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Measurements and Quantification 

1 Introduction 
The purpose of measuring is to experimentally determine the size or magnitude of parameters 
quantitatively. Measuring establishes data that can be used for decision making, optimization and 
development of processes and technologies and for evaluating the properties, function, quality and 
reliability of these. Measured values are usually compared to a standard for assessment. Farmers and 
postharvest practitioners measure many times each day, whether it is for determining the maturity of their 
crop, determining yield, getting the moisture contents of grain or measuring the temperature in a dryer 
(Table 1). 

Table 1: Typical Parameters Measurements in Postharvest Operations for Management (M) or Process 
Optimization (O) 
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Pre-harvest  M M  O M         M   
Harvesting M M   M M  O  M  M O O    
Threshing M M    M  O O M  M O O    
Drying M M  M M M O O O M O O O O O   
Storage M M  M M M    M     M   
Milling M M  O O M  O O M M M M M M M M 
Marketing M M    M     M M M M M M M 

Note: The grain quality traits are covered in the Quality reference manual. 

Measuring can be done manually e.g. by counting the steps to measure field length or by using highly 
sophisticated equipment like computerized data acquisition systems. This reference manual gives an 
overview on the most common parameters that are being measured in paddy post-production and 
elaborates on options for measuring these. 

In this manual the measuring quantities and measuring methods described are based on the International 
System of Units (SI). For an overview see Appendix 1.  

2 Measurement Errors and Sampling 

2.1 Measurement Errors 

Any measurement made with a measuring device is approximate. This means that if you measure the 
same object two different times, the two measurements may not be the same. The difference between two 
measurements is called the variation in the measurements. The difference between the measurement 
and the true value is the error. This error is not the same as a "mistake", it does not mean that you got the 
wrong answer. The error in measurement is a mathematical way to show the uncertainty in the 
measurement. Measurement errors can not be avoided but precautions must be taken to minimize them in 
order to get meaningful results. There are two different types of errors, systematic and random errors. 
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Table 2: Overview on measurement errors 

Type of Error Sign Cause Correction 
Systematic 
error 

+ or - Imperfectness of: 
• instrument 
• measurement procedure 
Measurable effects of  
• observation 
• environment 

Can be corrected using correction factors and 
calibration curves 

Random error ± Non traceable changes in:  
• instrument 
• observations 
• environment 

Can be reduced by multiplication of 
measurements and the use of statistical 
methods 

While random errors can be minimized by application of statistical methods (averaging being the simplest 
one) systematic errors can be extremely serious if one does not know that they exist because they give 
you the same false results no matter how often the measurement is repeated. The correction of 
systematic errors needs a sound understanding of the measurement procedure and the tools and 
instruments used.  The following terms are used in describing the accuracy of measurements when using 
measuring instruments: 

• The accuracy is a (theoretical) measure of how close the result of the measurement comes to the 
"true" value. Accuracy can either be stated as absolute value (e.g. ± 0.1V) or as relative value 
(e.g. ± 1% of maximum range). 

• The precision of a measuring instrument is determined by the smallest unit to which it can 
measure. The precision is said to be the same as the smallest fractional or decimal division on the 
scale of the measuring instrument. The precision of a standard caliper for example is 1/10 of a 
millimeter). 

• The tolerance is the greatest range of variation that can be allowed. 

• The error is the difference between the real value and the measured value. 

Practical Ways to Reduce Measurement Errors: 

• Make the measurement with the instrument that has the highest level of precision. The smaller 
the unit on the measuring device the more precise it can measure. 

• Know your tools. Apply correct techniques when using the measuring device and when reading 
the value measured. 

• Avoid the Parallax error in instruments with an index: always take readings by looking straight 
down (or ahead) at the measuring device. Looking at the measuring device from a left or right 
angle will give an incorrect value. 

• Measure under controlled conditions or be sure how the conditions affect your measurement. 
Correct the readings accordingly. Ideally always measure under the same conditions 

• Repeat your measurements as often as possible to get a good average value. 

2.2 Grain Sampling 

Paddy is a very heterogeneous material and because of small field sizes and the use of many different 
varieties in many Asian countries the paddy contained in a lot can be highly variable. Even within one field 
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moisture content can be very different in one location. Proper sampling methods are therefore very 
important for getting a representative grain sample. Below are some guidelines for sampling from different 
sources: 

Field Sample: Obtaining a representative field sample before harvest is difficult. Since the 
outside rows are atypical, walk through the field in a pattern. Hand pick and 
shell grain from several plants, mix the samples, and take at least three 
readings for an average value.  

Grain Load Sample: When sampling a load of grain, scooping a can-full off the top is NOT 
adequate. Either probe the load at several locations (avoid the center and the 
corners), or preferably sample the flowing grain during loading/unloading. Pass 
the can across the grain stream in fixed intervals and collect the grain into a 
bucket. After loading/unloading is completed, mix the grain in the bucket, then 
draw out a sample.  

Bin Sample: When sampling from a bin, a probe (Figure 1) to collect samples from various 
depths will provide the most representative samples. Try to sample from as 
many as possible representative parts within the grain bulk. Do not mix the 
samples and test them separately. Knowing the properties of the samples at 
different locations will help in making better management decisions.  

