversal or physical mixing 
(Brooker et al., 1992; Jayas & White, 2003).  

 

Figure 6.26 Dependence of the terminal bed moisture content (∆𝑴𝑹 =  𝑴𝑹𝒕𝒐𝒑  −

 𝑴𝑹𝒃𝒐𝒕𝒕𝒐𝒎) on the degree of bed loading as characterised by the number of depth 
factors 

Critical dehydration (CD, Table 6.5) in the range of 45 - 66% was observed for husked, 
shelled maize and the cob, resulting from a combination of high drying rates and extended 
drying beyond the characteristic time for equilibration in the thin layer (Fig. 6.4). CD reduces 
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weight and increases fragility and breakage. The terminally over-dried material, in contact 
with the flue gases or surfaces of combustion powered systems, also presents a fire hazard 
because of the tendency to spontaneously heat up and burn. Fires at grain drying facilities 
are common, but often go unreported.  On the other hand, Critical wetness (CW) of up to 
26% observed for the deep bed of shelled maize (Table 6.5), is unacceptable because un-
blended pockets of undried grain will continue to deteriorate during storage eventually de-
grading or condemning the entire batch. 

6.3.4 Comparisons of projected safe loads in undisturbed shallow beds 

Fig. 6.10 and Table 6.6 present the results of the undisturbed shallow bed drying analysis 
with the loading depth (𝐻) restricted to 0.5𝜆. Declining bed capacities were observed, with 
kernel loads varying from 260 - 360 𝑘𝑔𝑘  𝑚𝑏𝑒𝑑

−2   for unhusked maize to 100 – 160 𝑘𝑔𝑘  𝑚𝑏𝑒𝑑
−2   

and just 30 - 50 𝑘𝑔𝑘  𝑚𝑏𝑒𝑑
−2 , for husked and shelled maize, respectively. Whereas increasing 

temperature added capacity to the bed of unhusked maize, diminishing beds were observed 
for husked and shelled maize, as a result of the corresponding unhindered increase their 
respective elementary drying rates (Fig. 6.4).  

 
Figure 6.27 Adiabatic safe loading capacities for batch drying of maize in 
undisturbed shallow beds,  including the plenum static air pressure , the safe bed 
filling depth and maize kernel load, the terminal bed moisture content range, drying 
time and heat exhaustion efficiencies 

The bed resistance to airflow was similar at 0.3 – 0.5 cmw g, for unhusked maize at a filling 
depth of 1 m and shelled maize at 8 cm, suggesting an increase of up to 900% in fan horse-
power requirements per kilogram as a consequence of husking and shelling. Limiting H to 
0.5𝜆 resulted in more even drying, but less efficiently, with heat utilisation and RHe values in 
the range 15 – 20% and 17- 38%, respectively (Table 6.6).  
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Table 6.16 Hukill’s MR model characterisation of undisturbed shallow beds  
 

oC 

Unhusked maize Husked maize Shelled maize Cob/spindle 

36 45 53 36 45 53 36 45 53 36 45 53 

Sh
al

lo
w

 b
ed

 
𝐇

=
𝟎

.𝟓
𝝀

  [
𝒎

]   

�̂� 2.35 2.22 2.17 2.21 2.15 2.28 2.75 2.01 1.71 2.50 2.13 1.55 

�̂� 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

𝑡0.5 34.2 28.5 31.4 20.5 11.1 9.3 4.40 3.22 1.53 3.45 2.38 1.55 

 1.98 2.00 2.75 0.99 0.68 0.65 0.13 0.17 0.11 0.20 0.21 0.23 

𝑇𝑎𝑒 34.6 42.8 50.1 34.5 42.7 50.3 35.0 42.5 49.1 34.8 42.7 48.9 

RHe 38 24 17 38 24 17 37 25 18 37 24 18 

CD% 0 0 0 0 0 0 0 0 0 0 0 0 

CW% 0 0 0 0 0 0 0 0 0 0 0 0 

Maximising energy efficiency while maintaining uniformity of batch drying would require in-
creasing loading (H) and “disturbing” the beds through mechanical stirring, but this is unde-
sirable because it necessitates more mechanisation and technical supervision, sophisticat-
ing operations for applications targeting small farms. A more recommendable approach for 
energy saving with shallow beds of cobed maize would be to reheat, dehumidify & recircu-
late the spent air (rather than disturb the beds), already a common feature with oven dryers 
that rely on thermostat regulated space heating to dehydrate foods in ventilated chambers. 

6.3.5 Comparisons of threshold aeration requirements for the kernel equivalent 
bed (KEB) 

Table 6.7 and Figure 6.11 illustrate the effects of applying minimal airflows on drying in the 
KEB. The hypothetical KEB, was defined as that holding an equivalent of 1000 𝑘𝑔𝑘  𝑚𝑏𝑒𝑑

−2  (or 
146 𝑘𝑔𝑐𝑜𝑏𝑠 𝑚𝑏𝑒𝑑

−2 , by proportion - Fig. 6.7). Solving the developed safe bed projection model 
with fixed capacity shifted variability to time (see Eq. (6.21)), thereby enabling estimation of 
the minimal airflow and heating requirements of the beds. Threshold aeration rates in the 
range 0.06 – 0.14 𝑚 𝑠−1𝑚−2 (approx. 3 – 6 cfm/bu) were determined for husked and shelled 
maize, consistent with the 3 – 5 cfm/bu quoted in literature (Maier, 1996; Sadaka, n.d.). It 
was observed that the decrease in   at reduced airflow was marginal, because of the in-
verse correlations between 𝑡0.5 and 𝑉𝑎 (in Eq. (6.19)) which cancel out in Eq. (6.3). The low 
water column for resistance to airflow in the cobed maize beds (unhusked and husked), 
ranging just 0.08 – 0.21cmw g, confirmed suitability for ventilation using ordinary axial fans. 
These fans are generally priced lower centrifugal fans and deliver much higher volumes of 
airflow against low plenum pressures, at the same power (Sadaka, n.d.). Shelling maize, on 
the other hand, necessitates the use of centrifugal fans to sustain high airflow in deep beds 
and this translates to higher capital and powering requirements for the equivalent batch ca-
pacity.  
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Table 6.17 Hukill’s MR model characterisation for the undisturbed Kernel equivalent 
bed (KEB) at the threshold minimum airflow 

 

oC 

Unhusked maize Husked maize Shelled maize Cob/spindle 

36 45 53 36 45 53 36 45 53 36 45 53 

1 
to

nn
e 

K
EB

 (1
 𝐭

𝒌
 𝒎

𝒃
𝒆

𝒅
−

𝟐
, m

in
. a

ir)
 

𝐇
=

𝝀
𝑫

  [
𝒎

]   

𝑉𝑎
′ 0.07 0.06 0.05 0.07 0.06 0.06 0.14 0.08 0.06 0.03 0.02 0.01 

�̂� 3.21 3.08 2.74 3.82 4.91 5.46 11.0 8.29 12.5 7.54 6.35 5.46 

�̂� 2.37 2.42 1.81 3.81 5.78 6.35 12.8 11.3 19.1 8.86 8.08 8.28 

𝑡 240 220 251 179 145 141 70 61 57 78 63 53 

𝑡0.5 74.7 71.3 91.5 46.8 29.5 25.8 6.42 7.39 4.54 10.4 9.88 9.68 

 1.63 1.59 2.11 0.80 0.53 0.50 0.12 0.14 0.08 0.16 0.16 0.16 

�̅�𝑎𝑒 25.7 29.1 35.8 22.5 21.4 21.9 18.6 18.5 18.0 19.2 19.6 19.2 

RH̅̅̅̅ ̅e 63 51 35 76 81 79 96 97 100 93 90 93 

CD% 0 0 0 0 0 0 38.7 0 34.2 0 0 0 

CW% 0 0 0 0 0 0 0 0 2.81 0 0 0 

 

Figure 6.28 Capacity comparisons for the one-tonne maize kernel-equivalent bed 
supplied with the recommended minimum airflow for safe drying 

6.4 Conclusions and recommendations 

Use of the terms “deep” or “shallow” to describe safe loads in batch drying systems can be 
misleading.  Depth, in itself, is insufficient to predict the conditions under which piled foods 
will dry qualitatively and uniformly, and should be considered alongside the elementary 
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drying kinetics and bed packing and ventilation.  The presented comparative analysis and 
results support the following conclusions: 

1. The hypothesis was confirmed that husking and shelling maize significantly alters its 
bed packing and convection, diminishing its capacity to hold and dry safely in undis-
turbed batches.  