Sack sample: If the grain to be tested is from a seed lot that contains more than one bag, 
samples must be taken from several bags. A good rule of thumb for 
determining how many bags to sample is to take samples from a number of 
bags that represents the square root of the lot size. For example if the lot 
contains nine bags, then sample at least three bags. If the lot contains 100 
bags, then sample at least 10 bags. 

 

Figure 1: Probe for taking samples from a bin filled with grains, containers for moisture contents sampling, 
protocols 

Samples taken for moisture content analysis shall be sealed either in containers or plastic bags right after 
sampling to maintain the current moisture content. 
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3 Measurements of Individual Parameters 

3.1 Length and Distance 

It is important to be able to measure length and distance as many of the critical decisions that are made 
on a farm are based on being able to measure those with some degree of accuracy. Measurement of 
yield/unit area and speed of operation are a few variables that depend on distance measurement as input. 

There are many ways to measure distance. The most common tools and methods are the meters and 
calipers, tape measure and the calibrated step. The technique selected will depend on the accuracy 
required and the equipment available. 

3.1.1 Measuring Length 

 

Figure 2: Tape measure, ruler, two calipers 
and pocket knife as reference for 
length measurements. 

For measuring longer distances such as field sizes tape 
measures or the calibrated step are appropriate tools.  

Standard tools for machine component and grain sizes 
are calipers in various forms. 

When taking photos sometimes it is useful to place a 
reference object with known size next to the object that 
is taken (e.g. pocket knife). That way the size of the 
object can later be determined by comparing it to the 
reference object. 

3.1.2 Using a Tape Measure 

The tape measure is the most common instrument for measuring distance. Tapes can be made of steel, 
fiberglass or plastic and vary from 1 to 200 meters in length. As most discrepancies occur at change 
stations, the longer the tape measure used the more accurate will be the distance measured.  

Care must be taken to use the starting point of the tape.  On some tapes this will be metal ring or tag and 
on others it will be where these are joined to the tape proper. 

Steel tapes will be more accurate than other materials but can be less flexible and more prone to damage 
when being used. 
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Using a tape measure 

1. Check weather the tape measure is complete. Tapes are often broken and repaired which usually 
means shortening the tape. 

2. Hold the start of the tape at the first point and applying a reasonable load to the tape, read off the 
second mark. 

3. In windy conditions a third person may be necessary between the two measured points to help 
align the tape. 

3.1.3 The Calibrated Step 

In a number of instances it is not necessary to know the exact distance. Where errors of less than 5% are 
acceptable distances could be measured by a calibrated step. 

Each individual will have different sized steps for different environmental conditions. 

To calibrate a step, each individual must count the number of steps taken to walk a known distance in 
each environmental condition.  This will vary according to the walking surface, the presence or otherwise 
of obstacles and the slope.  
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How to calibrate your step 

1. Mark out a distance of 100 meters 

2. Walk at normal walking speed and stride length over the measured 100-meter course and count 
the number of steps 

3. Repeat this at least twice and preferably 4 times 

4. Add up the total number of steps and divide by the total distance walked 

5. The outcome will be your step factor 

6. It is then possible to calculate the distance between two objects by walking at normal speed 
counting the number of steps and dividing this by your stride factor. 

Example 

1. I walked 100metres and it took 107 steps. I walked back over the 100m course and this time I took 
113 steps 

2. My total number of steps for the course up and back was 220 and I walked 200m 

3. By dividing the 220 steps by 200 my step factor will be 1.1 

4. Therefore, if the distance between two objects was 40 of my regular steps, the actual distance is 
40/1.1 which equals 36.6m. 

5.  

3.2 Numbers 

One of the basic measurements performed every day is the determination of numbers e.g. through 
counting. Examples for numbers important in postharvest operations are the no. of panicles, no of grains 
per panicle, 1000 grain weight, number of insects in a sample, number of laborers used for a certain 
operation, number of cracked grains in a sample etc. 

There are some tools that can make the counting process easier. 

  

Dented sheet for counting grains and for grading Electric counter for counting individual grains 
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3.3 Time 

Time is another basic parameter that is frequently measured. Most common devices are wrist watches 
and special stop watches. With the introduction of mobile phones time measurement has become even 
easier because most mobile phones have a stop-watch option. 

 

3.4 Weight 

Most figures used in rice production and postproduction are expressed (or referred to) in weight (SI unit: 
Kilogram, kg). In the markets and in rice testing accurate weighing is very important since any error in 
weighing can reduce profit or greatly affect the results of testing. 

 

Figure 3: Digital laboratory balance with a capacity 
of 2.2kg and a accuracy of 0.001g 

 

Nowadays digital balances are mostly used. They 
come in different sizes with different ranges and 
include household balances, laboratory balances 
and the more rugged industrial balances. 

For sampling and testing the following types of 
scales are recommended: 

• A scale for weighing paddy samples with a 
capacity of around 500-1500g and an 
accuracy of 0.1g. 

• A precision balance for weighing small 
samples (e.g. for the moisture content 
determination using the oven method) or 
light materials like dust or other foreign 
matter with a capacity of around 50g and a 
accuracy of around 0.01 g. 

 

When using a balance make sure that the balance is 

• set up at a suitable location (leveled and firm support structure without vibrations; protected from 
excessive temperature changes, e.g. from direct sunlight; and protected from wind); 

• leveled according to the manual; 

• operating in the correct mode; and 

• calibrated (check manufacturers manual for calibration procedure). 

When measuring inside a container place the empty container on the balance first and press the “Tara” 
button (if available) to get direct reading of the weight of the sample excluding the weight of the container. 

3.5 Moisture Content 

Moisture content (MC) has a significant influence on all aspects of paddy and rice quality and it is 
essential that paddy be milled at the proper moisture content to obtain the highest head rice yield. Paddy 
is at its optimum milling potential at moisture content of 14% wet weight basis. Grains with high moisture 
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content are too soft to withstand hulling pressure which results in grain breakage and possibly 
pulverization of the grain.  Grain that is too dry becomes brittle and has greater breakage.  

Moisture content and temperature during the drying process is also critical as it determines whether small 
fissures and/or full cracks are introduced into the grain structure. 

Accurate moisture content testing is important in managing and marketing paddy. Inaccurate tests lead to: 

• Extra drying cost and harvesting loss if paddy is harvested wetter than necessary 

• Spoilage if the grain is too wet and placed for storage 

• Extra drying cost and loss of quality if paddy is dried too far 

• Reduction of head rice recovery when milled at wrong moisture content 

• Weight loss and thus loss in profit if grain is sold too dry 

What is Moisture Content? 

Moisture content is usually referred to the wet basis meaning the total weight of the grain including the 
water (MCwb).  In research moisture content referred to the dry matter of the grain is sometimes used 
(MCdb). 

 

Moisture content calculations 

Definitions: 
MCwb = Moisture content wet basis [%] 
MCdb = Moisture content dry basis [%] 
MCi = Initial moisture content, w.b.  [%] 
MCf = Final moisture content, w.b.  [%] 
EMC = Equilibrium moisture content [%] 
mi = Initial weight   [g] 
mf = Final weight   [g] 
MR = Moisture ratio 

Formulas 
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Options for Moisture Content Measurement 

There are two main methods to determine the moisture content of a sample Table 3. In the first method 
the water contained in the sample is completely removed by exposing it to high temperature until the 
weight does not change anymore. The initial moisture content is then calculated from the initial weight and 
the weight of the dried sample. Weight based determination of the MC is very accurate but requires more 
expensive equipment and significant processing time. The second method involves measuring electrical 
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characteristics of the grains that are in some correlation with the amount of water contained in the grains. 
These methods are usually used with handheld quick moisture meters, require very little time but is 
generally less accurate than weight based methods. 

 

Table 3: Overview on Different Methods for Moisture Content Determination and Equipment used 

 Weight reduction 
(primary method) 

Electrical characteristics 
(secondary method) 

 Oven method IR balance Capacitive MC meter Resistance MC meter 

Pr
in

ci
pl

e Evaporation of water at 
high temperature. 
Calculation of moisture 
from initial weight and 
dry matter weight 

Detection of weight 
loss by heating and 
drying 

Grain is filled in 
between two plates of 
a capacitor. Water 
contents affects 
dialectical properties  

Electrical resistance of 
crushed grains 
Water affects 
resistance. 

A
dv

an
ta

ge
 Most exact method More accurate than 

quick moisture meters 
(0.1%) 
Covers full range (0-
100%MC) 
Automatic operation 

More accurate than 
resistance type MC 
meters (0.2-0.5%) 
Portable 

Fast readings. 
Very portable 
Affordable 
Rugged 
Small sample size 

C
on

st
ra

in
t Expensive oven with 

temperature control 
needed 
Long process time 

Relatively long process 
time (10-30 minutes) 
Sensitive mechanics 

More expensive than 
resistance type MC 
meters 
Larger sample sizes 

Lowest accuracy 
(typically 0.5%) 
Limited MC range 

A
pp

lic
at

io
n 

Reference in research Laboratory  
Research 

Laboratory and field Field and laboratory, 
grain industry 

 

3.5.1 Oven Method 

Use a temperature controlled oven for the following procedure. Make sure that the temperature is not 
higher than specified because otherwise chemical changes occur within the grain which can cause 
additional weight loss:  
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• Set the oven at 130 ºC. 

• Weigh three paddy samples and place 
the samples inside the oven. 

• Measure the final weight of the 
samples after 16 hours. 

• Compute for the moisture content wet 
basis (MCWB) using the equation (1): 

• Compute the average MC. 

 

3.5.2 Infrared Moisture Determining Balance 

IR moisture determining balances combine the accuracy of the oven method with a relatively short 
process for MC determination. They are suitable for sampling in research trials, especially when results 
need to be available quickly. The principle is simple, a small sample is placed on a balance, the initial 
weight is then taken. The sample is then dried with an infrared lamp for a pre-defined time period and the 
final weight is then taken. On most models the moisture content can be read out directly.  

To operate an IR moisture determining balance the following steps are needed: 

• Read the operators instructions. 

• Make sure that the balance is placed according to the 
instructions and that it is in water, if required. 

• Mechanical balances: Place sample on tray, set weight to 
maximum. Turn on the IR lamp and set the timer. Read the 
MC contents from the scale after the completion of the 
drying process. 

• Electronic balances: Follow operators instructions. 