2. The husk constitutes just 6% of the ear dry matter, but can play a significant role in 
moderating thin-layer dehydration and facilitating uniform drying in undisturbed 
batches.   

3. Shelled maize dries unevenly necessitating the use of disturbed and highly super-
vised beds.  

4. Drying with low heat exhausting efficiencies within the bed avoids the development 
of extensive over/under dried zones in undisturbed batches. The use of shallow beds 
(𝐻 ≤ 𝜆)  is recommended, but with air recirculation to enhance efficiency. 

5. Propeller / panel (low-pressure) fans are inappropriate for use with shelled maize, but 
can sufficiently ventilate shallow beds of cobed maize at the recommended minimum 
airflows, especially at low temperatures (< 40oC). 
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7 Efficacy of Silica Gel and Hot Bulbs in Convective Maize Drying 
with Encased Air 

Open-air sun drying exposes foods to foreign matter, soil and airborne contaminants 
which enhance the risk of biodeterioration during storage. This study explored convec-
tive maize drying with encased air. Sensor psychrometrics was applied to estimate the 
rate at which water from convective dehydration is withdrawn from encapsulated air 
when silica gel or a combination of space heating and vents are applied to avoid humidity 
saturation and the risk of molding. A total of 25 samples, including unhusked, husked 
and shelled maize, with moisture contents of 25 – 49%wb, were dehydrated inde-
pendently using 3 – 9 litres of encased air at 30oC – 53oC, the range of transition from 
low to high temperature drying. Drying times of 3 – 212 hours were observed with space 
heating in the range 3 – 26 Watts. Relative humidity was limited to just 11 - 20% during 
the first five hours of desiccation with silica gel at peak drying rates of 0.0164 – 0.0455 g 
min-1 , maintaining surface-dry conditions that deter microbial activity. Granular desic-
cants could prove useful for in-store dehydration of maize as their hygroscopicity can be 
restored quickly and efficiently, even in crude ovens, without the risks associated with 
high-temperature or open-air food drying. In the absence of silica gel, vented space 
heating was shown to dehumidify encased air just as well and could provide a cost-
effective approach to energizing maize drying on small farms in the tropics.  

7.1 Introduction 

Maize accounts for 25% of starchy staple consumption in Africa and its predisposition to 
contamination by fungal pathogens is raising concerns on the continent (Smale, Byerlee, & 
Jayne, 2013). Hygiene is critical for the prevention of aflatoxins in dried foods (Chiewchan, 
Mujumdar, & Devahastin, 2015; Chulze, 2010). Husking, shelling and spreading maize out 
in the open to dry is common, a practice that increases exposure to soil and air-borne fungal 
spores, bird droppings, insects, foreign objects and other natural contaminants which accel-
erate spoilage in stores and silos. Poor (i.e. loose and incomplete) husk cover is already 
cited as one of the main risk factors for pre-harvest contamination of maize ears (Barry et 
al., 1986). Fungi will germinate on foods exposed to moist atmospheric conditions for long 
periods at typical room temperatures. Rapid dehydration in enclosed or hermetic spaces 
minimizes this unnecessary exposure, but requires strategies to prevent humidity saturation 
within the voids (bulk porosity) and hence the need for dehumidifiers.  

In general, encased air dehumidification strategies involve either the use of desiccants, 
heat pumps or hot bulbs and vents (i.e. space heating / cooling). Desiccants adsorb water 
directly from the air, lowering relative humidity. Drying of air in columns packed with solid or 
liquid desiccants has been studied to characterise water adsorption kinetics and establish 
efficiency (Abasi, Minaei, & Khoshtaghaza, 2016; Balkŏse, Baltacioğlu, & Abugaliye, 1990; 
Misha, Mat, Ruslan, & Sopian, 2012; Rai & Shukla, 2013; Suyono et al., 2012). Applications 
involving containerized seed drying, in which wet seeds are mixed directly with varying pro-
portions of granular desiccants, are reported and their potential for energy savings has been 
demonstrated (Atuonwu, van Straten, van Deventer, & van Boxtel, 2012; Dhaliwal, Singh, & 
Singh, 2006; Nagaya et al., 2006; Shanmugam & Natarajan, 2006). A typical shortcoming 
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of desiccants, however, is their limited water adsorption capacity which necessitates fre-
quent regeneration to restore hygroscopicity, especially when drying bulky foods(Hsiao, 
1974). In comparison to liquid systems, solid desiccants handle easier and employ simpler 
designs (Lowenstein, Slayzak, Ryan, & Pesaran, 1998; Misha et al., 2012) making them the 
preferred choice for small-scale food drying in low-income contexts. 

Heat pump dehumidifiers (HPDs) employ closed - circuit refrigerant displacement through 
an evaporator, compressor, condenser and expansion valve, to realize sensible heat (cold 
and hot) from the alternating conversions of liquid to gas (and vice versa).  These devices 
report typical drying efficiencies in the range 70-95%, compared to 30-40% for conventional 
open-cycle systems, subject to the degree of thermal insulation and the overall moisture 
load (from the drying rate) which can vary significantly for foods with concentration based 
water diffusivity (Chua, Chou, Ho, & Hawlader, 2002; Colak & Hepbasli, 2009; Perera & 
Rahman, 1997). HPDs are costly and require steady grid-power and professional servicing, 
factors that limit suitability for small farms in developing countries. 

Hot-bulb dehumidification (HBD) combines space heating and vents for differential vapor 
pressure driven ventilation.  Raising the temperature of a confined space above the ambient 
dew point amplifies the difference in vapor pressure facilitating outward expulsion of mois-
ture. A typical example of HBD is the “steaming” and drying out of metabolically heated 
compost piles. A further example of HBD is microwave drying. The use of radiant energy 
(microwaves) to raise food temperatures directly during convective drying has been shown 
to significantly improve the rate of moisture removal with reported energy savings  
(Łechtańska, Szadzińska, & Kowalski, 2015; Min Zhang, Chen, Mujumdar, Zhong, & Sun, 
2015). Microwave driers, however, are expensive and are beset by non-uniform heating and 
the difficulty regulating final moisture content, and consequently risk spontaneous burning, 
especially when processing bulky materials (Raghavan, 1993; M. Zhang, Tang, Mujumdar, 
& Wang, 2006).  

This study sought to compare the desiccation and dehumidification potentials of silica gel 
and hot bulbs as applied to convective maize drying in enclosed spaces. Encased air was 
assumed to suffice for the task of drying, i.e. adequate dehydration can be achieved by 
displacing this air and dehumidifying, either by using desiccants to adsorb water vapor di-
rectly or by applying space/wall heating and providing vents for the vapor to escape. Mass 
transfer in convective drying of foods is governed by both external and internal factors. The 
external factors include the thermodynamic condition of the convective air and ventilation 
restrictions. The internal factors, on the other hand, are related to the food physical structure 
and chemistry as well as the transitional affinities for free water that account for the differ-
entiation of drying kinetics into constant and falling rate regimes. The interaction between 
the internal and external factors dictates the pace of drying and this has a bearing on the 
efficacy of the applied dehumidification strategies in mitigating spoilage. 

7.2 Materials and methods 

This section describes the deployment of thermo-hygrometric sensors to assess the dehu-
midification potentials of silica gel and hot bulbs in dehydrating maize convectively using 
encased air. 
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7.2.1 Sensor psychrometric estimation of the apparent ventilation through vents 

“Apparent ventilation” was applied in this study to describe the rate at which convective 
water of dehydration is withdrawn from the enclosed drying chamber to avoid humidity sat-
uration. Consider a hypothetical vent in walls of an enclosed convective drying chamber with 
rigid walls maintained at a fixed temperature through space heating (Fig. 7.1). Under steady 
state conditions, the absolute humidity within the drying chamber stabilizes over short inter-
vals of time, indicating equilibrium between the rate of drying and the instantaneous dis-
charge of water vapor through the vent.  

 
Figure 7.1 Sensor psychrometric estimation of the apparent ventilation rate for 
water vapour discharge from the enclosed drying chamber through vents in the 
wall. 