Make sure not to overheat the paddy because chemical changes 
in the grain might occur at high temperatures resulting in additional 

weight loss and false readings. 
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3.5.3 Quick Moisture Tester 

Quick moisture testers are most suitable for use in the field and for trade. They are accurate enough in the 
moisture ranges relevant for drying, storage and milling and they are rugged and relatively in-expensive. 
In addition they are highly portable and don’t need to be set up carefully as balances do. To operate a 

quick moisture meter follow these basic steps: 

• Read the operators instruction. 

• Make sure the batteries are good. 

• Turn on the moisture meter and ensure that the 
machine is set for paddy or rough rice. 

• Fill the tray/bowl of the moisture tester with paddy 
samples. 

• Turn/press the knob until the moisture reading is 
displayed. 

• Test at least three samples. 

When using quick moisture testers also consider the following:  

• Readings of quick moisture tester can be temperature-dependent. Check the manual of the 
moisture tester for the temperature compensation method. Some testers have automatic 
temperature compensation, in others tables are used. 

• Electronic testers can give wrong readings when grains are too cold, too hot or rapidly cooled and 
when internal equilibrium has not been reached. Hot paddy also loses moisture as it cools. To 
check the MC of hot paddy let the sample cool slowly in a small sealed container before testing it. 

• Check the accuracy of electronic moisture meters occasionally against the oven method to keep 
track of the accuracy of your tester. 

• Always take three samples and average the readings to minimize variability. 

3.6 Temperature 

Temperature measurements are important at different stages of the rice postharvest value chain, not only 
because temperature is an important process parameter in most equipment used in postharvest 
operations but also because monitoring grain temperature is integral part of quality management. Typical 
examples for temperature measurements are: 

• Measurement of grain temperature in grain bulks to monitor heat build-up 

• Measurement of drying air temperatures in mechanical dryers 

• Measurement of the temperatures of the milled rice in rice mills for optimizing rice mill 
performance 

• Measuring temperature (and relative humidity) in storage facilities to determine storage conditions 
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3.6.1 Options for Temperature Measurement 

Devices for temperature measurements include mechanical thermometers, electronic thermometers with 
various sensor types such as electrical resistance thermometers, thermistors and thermocouples, and 
non-contact infrared thermometer “guns”. For an overview on the different options see “Appendix 2: 
Overview on Options for Temperature Measurements.” 

3.6.2 Mechanical Thermometers 

Mechanical thermometers come either as liquid-in-glass thermometers or as dial thermometers. Generally 
mechanical thermometers have the advantage that no power source is required and that they maintain 
their characteristics over a long period of time. 

Liquid filled glass thermometers 

Liquid glass thermometers are available in a 
variety of calibrations, divisions, and as ºC or as 
ºF versions. The accuracy is typically ±1 scale. 
They can be filled with mercury or with safety 
fluids. 

Glass thermometers are sensitive instruments and need to be treated with care. With proper treatment 
they can be accurate and useful for years. 

• Avoid tapping the thermometer against a hard surface to prevent small fractures. 

• Never subject the thermometer to extreme temperature changes. 

In case of column separation try one of the following: 

• Cool the bulb in brine/ice solution, 

• Cool the bulb in an alcohol/dry ice solution, or 

• Slowly heat the separation 

Dial thermometers 

Dial thermometers either use liquids in a small 
container or a bi-metal as temperature sensitive 
element. Their advantage is better readability and 
they are more rugged than glass-liquid 
thermometers. As glass thermometers they come in 
different temperature ranges and divisions. 
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3.6.3 Electric Temperature Sensors 

Temperature sensors, or probes, can be used with both, handheld electronic temperature measurement 
devices for individual measurements and with data acquisition units or data loggers for automated data 
collection. For an overview on the different electric temperature sensors see “Appendix 2: Overview on 
Options for Temperature Measurements”. 

 

 

Thermocouples (TC) 

When two wires composed of dissimilar materials 
are joined at both ends and one of the ends is 
heated, there is a continuous current which flows 
in the thermoelectric circuit.  

Figure 4: Open circuit with Seebeck voltage 

If the circuit is broken at the center, the net open circuit voltage (Seebeck voltage, eAB) is a function of the 
junction temperature and the composition of the two metals. By measuring this voltage temperature can 
be measured indirectly.  

Thermocouples are the most versatile electric temperature 
sensors because: 

• Different metal combinations available cover a wide 
range of temperatures and are optimized for various 
atmospheres; 

• They are more rugged than other sensors (e.g. 
thermistors). They can, for example, be 
welded/soldered at a metal part or clamped under a 
screw; 

• They can be manufactured on the spot e.g. by 
soldering; and  

• They are relatively inexpensive. 

However, some issues have to be considered when designing 
a measurement system using thermocouples. Because they 
are using the voltage generated by two different metals in a 
junction and there are usually several junctions in a 
measuring circuit they need a reference junction at a known 
temperature. In humid environments galvanic voltages might 
be generated by the different metals that are bigger than the 
Seeback voltage. Poor junction connection and deceleration 
are some other effects to be aware of.  

 

Figure 5: Different thermocouples, 
extension wires and a 
handheld digital thermometer 
for thermocouples. 

For more information about thermocouple usage see “Appendix 3: Thermocouple usage for Temperature 
Measurements”. 

Metal A

Metal B

+

eAB

-
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Electrical resistance thermometer (RTD) 

Thermistors use the positive change in resistance for a positive change in temperature in metals like 
platinum, nickel or nickel alloys. The measurements are more linear, more accurate and more stable than 
measurements from thermocouples but the sensors are more sensitive. In addition 3-4 wires and a 
constant current source are needed for the sensor. To eliminate the effect of the resistance in the 
measuring lines usually 4-wire ohms measurement is used. 

A current source provides a constant current 
through two wires and the temperature dependent 
resistance is measured with two additional wires by 
measuring the voltage at the RTD. Since no current 
flows in the measuring wires there is no additional 
voltage drop in the measuring lines. The measured 
voltage is directly proportional to the resistance. 

 

Figure 6: 4-Wire Ohms measurement using RDT 

RTDs are more fragile than thermocouples and need to be handled with greater care. 

Thermistors (PTC) 

A thermistors is a temperature sensitive resistor like the RTD. It is much more sensitive but highly non-
linear. The advantages of thermistors is that because of the high sensitivity a 4-wire setup is not needed. 
But the disadvantages like high fragility, non-linearity and the limited temperature range outweigh the 
advantages. Thermistors are therefore usually not used in agricultural process measurements. 

IC sensors 

A relatively new development are IC sensors for temperature measurement. They have the most linear 
characteristics but they are only available in limited configurations. They are usually not used in 
agricultural process measurements. 

Practical precautions in usage of all electrical temperature sensors 

Some general guidelines for decreasing the probability of measurement errors and failure include: 

• When using long extension wires use shielded wires or twisted pair wires to minimize interference 
from other sources, connect the shield to the guard terminal of the digital volt meter (DVM); 

• Make sure that the polarity is right when connecting wires and sensors; 

• Avoid stress on sensors and extension wires; 

• Use large extension wire diameters; 

• Keep the sensor as small as possible for quick response to temperature changes and for 
preventing the sensor cables from removing heat from the measurement location. Use bigger 
sensors for better durability; and 

• Keep good documentation of your instrumentation setup and the calibration data. 

100Ω RTD DVM 

+ 

- 

I 

I = 0 

I = 0 
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3.6.4 Non-contact Thermometers 

Infrared (IR) thermometers were developed for non-contact temperature 
measurements. For mobile use battery operated IR thermometer “guns” are 
available. Some IR thermometers are equipped with a laser which is used 
for aiming purposes only. IR thermometers are easy to use and give quick 
results but some issues have to be known for accurate readings. 

 

 

Infrared thermometers measure the surface temperature of an object. The 
thermometer’s optics sense emitted (E), transmitted (T), and reflected (R) 
energy, which is collected and forced to a detector. The unit translates the 
information into a temperature. 

The area that is measured is larger than the visible laser spot that is used 
for aiming. The measured area can be estimated by using the “Distance to 
Spot Ratio” or “Distance Ratio”, which is specified in the manual of the 
device.  A distance ratio of 6:1 means that at a distance of 60 cm the 
measurement spot would have a diameter of 10 cm. 

The area measured increases with the distance. Make sure that the area 
measured is smaller than the area that you want to measure. 

To measure a larger area scan the area that you want to measure and take 
average readings. 

When measuring with an IR thermometer: 

• Do not measure shiny and reflecting areas like stainless steel and polished metals. Cover those 
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areas with black tape and make sure that it has the same temperature before measuring; 

• Do not try to measure objects behind transparent materials like glass. You will measure the 
temperature of the glass instead; 

• Dust, smoke and steam will lead to false readings because it influences the units optics (Keep the 
lens clean. Clean with air, do not use chemical solvents on the optics); and 

• Never point the laser beam at someone’s eyes. 

3.6.5 Calibration of Thermometers 

Calibration of thermometers and temperature sensors involves testing them at known temperatures. The 
readings are compared with the known temperatures and calibration factors can be established and used 
in the final evaluation of the data. 

The easiest way to calibrate temperature sensors is to use the ice point for 0 ºC and the Steam point for 
100 ºC as calibration points. 

If your temperature measuring device does not have the range to use these two points you can also use 
another calibrated thermometer as reference. 

3.7 Relative Humidity 

The actual vapor pressure of the air related to saturation is called relative humidity (RH). RH is expressed 
as a percentage. RH and temperature are the most important parameters of the ambient and drying air, 
which affect the quality of grain in the postharvest chain. Both are interdependent and stand in close 
relation with paddy moisture content because paddy grains are a hygroscopic material, which means: 

• If paddy with low MC is exposed to air with very high RH it will adsorb water from the surrounding 
air. Water adsorption in paddy grains with a moisture content below 16% leads to cracking and 
thus to low head rice recovery. 

• If paddy with high MC is exposed to air with low RH they will dry by releasing water to the 
surrounding air. If the grains are too dry milling recovery is reduced and unnecessary weight 
losses reduce profit from sales. 

These processes happen until the grain MC and the RH of the surrounding air at a given temperature 
have equilibrated, the grains then have reached their equilibrium moisture content (EMC).  

Why is RH so important? Temperature, RH and EMC 

The following table shows the EMC of paddy under different storage conditions. The underlined & colored 
areas represent the desirable environmental conditions for storage of paddy for food purposes in the 
tropics. If grain is not protected against humidity in the air, in particular in the rainy season when the 
relative humidity may reach 95%-100%, grain moisture content will increase leading to quality 
deterioration. 
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Table 4: Equilibrium Moisture Contents (EMC) of paddy at different storage temperatures and RH 

 

 

The same principle is applied in postharvest systems like paddy dryers. In a dryer the ambient air is 
usually heated, which reduces its RH resulting in two effects that accelerate the drying process: First the 
water adsorbing potential of the air is increased through the lower RH; and second the EMC of the paddy 
at the drying air conditions is reduced compared to the EMC at ambient air. 