The apparent ventilation rate for the discharge of water vapour can be expressed as: 

�̇�𝑉𝑅 [𝑙 𝑚𝑖𝑛−1 ] ≈
1

𝐴

𝑑𝑀

𝑑𝑡
                                                                                                                                 (7.1) 

where 𝑑𝑀 𝑑𝑡⁄  is the empirically determined drying rate [𝑔 𝑚𝑖𝑛−1], A is the absolute humidity 
[𝑔 𝑙−1](Vaisala, 2013):  

𝐴 =
0.00216679 × 𝑅𝐻 × 𝑃𝑣𝑠

273.15 + 𝑇
                                                                                                                   (7.2) 

where T and RH are the sensor indications for the encased air temperature [℃] and relative 
humidity [%], respectively and 𝑃𝑣𝑠  is the saturation vapour pressure [mbar]. 

7.2.2 Derivation of the empirical drying rate 

The empirical drying rate (𝑑𝑀 𝑑𝑡⁄ ) was derived from T and RH data using MS Excel Solver 
analytics described in Chapter 4. In the case of dehumidification with silica gel, a thermo-
hygrometric data logger located within the desiccant remotely monitored its temperature 
during drying. Water vapor adsorption is associated with the release of latent (sensible) heat 
which was used to estimate drying kinetics and to predict overall dehydration based on the 
lumped mass-declination illustrated in Fig. 7.2.  
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Figure 7.2 Adaptation of MS Excel Spreadsheet Solver lumped-mass analytics for 
digitisation of drying from the sensible heat of water vapour adsorption on silica 
gel. 

A model for predicting the drying rate based on sensible temperature changes within the 
desiccant was developed (prospectively) using CurveExpert Pro (CurveExpert Professional, 
2016), stated as: 
𝑑𝑀

𝑑𝑡
= 𝜍 +

Θ1 ℧𝑖
Θ2

Θ3
Θ2 + ℧

𝑖

Θ2
; ℧𝑖 = �̂�𝑠𝑔𝑖 − �̂�𝑠𝑔𝑒;  �̂�𝑠𝑔𝑖 = 𝑎 (1 + 𝑏𝑒−𝑐𝑡)⁄                    𝑖 = 1, 2, … , 𝑛          (7.3) 

where 𝜍 is a back-solving parameter for spreadsheet optimization, Θ1, Θ2and Θ3 are global 
adsorption drying coefficients, �̂�𝑠𝑔𝑖 and �̂�𝑠𝑔𝑒  are the variable and equilibration silica gel tem-
peratures [oC], respectively, obtained by fitting the logistic model with the constants a, b and 
c to empirical sensor data and “n” is the total number of computations equivalent to the 
equilibration drying time in minutes. The equilibration time signalling the end of drying was 
identified when no further changes could be detected in the relative humidity and tempera-
ture of the encased air, as well as the temperature of the sample (i.e. the pseudo-wet-bulb), 
over a period of 24 hours. A gravimetric experiment was performed at the start to obtain the 
global coefficients Θ1, Θ2and Θ3  by curve-fitting Eq. (7.3) onto a plot of the physically verified 
drying rate 𝑑𝑀 𝑑𝑡⁄ |𝑐𝑎𝑙 [g min-1] verses the temperature gradient (℧𝑖) [oC]. A two-term expo-
nential of the form 𝑚 = 𝜑1 𝑒𝑥𝑝(−𝑘1𝑡) + 𝜑2 𝑒𝑥𝑝(−𝑘2𝑡) was applied in the determination of 
𝑑𝑀 𝑑𝑡⁄ |𝑐𝑎𝑙  by spreadsheet differentiation, with 𝑚 being the mass [g], 𝑘1 and 𝑘2  drying con-
stants [min-1] and 𝜑1  and 𝜑2  model fitting coefficients [g]. 
The drying rate of maize in vented chambers with space heating is expressed as (Chapter 
4):  
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𝑑𝑀

𝑑𝑡
= (

𝑎𝑤
′ − 𝑎𝑤𝑒

′

𝑎𝑤𝑜
′ − 𝑎𝑤𝑒

′
) ×

𝑑𝑀

𝑑𝑡
|

𝑚𝑎𝑥

;  𝑎𝑤
′ (𝑡) = 𝑃𝑣 𝑃𝑣𝑠

′  ;⁄  𝑎𝑤𝑜
′ (𝑡) = 𝑃𝑣𝑜 𝑃𝑣𝑠

′ ;  𝑎𝑤𝑒
′ = 𝑃𝑣𝑒 𝑃𝑣𝑠

′ ; ⁄   ⁄  

 𝑃𝑣 = 0.01𝑅𝐻 × 𝑃𝑣𝑠 ;   𝑃𝑣𝑠 ≅  6.11 × 10𝜕  ;  𝜕 =  
7.5𝑇

(237.7 + 𝑇)
;                                                              

𝑃𝑣𝑠
′ ≅  6.11 × 10�̇̂�  ; �̂� =  

7.5 (0.5(𝑇 + 𝑇𝑝𝑤𝑏))

(237.7 + (0.5(𝑇 + 𝑇𝑝𝑤𝑏)))
       𝑖 = 1, 2, … , 𝑛         (7.4)  

Where  𝑎𝑤
′  is the locally regressed (LOESS) humidity [%],  𝑃𝑣𝑜and 𝑃𝑣𝑒 [mbar] represent the 

empirical initial and terminal vapor pressure of water, respectively, evaluated at the encased 
air temperature T [oC] and relative humidity RH [%], 𝑃𝑣𝑠

′  and 𝑃𝑣𝑠𝑒
′  [mbar] are the variable and 

terminal saturated vapor pressures, respectively, evaluated at the mean product film tem-
perature, i.e. (𝑇 + 𝑇𝑝𝑤𝑏) 2⁄  [℃]  with Tpwb being the “pseudo-wet-bulb” (recorded by a sensor 
mounted into the central pith of the cob/spindle). The peak drying rate 𝑑𝑀 𝑑𝑡⁄ |𝑚𝑎𝑥  [g min-1] 
was determined by MS Excel Solver iteration / back-solving.  

7.2.3 Hardware and instrumentation 

Figure 7.3 shows the unit that was applied to investigate desiccant dehumidification. Semi-
hermetic conditions were achieved by wrapping a moisture barrier around the experimental 
unit to seal off vents.  

 

 

Figure 7.3 Experimental cobed maize drying with silica gel desiccant 
dehumidification (SGD). Inset: schematic illustrating the closed-cycle airflow 
displacement between the heater, maize cob and desiccant. Encased air ≈ 6 litres, 
fan air circulation rate ≈ 3800 litres per hour. 

Approximately 300g of regular density silica gel (colour changing from orange to green when 
saturated) was placed at the bottom of the enclosed chamber, in contact with the humid air 
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stream. The recycled hot humid air was cooled down by contact with the external walls, 
raising the relative humidity for more efficient desiccation. Figure 7.4 shows three different 
experimental units (with diminishing headspace) that were built to assess maize drying with 
hot-bulb dehumidification. In HBD-A and HBD-B, the silica gel desiccant was removed and 
replaced by vents / holes in the wall to allow water vapor from convective cob dehydration 
to escape from the drying chamber. The effect of varying the headspace on humidity accu-
mulation within the enclosed convective drying chamber was tested. Testo 174H data log-
gers (Conrad AG, Germany, ± 0.5oC and ± 3% RH) were applied for the in-chamber/stream 
temperature and humidity measurements. For the ambient room conditions, a FreeTec tem-
perature and humidity data logger (Bürosysteme Büroorganisation Softwareentwicklung 
GmbH, Germany, ± 1oC and ± 4% RH) was applied. 

 

Figure 7.4 Experimental cobed maize drying with hot-bulb dehumidification (HBD). 
HBD-A: ≈ 9 litres encased air, natural “hole-in-wall” ventilation; HBD-B: ≈ 6 litres 
encased air, free “hole-in-wall” ventilation (Muchilwa & Hensel, 2015); HBD-C: ≈ 3 
litres encased air, displacement pump controlled ventilation ≈ 32 litres per hour, i.e. 
≈ 10 air changes / hour.  