How to measure RH? 

There are three major principles used in methods for measuring relative humidity with different accuracy 
and complexity. 

Table 5: Overview on Methods for Measuring Relative Humidity 

  Psychrometry Hygroscopic elements Capacitive and resistance 
sensors 

Pr
in

ci
pl

e 

Measurement of temperature 
reduction from evaporation of 
water 

Dimensional change of 
hygroscopic materials 

Changes in di-electrical 
properties in a capacitor or in 
resistance  
 

A
dv

an
ta

ge
 Accurate, simple to use 

Calibration simple 
Little sensitivity to dust and 
aggressive environments 

Relatively maintenance free 
Cover RH range from 0-100%. 

Small sensors available. 
Can operate down to 0% RH. 
 

C
on

st
ra

in
t Wick need to be kept wet 

Not feasible at RH > 90% 
Less accurate  Sensitive to condensation, 

dust and aggressive 
environments 
Need power supply. 

A
pp

lic
at

io
n Precision measurements 

Research and development 
Reference in meteorological 
measurements 

Air properties in storage 
buildings 
Air duct measurements 

Handheld devices 
probes for data loggers 
Mostly used sensors in 
atmospheric and process 
measurements 
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3.7.1 Psychrometry 

Psychrometry is the study of the interrelationship of the temperature and the humidity of mixtures of air 
and water. A psychrometric chart is the graphical representation of the thermodynamic properties of moist 
air. It contains information about dry bulb temperature, wet bulb temperature, RH, dew point, enthalpy, 
specific volume and the humidity ratio. By knowing any of the two, the other parameters can be 
determined by using the chart. 

The dry bulb temperature is the temperature of the air indicated by a thermometer which is not affected 
by vapor content of the air 

The wet bulb temperature is the temperature given by a thermometer with its sensing bulb covered with 
a thin layer of water and moving through the air until a steady temperature is obtained during evaporation 
of the water. This is usually achieved by covering the sensing bulb with a wick that is kept wet. The wet-
bulb temperature is reduced by evaporation of water from the wick. An increase in air temperature or a 
reduction in RH causes the air to evaporate water from a wet surface more rapidly and therefore produces 
a greater fall in temperature. If the air is saturated, the wet-bulb and dry-bulb thermometers would have 
the same temperature because no evaporation can occur. 

This effect is utilized in a psychrometer. Two 
thermometers or temperature sensors are used for 
measuring dry bulb and wet bulb temperature from which 
the RH is determined either by calculation or from a chart. 
When used properly the accuracy of a psychrometer is 
basically only determined by the accuracy of the 
thermometers and the accuracy of conversion by chart or 
calculation. Calibrated versions can reach ± 0,5% accuracy 
at dry air. The accuracy decreases at higher RH and above 
90% a psychrometer should not be used anymore.  

Advantages: 

• Simple construction and high accuracy. 

 

Figure 7: Psychrometer closed, open with 
two thermometers and a little 
electric fan for moving the air 

Constraints: 

• A psychrometer is not maintenance free. The wick needs to be checked regularly for cleanliness, 
tight fit around the wet bulb and it needs to be kept sufficiently wet during measurements. 

• During long term measurements it is often difficult to keep the wick wet. 

When using a psychrometer make sure that: 

• The wet bulb thermometer remains (dripping) wet.  

• A constant airflow is provided to remove the water that evaporates from the wet bulb. Minimum air 
velocities are 2 m/s, higher velocities are better. 

• If the wick on the wet bulb is kept wet by a water supply system make sure that the water has the 
same temperature as the ambient air, otherwise it will lead to false readings. 
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• sure that the air 
properties are measured. 

• er using a psychrometric table below (see also Appendix 4: Relative 
Humidity Table for Psychrometer) or a psychrometric chart (Appendix 6: Psychrometric Charts). 

Radiation (e.g. from sunlight) to the sensing bulbs is minimized to make 

Determine the RH by eith

 

Figure 8: Psychrometric Table for determining RH from Dry Bulb Temperature and Psychrometric 
Difference 

 

.7.2 Hygrometers using Hygroscopic Materials 

c nts using the dimensional change of hygroscopic 

3

This in ludes either mechanical or electronic instrume
elements, e.g. human hair or specially treated synthetic fibers. They typically have an accuracy of ± 3-5% 
and relatively little change of error over time. Calibration is needed at the beginning of an experiment and 
occasionally the readings should be compared with data from a psychrometer. 
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Hair hygrometers work on the fact that hair changes its length when 
humidity varies. This device usually consists of a number of human or 
horse hairs connected to a mechanical lever system. When humidity 
increases the length of the hairs becomes longer. This change in length 
is then transmitted and magnified by the lever system into a 
measurement of relative humidity. 

The same principle is applied to some electronic sensors. These can be used in combination with data 
loggers to automatically record data over time.  

Advantages:  

• More or less maintenance free.  

• Electronic devices can cover the whole range from 0-100% RH. 