The experimental setup HBD-C (Fig. 7.4) was applied to validate the apparent ventilation 
rate predicted in Eq. (7.1) by comparing it with that derived when a known amount of air is 
forced through the drying chamber. External air at the rate of approximately 30 litres per 
hour was forced through the 3 litre drying chamber by two 6VDC mini suction / positive 
displacement pumps (Ideas4motion GmbH, Germany), connected in parallel. The forced 
ventilation rate was verified using a Honeywell AWM5105VN in-line amplified mass airflow 
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sensor with a range of 0 - 5 SLPM (Conrad AG, Germany, ± 0.5%). Figure 7.5 shows the 
applied calibration for estimation of the ventilation pump airflow. 

Power consumption of the thermostat-regulated heater (i.e. the “hot bulb”) was monitored 
by coupling a Lascar EL-USB-5 event and state data logger (Lascar Electronics Ltd., UK) to 
record the switching ON and OFF times. The rated power consumption of the assembled 
drying units was verified using a Voltcraft Energy - Logger 4000 (Conrad AG, Germany). 

 
Figure 7.5 Calibration of the twin-pump constant airflow ventilation rate for the 
experimental setup HBD-C. Inset: The twin suction pump and the applied Honeywell 
AWM5105VN in-line mass-airflow sensor and its input/output flow-voltage 
characteristic. 

7.2.4 Experiments and procedures 

Table 7.1 summarizes the different experiments that were conducted to profile drying kinet-
ics and compare the ventilation rates. A total of 25 samples (14 - husked, 8 - unhusked and 
3 – shelled maize) were dried independently at varied settings over 30oC – 53oC, the range 
of transition from low to high temperature drying. Freshly harvested physiologically mature 
cobs of maize (unhusked) were wrapped in vacuum bags and refrigerated at 8℃ to avoid 
biodeterioration. Before running the experiments, samples were unwrapped and exposed to 
room conditions for at least 12 hours to acclimatize. All the samples were weighed before 
and after each drying run on a precision scale (±0.005g) and intermittently at intervals of 8 
– 12 hours for the gravimetrically validated experiments. The drying experiments proceeded 
uninterrupted (except in the case of the gravimetrically validated tests) for 7 days (168 hrs.) 
on average, for unhusked and husked maize, and 2 days (48 hrs.) for shelled maize. Pro-
gress in drying was monitored using thermo-hygrometric data loggers described under hard-
ware. A sampling / data logging interval of 1 minute was applied to coincide with the time-
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step for MS Excel Solver based digitization of the drying curve based on the mass declina-
tion formulations in Eq. (3) and Eq. (4). After the experiments the samples were oven dried 
at 105 ± 1oC for 24 hours to estimate the residual dry matter as follows (Chapter 4):  

𝑚𝑑𝑚,0.95[𝑔] = (𝑚𝑓 −
𝑚𝑓 − 𝑚𝑜𝑣

0.95
) ± (

0.05

2
) (

𝑚𝑓 − 𝑚𝑜𝑣

0.95
)                                                                  (7.5) 

Table 7.1 Experiment settings and maize samples tested  
Experiments Test samples and temperature 

settings 
Silica gel dehumidification: 
SGD ≈ 6 litres air. Sealed - 
desiccant ventilation 

Maize samples Cobed (5-unhusked, 5- husked) 
Temp. settings 40oC, 50oC 

Hot bulb dehumidification: 
HBD-A ≈ 9 litres air, natural 
ventilation 

Maize samples Cobed (3 unhusked, 3 husked), 
Shelled (3) 

Temp. settings 37oC, 45oC, 53oC 
Hot bulb dehumidification: 
HBD-B ≈ 6 litres air, natural 
ventilation  

Maize samples Cobed (3-husked) 
Temp. settings 37oC, 45oC, 53oC 

Hot bulb dehumidification: 
HBD-C ≈ 3 litres air, pump 
controlled ventilation  

Maize samples Cobed (3-husked) 
Temp. settings 30oC, 37oC, 42oC 

7.3 Results and discussion 

7.3.1 Convective cobed maize drying in enclosed spaces with desiccant 
dehumidification 

Figure 7.6 shows the digitized drying curves derived from the computational sensor-psy-
chrometric methodology (Fig. 7.2) and validated using gravimetric data collected in the 
course of the experiments. The R-squared for the gravimetric versus psychrometric profiles 
were above 0.998, confirming the variation in the silica gel temperature to correspond 
strongly to the adsorption of water vapor from convective maize drying within the confined 
space. Consequently, the rise in the silica gel temperature at the start of drying can be ex-
plained by the rapid adsorption of “surface” water by the desiccant. The drying rate peaked 
within the first 5 hours of drying then declined as the surface water became less readily 
available. The increase in desiccant temperature was counteracted by heat loss (by con-
vection and conduction) through the walls of the drier accounting for the observed cooling 
as the drying rate falls. Table 7.2 lists the obtained psychrometric model coefficients for the 
drying rate computations in Eq. (7.3).  
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Figure 7.6 Validation of sensor psychrometric digitisation of cobed maize drying 
based on changes in the observed silica gel temperature.  

Table 7.2 Model coefficients for the prediction of drying using sensible heat of water 
vapour adsorption on silica gel, Eq. (3) 
Global coefficients: Θ1= 0.2092;  Θ2= 0.8672; Θ3= 33.62 

Experiments Wet 
mass 
[g] 

Logistic model coefficients 
for silica gel temperature  

 Back-
solving 

𝝇 oC Sample a b c R2 

40 
 

Unhusked 224 33.68 -0.0405 0.00049 0.982 0.0051 
Unhusked 253 32.42 -0.0687 0.00057 0.983 0.0053 
Husked 219 33.28 -0.0964 0.00071 0.967 0.0029 
Husked 250 33.82 -0.1164 0.00045 0.987 0.0016 
Husked* 271 31.23 -0.1806 0.00065 0.944 0.0022 

50 
 

Unhusked* 312 34.53 -0.2117 0.00108 0.945 -0.0004 
Unhusked 222 39.41 -0.0583 0.00054 0.976 0.0026 
Unhusked 238 32.10 -0.1348 0.00019 0.979 0.0030 
Husked 201 28.55 -0.1374 0.00053 0.981 0.0007 
Husked 229 40.06 -0.1143 0.00105 0.987 0.0059 

* Silica gel psychrometric model calibration experiments 
Table 7.3 compares the derived dehumidification capacities of silica gel in maize drying 

with 6 litres of encased air. The mean relative humidity within the drying chamber over the 
first five hours ranged between 11 - 20%, with corresponding peak drying rates of 0.0164 – 
0.0455 g min-1. Sufficient drying to 13.5%wb, i.e. the safe storage limit in Kenya (NCPB, 
2015),  occurred within 43 – 91 hours and 25 – 68 hours for unhusked and husked maize, 
respectively, with initial moisture contents in the range 26 – 38%wb. The degree of space 
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heating (�̇�ℎ) varied from 8 – 13 W, with 50% more consumption recorded when the temper-
ature setting was changed from 40oC to 50oC. The effectiveness of the desiccant in main-
taining relatively dry air conditions during peak dehydration of the test samples was demon-
strated. The huge hygroscopic potential of silica gel was attributed to its large surface area 
for water adsorption estimated at 700 – 800 m2 g -1, i.e. up to 240,000 m2 for the 300 g of 
desiccant applied in this study (Farouk & Brusewitz, 1980).  
Table 7.3 Dehumidification capacities of silica gel in maize drying with 6 litres 
encased air (no vents, �̇�𝑽𝑹 ≈ 𝟎 𝒍 𝒎𝒊𝒏−𝟏)  
Test 
set 

Wet 
mass 
 
 
[g] 

Moisture 
content 
[%wb] 

Average 
ambient 
condition 

Dry 
time - 
13.5 
%wb 
[hr] 

Average characteristics over the 
first 5 hours of drying 

 
[oC] 

Mo Mf Tr 
[oC] 

RHr 
[%] 

Tpwb 
[oC] 

T 
[oC] 

RH 
[%] 

dM/dt 
[g/min] 

�̇�𝒉 
[W] 

40 
 

U 224 32 11 20 36 81 32 40 11 0.0164 9 
U 253 35 13 20 54 91 32 39 - 0.0226 7 
H 219 30 7 21 38 45 33 39 18 0.0264 8 
H 250 32 7 21 52 50 33 40 - 0.0293 8 
H* 271 38 7 13 60 68 31 41 20 0.0411 - 

50 
 

U* 312 35 5 12 50 70 45 54 15 0.0455 - 
U 238 34 6 22 35 51 39 49 13 0.0262 11 
U 222 26 6 21 44 43 - 48 12 0.0191 13 
H 201 27 5 22 37 25 - 49 15 0.0275 12 
H 229 27 5 22 44 29 40 49 18 0.0325 12 

      U- Unhusked maize; H – husked maize 
     *Gravimetrically validated experiments  

Table 7.4 compares the silica gel desiccant water adsorption efficiencies for the per-
formed experiments.  The results comparing the weight gained by the silica gel with the 
weight lost by the maize samples, as measured before and after the experiments, showed  
that not all the water evaporated from the maize was adsorbed, even with sealing off the 
drying chamber and physically restricting vents (Fig. 7.3). The average desiccant “water–
capture” efficiency ranged between 53% and 80%, lowest at the 50oC temperature setting.  
Water vapor in heated enclosed spaces will escape through “pores” or tiny openings in the 
wall, forced out by the temperature difference between the sample and the environmental 
dew point, a phenomenon referred to here as “hot-bulb” dehumidification. 