Constraints: 

• Accuracy (± 3-5%) is lower than that of a psychrometer 

 

3.7.3 Capacitive or Resistance RH Sensors 

Capacitive RH sensors are meanwhile the mostly used sensors in 
atmospheric and process measurements. Compared to the 
psychrometer electronic instruments using capacitive or resistance 
sensors usually have a limited range of high accuracy (± 5%), for 
example for RH from 25%-95%. Accuracy often decreases at the lower 
and upper ends. They are, however, easier to use than the 
psychrometer. 

Although an RH sensor might seem a simple device, its proper 
operation is highly dependent on careful humidity calibration. The 
measurement error usually changes over time and therefore frequent 
calibration is needed. 

 

 

3.7.4 Other methods to measure RH 

Other methods to determine the RH are the dew-point method and the gravimetric method, which are 
more accurate than the electronic sensors but too complicated for usage in the field. 
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3.7.5 Calibration of RH Sensors 

Usually it is sufficient to perform a two-point calibration 
using known humidity standards such as saturated salt 
solutions, e.g. Lithium Chloride (LiCl – 11.3% RH) and 
Sodium Chloride (NaCl – 75.5% RH). If desired a 0% 
calibration can be done using desiccants (see next 
Section). Saturated salt solutions are prepared in airtight 
calibration chambers (Figure 8) 

 

 

Figure 9: Calibration Chamber 

When performing the calibration make sure that: 

• The probe tip is positioned in the container as close as possible above the saturated salt solution; 

• Do not allow the tip of the probe to contact the salt solution. Contact with the solution will cause a 
false calibration and might damage the sensor; 

• The container is airtight to prevent air exchange with the environment. The holes where electronic 
sensors or cables penetrate the container should be reasonably sealed also; and 

• There is enough time for the RH to adjust after the probe is inserted. For smaller probes allow not 
less than 15 minutes, for larger instruments up to several hours. The RH is adjusted if there is no 
change in reading for 5-10 minutes. 

Follow the calibration instructions in the manual of the instrument. Usually both calibration points need to 
be calibrated for successful calibration. In some cases1 the calibration points need to be repeated until 
there is no change in readings anymore. 

RH above Saturated Salt Solutions at various Temperatures 

Saturated salt solutions will supply water vapor to maintain a target RH as long as there is a small amount 
of liquid in the tub of solution, and under humid conditions, they will absorb moisture from the air as long 
as there is some undissolved salt in the tub. This way they maintain a salt specific RH level in the air 
above the solution provided that they are kept in an airtight calibration chamber. Lithium Chloride and 
Sodium Chloride are two of the most common calibration salts. RH values for other salts are shown in 
Table 6. 

                                                      

1 This might be the case with older instruments that use analog circuits where the calibration of the RH of 
one calibration point affects the reading of the other calibration point (Example: Vaisala Humicap). 
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Table 6: RH (%) values of different saturated salt solutions at different temperatures 

Salt / Temperature, ºC 5.0 10.0 15.0 20.0 25.0 

Lithium chloride  11.3 11.3 11.3 11.3 11.3 

Magnesium chloride  33.6 33.5 33.3 33.1 32.8 

Potassium carbonate  43.1 43.1 43.1 43.2 43.2 

Sodium bromide  63.5 62.2 60.7 59.1 57.6 

Sodium chloride  75.7 75.7 75.6 75.7 75.3 

Potassium chloride  87.7 86.8 85.9 85.1 84.3 

Potassium sulphate  98.5 98.2 97.9 97.6 97.3 

Prepare the solutions a few days ahead of time to allow them to stabilize.  

The dry salt is spread about 3 mm deep in a shallow tray that occupies most of the bottom of an airtight 
box. Water is added to moisten the salt. Do not add more water than is needed to make the salt look 
damp. 

Note the following: 

• Saturated salts that have equilibrium RH below ambient will continue to absorb water indefinitely 
and overflow.  

• The 98% RH calibration can only be done in a room with constant temperature. 

 

Calibration at Zero RH 

For postharvest R&D the RH range covered by saturated salt solutions is usually sufficient. However, if 
calibration at an RH of 0% is needed the following dehydrating agents (desiccants) can be used: 

• Baked calcium chloride. This is a widely used desiccant and sometimes an indicator is sometimes 
added to the salt which changes color at too high an RH for calibration purposes.  

• Anhydrous copper sulfate: Works very well, and is reusable by baking to a grey color. It remains 
solid on absorption of water. 

All these desiccants can be regenerated by heating at 150ºC.  

Phosphorus pentoxide comes closest to ensuring absolute dryness, but it rapidly acquires a syrupy 
surface film which prevents further absorption of water vapor. It is also very corrosive and difficult to 
handle. It is therefore not recommended for general use.  

3.8 Pressure 

Air pressure in combination with either air volume or air velocity is an important process variable wherever 
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fans are used to move air. This can be in grain cleaners, dryers, cyclones and milling equipment. Pressure 
measurements are important for the following: 

• Performance evaluation of fans for dryers, cleaners, cyclones, rice mills. Fans performance is 
specified as air volume against a certain pressure creation. 

• Evaluation of airflow rates through grain bulks in drying or aeration of grains. The air velocity 
through the bulk positively dependent on pressure. 

• Barometric pressure is an important parameter in weather forecasts. 