In terms of utilized desiccant capacity, the terminal water concentration (Table 4) was 
evaluated using the following correlation (Ni & San, 2002):  

𝑤𝑠𝑔 = (𝐴𝑠𝑔 𝑒−𝜅)
1 𝜚⁄

;    
𝜅 = −1.526(10)−6𝑇𝑠𝑔

3 + 5.075(10)−4𝑇𝑠𝑔
2 − 4.168(10)−2𝑇𝑠𝑔 + 3.223;           

 𝜚 = 2.455(10)−4𝑇𝑠𝑔
2 + 3.721(10)−2𝑇𝑠𝑔 + 3.793                       (7.6)    

where 𝑇𝑠𝑔 and 𝐴𝑠𝑔 are the temperature (oC) and absolute humidity (g m-3), respectively as 
derived from the sensor psychrometric readings within the desiccant. The observed desic-
cant saturation varied from 0.28 - 0.34 g g-1, i.e. 70 – 85% compared to the limiting 0.40 g 
g-1 for the uptake of water by regular density silica gel at 25oC and 80% RH (Ni & San, 2002; 
Pesaran & Mills, 1987; Ramzy, 2015). Taking into account efficiency, these results suggest 
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that a maize to desiccant ratio of approximately 1:1 (by mass) would suffice for uninterrupted 
dehydration of cobed maize at 30 - 35%wb, with silica gel initially at approximately 10%wb.  
Table 7.4  Water vapour adsorption efficiency of desiccant assisted convective 
maize drying with 300g of regular density, colour changing silica gel 

Test 
settings 
 
[oC]  

Wet 
mass  
 
[g] 

Overall 
drying 
time  
[hrs] 

Water 
removed 
(A)   
[g] 

Water 
adsorbed 
(B)  
[g] 

Desiccant  
efficiency 
(B/A)  
[%] 

Terminal 
desiccant 
water, wsg 
[g g-1] 

40  U 224 96 52 42 80 0.31 
U 253 96 63 50 79 0.34 
H 219 91 54 38 70 0.31 
H 250 96 68 50 74 0.33 
H 271 129 90 54 60 0.31 

50  
 

U 312 155 97 51 53 0.30 
U 238 105 71 43 61 0.30 
U 222 96 47 29 62 0.29 
H 201 96 46 30 65 0.28 
H 229 96 51 28 55 0.28 

*U- Unhusked maize; H – husked maize 

Silica gel costs upwards of US$ 10 per kg and could be expensive for applications targeting 
the poor on small farms. To cut cost, mass ratios up to 50:1 (maize to desiccant) are feasible, 
but with frequent intermittent regeneration to restore hygroscopicity (Hsiao, 1974). Rotary 
desiccant wheels have been considered for food drying (Suyono et al., 2012). These parti-
tioned systems “pick-up” moisture from process air and “dump” it, simultaneously, into an 
exhaust stream of hot air that is continuously forced through the regenerating segment of 
the wheel (Abasi et al., 2016; Jeong, Yamaguchi, Saito, & Kawai, 2011; Madhiyanon, 
Adirekrut, Sathitruangsak, & Soponronnarit, 2007). Pressurized ventilation though packed 
beds of silica gel requires high fan power and this limits the volumes of air that can be pro-
cessed, especially when considering solar energy options in Africa where up to 90% of farms 
are off – grid (Cook, Campbell, Brown, & Ratner, 2015). A further limitation is dust which 
alters the water vapor adsorption kinetics of silica gel and can be a problem in systems that 
expose the desiccant to large volumes of process air or to direct contact with foods (Farouk 
& Brusewitz, 1980).   

7.3.2 Convective cobed maize drying with hot bulbs and free vents 

Table 7.5 summarizes key results from the maize drying experiments with combined hot 
bulbs and natural ventilation, for dehydration with varying headspace. The average relative 
humidity within the drying chamber over the first five hours of drying varied 11-28% and 30-
48%, with 9 litres and 6 litres air, respectively, indicating wetter air under more confined 
conditions. Sufficient drying occurred within 49 – 69 hours for unhusked maize, 19 - 39 hours 
and 36 – 68 hours, for husked maize dried with 9 and 6 litres encased air, respectively, and 
3 – 11 hours for shelled maize. Space heating increased with temperature and headspace, 
consuming 4 – 14 W and 12 – 22 W, with 6 and 9 litres of encased air, respectively. The RH 
of encased air varied inversely with T, at near constant 𝑑𝑀 𝑑𝑡⁄  and directly with 𝑑𝑀 𝑑𝑡⁄ , at 
constant T. Differences, of up to 40oC between the wall temperatures (space, T and product, 
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Tpwb) and the ambient dew point created differential vapor pressure gradients that resulted 
in faster expulsion of water vapor from the drying chamber. The apparent ventilation (�̇�𝑉𝑅) 
over the first five hours of peak drying averaged between 1 – 5 𝑙𝑚𝑖𝑛−1, varying directly with 
the elementary drying rates and inversely with the volume of encased air at the applied 
temperature settings. Ventilated solar “greenhouse” driers, employing large volumes of en-
cased air and a combination of space heating and free vents have been proposed for dehy-
dration of agricultural produce in the humid tropics and subtropics (Chua & Chou, 2003; 
GrainPro, 2016; Janjai et al., 2009; Kaewkiew, Nabnean, & Janjai, 2012).  
Table 7.5 Dehumidification capacities of combined hot bulbs and free vents in maize 
drying with diminishing headspace from 9 to 6 litres encased air  
Test 
settings 

Wet 
mass 
 
 
[g] 

Moisture 
content 
[%wb] 

Average 
ambient 
conditions 

Dry 
time - 
13.5 
%wb 
[hr] 

Average characteristics over the first 
five hours of drying 

 
[oC] 

Mo Mf Tr 
[oC] 

RHr 
[%] 

Tpwb 
[oC] 

dM/dt 
[g/min] 

RH 
[%] 

�̇�𝑽𝑹 
[l/min] 

�̇�𝒉 
[W] 

 HBD-A, 9 litres encased air 
37 U 223 29 8 21 56 67 31.2 0.0175 24 1.78 12 

H 202 29 7 21 57 39 30.9 0.0222 - - 10 
S 101 31 9 21 57 11 32.6 0.0448 28 3.82 11 

45 U 224 32 5 21 54 49 35.5 0.0243 16 2.43 17 
H 226 31 5 21 56 27 34.2 0.0378 18 3.40 19 
S 104 27 7 21 54 6 37.7 0.0503 15 5.03 19 

53 U 236 32 5 21 54 49 41.6 0.0268 11 2.63 26 
H 225 35 4 21 48 19 40.1 0.0682 15 4.92 25 
S 103 25 6 25 55 3 44.7 0.0642 13 4.96 22 

HBD-B, 6 litres encased air 
37 H* 130 44 6 29 69 68 33.4 0.0221 48 1.04 4 
43 H* 139 45 6 29 53 44 36.0 0.0293 30 1.59 9 
53 H* 164 43 6 29 63 36 41.7 0.0490 32 1.63 14 

      U- Unhusked maize; H – husked maize 
     *Gravimetrically validated experiments(Muchilwa & Hensel, 2015)  

7.3.3 Convective cobed maize drying in enclosed spaces with hot bulb 
dehumidification and suction pump-controlled ventilation 

Table 7.6 summarizes key aspects from the maize drying experiments with combined hot 
bulbs and displacement pump-controlled ventilation. The mean relative humidity within the 
drying chamber over the first five hours was highest at between 74 - 78%, with comparable 
dehydration in the range 0.0139 – 0.0272 g min-1. Drying times ranged between 96 – 212 
hours, varying inversely with the applied space heating of 3 – 9 W. Contrary to the trends 
observed for the free vents HBD-A and HBD-B, peak relative humidity increased marginally 
with increasing temperature from 30oC to 42oC, at the fixed ventilation rate provided by the 
suction pump. The theoretical �̇�𝑉𝑅 ranged between 0.5 – 0.8 𝑙𝑚𝑖𝑛−1, consistent with the 
metered pump suction of 0.5 𝑙𝑚𝑖𝑛−1 and thus giving credence to the estimates of Eq. (1), 
especially at higher temperatures.  Despite the higher humidity saturation of the encased 
air, 𝑑𝑀 𝑑𝑡⁄  was highest at 42oC affirming the essential role played by product temperature 
and vapor pressure gradients in dehydrating foods. Increasing humidity under unrestricted 



- 88 - 

ventilation impedes drying only under isothermal - low temperature conditions, losing impact 
as the difference between the product temperature and environmental dew point is in-
creased. Application of high temperature superheated steam, for example, has been shown 
to enhance heat and mass transfer, resulting in faster drying and improved quality of dehy-
drated foods (Mujumdar & Law, 2010; Sagar & Suresh Kumar, 2010).  

Figure 6 compares relative humidity variations within the drying chamber for husked 
maize drying at 30oC, 36oC and 42oC.   

Table 7.6 Dehumidification capacities of combined hot bulbs and suction pump 
controlled ventilation at 0.5 𝒍𝒎𝒊𝒏−𝟏  and 3 litres encased air  
Test 
settings 

Wet 
mass 
 
 
[g] 

Moisture 
content 
[%wb] 

Average 
ambient 
conditions 

Dry 
time - 
13.5 
%wb 
[hr] 

Average characteristics over the first 
five hours of drying 

 
[oC] 

Mo Mf Tr 
[oC] 

RHr 
[%] 

Tpwb 
[oC] 

dM/dt 
[g/min] 

RH 
[%] 

�̇�𝑽𝑹 
[l/min] 

�̇�𝒉 
[W] 

30 H 250 49 11 18 66 212 24.2 0.0139 74 0.80 3 
36 H 250 49 8 19 82 152 32.1 0.0181 76 0.63 7 
42 H 254 48 8 19 78 96 34.2 0.0272 78 0.51 9 

     H – husked maize 

 

Figure 7.7 Drying chamber humidity variations for husked maize drying with suction 
pump controlled hot-bulb dehumidification at 30oC, 36oC and 42oC (HBD-C) 
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Restricting ventilation to 0.5 l min-1slowed drying without overexposing the maize to relative 
humidity above 80%, the threshold condition for production of aflatoxins (Galati et al., 2011). 
In all experiments, the relative humidity within the drying chamber declined with time on 
account of the regressing surface water. Optimal drying of cobed maize has been estab-
lished with process air heated in the range 35oC – 45oC (Muchilwa & Hensel, 2015). Mold 
spores may germinate and grow at these temperatures, but aflatoxin synthesis is hindered 
(Galati et al., 2011; Obrian et al., 2007). 

7.3.4 Comparing desiccant and hot-bulb humidity control strategies for convective 
dehydration of maize in enclosed spaces 

Maize drying was characterized by falling rate kinetics demonstrating the influence of con-
centration based diffusivity on surface water availability (Corrêa et al., 2011; Friant et al., 
2004; Sharaf-Eldeen, Blaisdell, & Hamdy, 1980). This implies that high air humidity satura-
tion conditions of encased air observed at the onset become unsustainable as drying pro-
gresses, thereby presenting surface-dry conditions that impede microbial activity. The pre-
sented results showed comparable peak dehumidification rates for desiccant and hot-bulbs. 
Low relative humidity in the drying chamber was associated with the use of Silica gel, in-
creasing the volume of encased air (or reducing the drying mass/rate relative to provided 
head space), leaving maize unhusked and increasing encased air temperatures. On the 
contrary, higher relative humidity resulted from exhaustion of desiccant capacity, restricting 
headspace or vents, husking and shelling maize and lowering temperature.  

 The space heating requirements (�̇�ℎ) of the applied dehydration units depended 
mainly on the temperature difference above ambient, the surface area of walls and the de-
gree of insulation. The lowest �̇�ℎ was obtained using the experimental setup HBD-C (Fig. 
7.4) that had external walls of approximately 1.2 m2 lined with a 40 mm thick Styropor insu-
lation. The �̇�ℎ for this unit was 3 W (or 2.5 W m-2 of external walls) at 30oC and 9 W (or 7.5 
W m-2 of external walls) at 42oC, at an average room temperature of 19oC (Table 6). The 
highest  �̇�ℎ, on the other hand, was obtained using the experimental setup HBD-A (Fig. 7.4), 
with external walls of approximately 0.5 m2 that were lined with a 13mm thick Polyethylene 
based closed-cell foam insulation. The �̇�ℎ for this setup was 11 W (or 22 W m-2 of external 
walls) at 37oC, 19 W (or 38 W m-2 of external walls) at 45oC and 24 W (or 48 W m-2 of 
external walls) at 53oC, at an average room temperature of 21oC (Table 5). At peak drying 
rates of 0.0139 – 0.0642 g min-1, the proportion of energy consumed by the evaporating 
water ranged between 0.5 – 2 W (assuming a latent heat of vaporization of 2257 J g-1), low 
figures which indicate that almost all the heat generated by the hot bulbs was lost through 
the walls as a result of the larger convective surface on the experimental drying units relative 
to that of the test samples (up to 1000:1 for cobed maize). This notwithstanding, the results 
demonstrate a huge potential for energy saving using encased air systems at scale. Effi-
ciencies of up to 75% have been simulated for batch - drying with partial air recirculation 
(Ziegler, Jubaer, & Schütz, 2016).  

Granular desiccants (Wang et al., 2013), beyond just silica gel as applied in this study, 
could prove useful for the dehydration of agricultural produce in the tropics where farmers 
lack alternatives to the inconsistent and unreliable sun drying. Their hygroscopicity can be 
restored quickly and efficiently, even in crude ovens, without the risks commonly associated 
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with open air or high temperature dehydration of foods. Combined application of desiccants 
with modified atmospheres is also feasible. Modified atmospheres involving the use of low 
oxygen or high concentrations of carbon dioxide have been shown to enhance drying kinet-
ics and inhibit microbial synthesis of mycotoxins on foods (Janardhana, Raveesha, & Shetty, 
1998; Kudra & Poirier, 2007). In the absence of desiccants, vented space heating was shown 
in this study to control the humidity of encased air just as well and could provide a cost-
effective approach to energising maize drying to mitigate mycotoxins in the tropics. 

7.4 Conclusion and recommendations 

The dehumidification and drying potentials of Silica gel and hot-bulbs for convective dehy-
dration of maize in enclosed spaces, have been compared. The results showed both strat-
egies to be sufficiently effective in managing relative humidity for the avoidance of microbial 
spoilage of foods during drying. Safe drying times of 3 – 212 hours were determined with 
space heating in the range 3 – 26 Watts. Relative humidity was limited to just 11 - 20% 
during the first five hours of desiccation with silica gel at peak drying rates of 0.0164 – 
0.0455 g min-1, maintaining surface-dry conditions that deter the development of microbes 
on foods. A maize to desiccant ratio of approximately 1:1 (by mass) was shown to suffice 
for uninterrupted convective dehydration of cobed maize at 30 - 35%wb. 
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8 General Discussion 

8.1 Rethinking tools and approaches in empirical maize drying 

Understanding convective water activity is pivotal for the design of qualitative and energy 
efficient artificial drying systems and hence the quest to re-design these technologies for 
low-income contexts in Kenya must start in the laboratory, by refocussing tools and ap-
proaches for more strategic empirical investigations (innovate to innovate). Gravimetric ex-
periments have been applied for decades to model elementary drying kinetics, but they are 
limited in terms of the scope of information provided (Table 4.4) and simply repeating the 
same old procedures countlessly was considered unlikely to yield new knowledge to inspire 
alternative design. An evaluation of the consistency of empirical data on maize, highlighted 
in Chapter 3, showed non-overlapping drying trends for shelled and cobed maize, confirming 
the influence of sample history and process settings on empirical water activity and thereby 
undermining the global transferability of locally modelled drying kinetics. This study com-
pared the water activity trending consistencies for psychrometric and gravimetrically cali-
brated composite drying curves for cobed maize. The conventional drying curve derived by 
fitting exponential models to gravimetrically sampled data, inconsistently distinguished be-
tween componential effects and could not account coherently for the conditions that favor 
faster dehydration of kernels over the cob (or vice versa). Sparse sampling and exponential 
modelling associated with the gravimetric approaches, failed to provide the requisite resolu-
tion for successful implementation of the composite analysis. Provisioning simplified tools 
and empirical procedures for on-site applications could be more consequential for local re-
searchers and designers and hence the motivation to develop the sensor psychrometric 
convective water activity profiler. 

Advances in computers, computing and instrumentation offer new possibilities to auto-
mate empirical drying, overcoming the sampling limitations of manually supervised pro-
cesses.  Convective maize drying is accompanied not just by changes in mass, but by sen-
sible changes in the product temperature and the relative humidity of the “rubbing” air, as 
well. The sensor psychrometric approach, introduced in Chapters 4 and 5, employed data 
logging sensors and spreadsheet computation involving Solver analytics to interpret the dry-
ing curve from sensible thermo-physical changes taking place within and around the dehy-
drating cobed maize samples, with high correlation consistencies in the range 0.997-0.999. 
Up to the minute multivariate data logging provided higher resolution for advanced investi-
gation of composite drying. The composite analysis explored the influence of multi -compo-
nential hygroscopicity on their competitive dehydration. The composite drying curves de-
rived for cobed maize showed the kernels and the cob to differ in their capacity to take up 
availed enthalpy during convective drying. Process air in the range 35oC to 45oC, combined 
with high airflows (> 1.5 m/s), favoured dehydration of the kernels ahead of the cob in the 
thin-layer, recommendable for energy-efficient drying of cobed maize, at high initial moisture 
contents, in deep beds. At 53oC, extensive cob drying occurred at the expense of the ker-
nels, eroding efficiency and exposing the grains to overheating. The opportunistic dehydra-
tion of “woody” cob at high temperatures, over the “starchy” kernels with capped diffusion, 
places the optimal range for energy-efficient and qualitative bulk drying of cobed maize be-
low 50oC.  



- 92 - 

This study’s desktop experimentation approach with sensor psychrometrics focussed on 
elementary “single-cob” drying and the question arises of whether these findings can be 
generalised for maize. Maize drying is not a random / spontaneous occurrence, but one that 
has sensible effects that can be accounted for by integrating over time and checking for 
consistency with observed initial and terminal componential masses. The presented results 
highlight fundamental differences in componential dehydration of the kernels and the cob 
and should apply generally to cobed maize at high initial moisture contents (with slight vari-
ations in the kernel-cob fractions expected). Nonetheless, the primary aim of this study was 
not modelling, but to demonstrate how psychrometrics could be applied to characterise ele-
mentary drying and to recommend the developed tools and methods to local designers.  

8.2 Rethinking ventilation strategies for in-store maize drying with shallow 
beds 

Open-air sun drying is common on small farms in Kenya, a practice that exposes foods to 
foreign matter, soil and airborne contaminants which enhance the risk of biodeterioration 
during storage. In-store cobed maize drying with ventilation approaches that limit contact 
with external air is recommended. Fig. 8.1 compares ventilation strategies for in-store batch 
drying of cobed maize. The impact of husking and shelling maize on safe loads in stationary 
batches was assessed and cobed maize found to dehydrate more evenly and to ventilate 
easily using low power / pressure (high-volume) axial fans, when shallow beds are applied 
(Chapter 6). 

 
Figure 8.8 Schematic representation of ventilation and humidity control strategies 
for in-store cobed maize drying with “shallow” beds. 

The conventional approach to ventilated drying (Fig. 8.1a) involves heating ambient air 
and forcing it through the batch. This arrangement relies solely on the air for both heat and 
mass transfer, but air has a low density / heat capacity and its water “carrying” potential 
decreases with temperature often resulting in uneven drying when deep beds are applied. 
The use of shallow beds keeps the air from exhausting its heat capacity within the bed, 
thereby achieving more even drying, but at the expense of thermal efficiency, estimated at 
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below 20% for cobed maize with single-pass drying. The instantaneous energy requirements 
are higher with the heater sized to match the fixed fan capacity. A further drawback of fan 
propelled (air exhausting) ventilation is that it fails to exploit the dehumidification potential 
arising from heat stored within the product and the dryer walls, energy that raises tempera-
tures above the environmental dew point thereby creating differential vapour pressure gra-
dients, especially when the hot front extends through the entire depth of the bed. Fans must 
not be applied to drive water out of heated chambers with porous walls.  

Space heating (Fig. 8.1b) offers a practical way forward for energy efficient drying of 
cobed maize in ventilated shallow beds. This approach assumes that the air embedded 
within piled maize (with a porosity of approximately 40%) just needs to be displaced through 
a ventilated and heated headspace to control humidity and achieve adequate drying. Heat-
ing spaces containing humid air forces the water vapour to push harder against the walls, 
escaping through pores and small vents into cooler environments. The size of these vents 
can be optimised in relation to the applied headspace and projected peak drying rates to 
avoid critical humidity saturation within the drying chamber, but smaller openings should 
apply at higher differential temperatures (natural transpiration happens primarily through 
“pores” and not “doors”). The instantaneous energy demand in these systems is expected 
to be lower because of the application of thermostat controlled integrative heating and ther-
mal efficiencies in excess of 70% are feasible with proper insulation. Convective water ac-
tivity for cobed maize declines with decreasing moisture content, consistent with falling rate 
drying kinetics of cobed maize and this implies that typical high relative humidity conditions 
expected to occur initially within the drying chamber are unsustainable and should not raise 
alarms. In Chapter 7, sensor psychrometrics was applied to estimate the rate at which evap-
orating water from air convection is withdrawn from an enclosed drying chamber when silica 
gel, hot bulbs and vents are employed. The results showed comparable ventilation and de-
humidification rates for desiccants and hot-bulbs during peak drying. Low relative humidity 
within the drying chamber was associated with the use of silica gel, increasing the volume 
of encased air (or reducing the drying mass relative to provided headspace), moderation of 
the husk and increasing temperatures. On the contrary, higher relative humidity resulted 
from exhaustion of desiccant capacity, restricting headspace or vents, husking and shelling 
maize and lowering temperature. Granular desiccants could also prove useful for in-store 
dehydration of maize on small farms as their hygroscopicity can be restored quickly and 
efficiently, even in crude ovens, without the spoilage risks associated with high-temperature 
or open-air food drying. 

8.3 Rethinking the role of the husk in qualitative handling of maize 

With respect to informing good agricultural practice, the husk is mostly discarded at harvest 
in Kenya but can play a significant role in facilitating safe handling and qualitative batch 
drying of maize on small farms.  In Chapter 6, husking and shelling maize was shown to 
increase heating, ventilation and supervision requirements of undisturbed beds, diminishing 
safe loads. The husk not only facilitates early harvesting and the safe transfer of the cobs 
from the field to the store (by shielding the kernels from abrasion and contact with soil), but 
also avoids kernel “shell-out” during loading which can significantly increase the resistance 
to airflow and impede the progression of drying within the bed. Uneven drying in fixed beds 
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arises from a high affinity for enthalpy and extensive evaporative cooling within the thin layer, 
which slows down the progression of the drying front within deep beds. Leaving maize un-
husked moderated elementary drying, reducing the degree of evaporative cooling, which is 
good for more even drying in unsupervised beds.  

8.4 Predicting “sufficient” dryness 

Regardless of whether natural or artificial means are applied, dehydration should only be 
terminated when adequate dryness is confirmed and hence the need for reliable moisture 
content testing. Insufficiently dried maize that is exposed to toxigenic species of Aspergillus 
fungi will contaminate with aflatoxins within days when the moisture content is in the range 
18 – 30%wb at typical room temperatures of 25 - 30oC (Trenk & Hartman, 1970; Winn & 
Lane, 1978). Moisture content (in itself) is a deficient measure of the shelf life of dried foods, 
unless it is applied in conjunction with empirically determined sorption isotherms which show 
corresponding water activity (or the equilibrium relative humidity of contacting air). Sorption 
isotherms, in practice, are product specific and their derivation is often associated with sig-
nificant scatter that underlines their dependence on sample history (i.e. variety, crop hus-
bandry and postharvest handling/processing).  

With regards to artificial cobed maize drying, determination of adequate dehydration on 
the basis of kernel moisture content measurements alone creates problems if the cob (or 
spindle) is insufficiently dried.  In Chapter 5, sufficient kernel drying was established by com-
paring the residual moisture contents of the maize ear components in relation to their differ-
ential hygroscopicity and it was shown that dehydrating the kernels to 12%wb minimised the 
risk of rewetting above the recommended safe storage limit of 13.5%wb. Properly calibrated 
moisture content meters are not easily available in Kenya and standard oven based proce-
dures impractical on small farms. Sensor psychrometrics could be applied beyond just pro-
filing drying kinetics to assessing terminal water activity for the prediction of sufficient dry-
ness, offering a practical way forward for the development of affordable moisture detectors 
for smallholder farmers. 

8.5 Recommendations for further study 

Artificial maize drying for quality is a capital intensive operation. Ventilated space heating 
coupled with cobed maize drying and the use of shallow beds, desiccants and renewable 
energy offer practical ways forward for redesigning dryers for broader adoptability by small-
holder farmers with less disposable incomes. Scaled up research/design around these 
themes is highly recommended. Space heating elevates the role of walls in the dehydration 
of foods and this comes with the need to explore affordable thermal insulation to save en-
ergy.  
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9 Summary 

Kenya lies within the equatorial tropics of East Africa and is renowned as a world hot-spot 
for aflatoxins, i.e. toxic and carcinogenic compounds associated with fungal metabolism on 
foods. Water activity influences both drying and storability and cannot be overlooked in the 
design of energy efficient and qualitative food processing systems. This study focussed on 
characterizing water activity during convective drying of maize. Spreadsheet modelling with 
MS Excel Solver was applied to predict gravimetric dehydration from sensor sampled 
thermo-hygrometric data at experimental settings of 37oC, 43oC, and 53oC, i.e. the range of 
transition between low and high temperature drying. The results of the composite analysis 
showed the maize kernels and cob/spindle to differ in their capacities to take-up convective 
enthalpy. Process air in the range 35oC to 45oC combined with high airflows (> 1.5 m/s) 
favoured dehydration of the kernels ahead of the cob, recommendable for energy-efficient 
drying of maize at high initial moisture contents. Conventional batch drying theory was then 
applied to assess how bulking and densification affects maize drying in undisturbed (or sta-
tionary) batches. Husking and shelling maize congested the beds increasing resistance to 
airflow. The instantaneous energy demand of the beds also increased with more evaporative 
cooling observed within the thin-layer, promoting uneven drying and necessitating the intro-
duction of mechanical agitation or airflow reversal. Lower ventilation and supervision re-
quirements were associated with the use of shallow beds of cobed maize, making this prac-
tice recommendable for small farms in Kenya. To conclude the study, desiccation potentials 
of silica gel and hot-bulbs (i.e. simple surface heaters) were compared for convective drying 
using encased air. The results showed comparable ventilation and dehumidification rates 
for silica gel and hot-bulbs during the first 5 hours of peak drying. Drier air conditions resulted 
from the use of silica gel, increasing the volume of encased air (or reducing the drying mass 
relative to provided headspace), drying-rate-moderation of the husk and increasing process 
temperature. On the contrary, higher air humidity was associated with exhaustion of desic-
cant hygroscopicity, smaller headspace or vents, husking of maize and lowering tempera-
ture. Granular desiccants could prove useful for hygienic drying of maize. Their hygrosco-
picity can be restored quickly and efficiently, even in crude ovens, without the spoilage risks 
associated with high-temperature or open-air food drying. Qualitative maize drying is capital 
intensive. Psychrometrically controlled ventilation, coupled with space heating and the use 
of shallow beds, desiccants and renewable energy, could offer practical ways forward to 
mechanize maize drying affordably on small farms in Kenya. Further research around these 
themes is highly recommended.  
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10 Zusamenfassung 

Kenia liegt in den Äquatorialtropen von Ostafrika und ist als ein weltweiter Hot-Spot für Af-
latoxinbelastung insbesondere bei Mais bekannt. Diese toxischen und karzinogenen 
Verbindungen sind Stoffwechselprodukte von Pilzen und  so insbesondere von der Was-
seraktivität abhängig. Diese beeinflusst sowohl die Trocknung als auch die Lagerfähigkeit 
von Nahrungsmitteln und ist somit ein wichtiger Faktor bei der Entwicklung von energieeffi-
zienten und qualitätsorientierten Verarbeitungsprozessen. Die vorliegende Arbeit hat sich 
zum Ziel gesetzt, die Veränderung der Wasseraktivität während der konvektiven Trocknung 
von Mais zu untersuchen. Mittels einer Optimierungssoftware (MS Excel Solver) wurde ba-
sierend auf sensorerfassten thermo-hygrometrischen Daten der gravimetrische Feuchtever-
lust von Maiskolben bei 37°C, 43°C und 53°C vorausberechnet. Dieser Bereich stellt den 
Übergang zwischen Niedrig- und Hochtemperaturtrocknung dar. Die Ergebnisse zeigen 
deutliche Unterschiede im Verhalten der Körner und der Spindel. Die Trocknung im Bereich 
von 35°C bis 45°C kombiniert mit hohen Strömungsgeschwindigkeiten (> 1,5 m / s) begün-
stigte die Trocknung der Körner gegenüber der Spindel und kann daher für eine energieef-
fiziente Trocknung von Kolben mit hohem Anfangsfeuchtegehalt empfohlen werden. 
Weitere Untersuchungen wurden zum Verhalten unterschiedlicher Schüttungen bei der bei 
Mais üblichen Satztrocknung durchgeführt. Entlieschter und gedroschener Mais führte zu 
einem vergrößerten Luftwiderstand in der Schüttung und sowohl zu einem höheren Ener-
giebedarf als auch zu ungleichmäßigerer Trocknung, was nur durch einen erhöhten tech-
nischen Aufwand etwa durch Mischeinrichtungen oder Luftumkehr behoben werden könnte. 
Aufgrund des geringeren Aufwandes für die Belüftung und die Kontrolle kann für kleine land-
wirtschaftliche Praxisbetriebe in Kenia daher insbesondere die Trocknung ganzer Kolben in 
ungestörten Schüttungen empfohlen werden. Weiterhin wurde in der Arbeit die Entfeuch-
tung mittels eines Trockenmittels (Silikagel) kombiniert mit einer Heizquelle und 
abgegrenztem Luftvolumen untersucht und der konventionellen Trocknung gegenüber 
gestellt.  Die Ergebnisse zeigten vergleichbare Entfeuchtungsraten während der ersten 5 
Stunden der Trocknung. Der jeweilige Luftzustand bei Verwendung von Silikagel wurde 
insbesondere durch das eingeschlossene Luftvolumen und die Temperatur beeinflusst. 
Granulierte Trockenmittel sind bei der Maistrocknung unter hygienischen Gesichtspunkten 
vorteilhaft und können beispielsweise mit einfachen Öfen regeneriert werden, so dass Qual-
itätsbeeinträchtigungen wie bei  Hochtemperatur- oder auch Freilufttrocknung vermieden 
werden können. Eine hochwertige Maistrocknungstechnik ist sehr kapitalintensiv. Aus der 
vorliegenden Arbeit kann aber abgeleitet werden, dass einfache Verbesserungen wie eine 
sensorgestützte Belüftung von Satztrocknern, der Einsatz von Trockenmitteln und eine an-
gepasste Schüttungshöhe praktikable Lösungen für Kleinbauern in Kenia sein können. Hi-
erzu besteht, ggf. auch zum Aspekt der Verwendung regenerativer Energien, weiterer For-
schungsbedarf.  
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