Pressure is defined as the force per unit area, the SI unit Pascal (Pa) or N/m² (for conversion of other units 
see Appendix 7). There are three different kinds of pressure measurements: 

Absolute pressure is measured relative to a perfect vacuum. An example is atmospheric pressure. At 
sea level the average atmospheric pressure is 1013,25hPa (1 hPa = 100 Pa). 2  

Differential pressure is the difference in pressure between two points of measurement3. 

Gauge pressure is measured relative to ambient pressure. The pressure in car tires is one example.4

 

The three types of measurements are shown in 
Figure 9. Note that the same sensor may be used 
for all three types; only the reference is different. 
Differential pressures may be measured anywhere 
in the range—above, below, and around 
atmospheric pressure. 

 
 

Figure 10: The same sensor can be used for all 
three types of pressure measurement; 
only the references differ 

 

How to measure pressure? 

There are various instruments utilizing different principles for pressure measurement. The ones used in 
agricultural process measurements include tube anemometers, pressure gauges with mechanical sensors 
and electric pressure sensors (Table 7). 

                                                      

2 A common Imperial unit of absolute pressure measurements is pounds per square inch absolute (psia). 

3 A common imperial unit of differential pressure measurements is pounds per square inch differential 
(psid) 

4 A common imperial unit for gauge pressure measurement is pressure per square inch gauge (psig). 
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Table 7: Overview on Different Options for Pressure Measurement  
  Tube manometers Pressure gauges Electric pressure sensors 

and transducers 

Ex
am

pl
e 

 
  

Pr
in

ci
pl

e a column of a liquid is forced up 
against gravity 

Mechanical element deforms 
under pressure 

Electronic element converts 
pressure into electric signal 

R
an

ge
  Pressure: 0..1GPa 

Vacuum:  
Versions for very high and very 
low pressures. 

Er
ro

r Typical: ±0.5 of the minor scale 
graduation 

Typical: ±0.25-2% of full scale 
reading 

Typical: ±1-3% of full scale 
reading 

A
dv

an
ta

ge
 

• Simple and reliable 
• Cheap 
• No moving parts 
• No calibration required 
• Can be self-made from local 
materials 
• Measures pressure and 
vacuum 

• Durable and rugged 
• Versions for aggressive 
environments 
• Excellent readability 
• Wide operating range 

• Automatic reading from 
voltage output possible 
• Usually digital display 
• Options for averaging, 
min/max and data logging features 

C
on

st
ra

in
t • Breakable 

• Liquid evaporates over time 
• Single readings 
• Calibration required 

• Needs power supply 
• Calibration required 
• Sensors are often very 
sensitive to overload 
• High cost 

A
pp

lic
at

io
n • Used as reference 

• Measuring pressure in plenum 
chambers and air ducts 

• Plenum chambers, pressure in 
tubing and tanks 

• Monitoring, automatic data 
acquisition, control 

 

3.8.1 Tube Manometers 

Pressure measuring devices using liquid columns in vertical or inclined tubes are called manometers. U-
tube manometers consist of two tubes that are connected at the bottom and partially filled with a liquid. 
They are suitable for measuring relatively small absolute and differential pressures. The measuring 
principle involves to compare the pressure force with the weight force of the liquid column. Depending in 
the desired measurement range different liquids are chosen including water, alcohol, mercury or oil.  
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If the scale is in mm the differential reading for h (P2-P1) can be directly 
taken in mm H2O (millimeters of water) or mm hg (millimeters of 
mercury) and converted into SI units using conversion factors. 
Alternately the scale can be printed straight in the SI unit Pa (Pascal). 
Conversion factors are: 

Table 8: Pressure conversion factors 

To convert from To Multiply with 

mm H2O Pa 9.81 

mm hg Pa 133.32 

inch H2O Pa 249.08 

 

inch hg Pa 3386.39 

 

 

A variation of the u-tube manometer is the inclined-
tube (or draft gauge) manometer. With an inclined 
indicating tube, one length unit of a vertical rise is 
stretched over several units of scale length. The 
inclined-tube manometer has better sensitivity and 
resolution for low pressures.  

 

 

For measuring absolute pressure the end of one 
tube is closed and evacuated. This is the principle 
used in mercury barometers. 
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3.8.2 Pressure Gauges 

Mechanical dial pressure gauges come in different sizes, different pressure ranges, as vacuum or 
pressure meters, and for measuring absolute or differential pressure. They are generally more robust than 
the tube manometers and electric pressure sensors. Cost wise they are between tube manometers and 
electric sensors. Their biggest advantage is the diversity of different ranges and applications. There are 
versions for very high pressures but in the lower pressure ranges electric sensors or tube manometers are 
preferable. Although digital versions are available usually mechanical pressure gauges are for manual 
inspection and therefore not suitable for data logging and control functions. 

3.8.3 Electric Pressure Sensors and Transducers 

Electric pressure meters employ either piezoelectric, resistance type, capacitive, inductive or strain gage 
sensors or transducers. Their main advantage is that they produce a signal that can be automatically 
recorded (on board data logging), conditioned and processed (min/max and average readings). 

They come in various ranges covering very high and very low pressures. However, the accuracy is usually 
lower, at around 1-3% of the maximum pressure. 

Most electric sensors are more sensitive to overload than dial pressure gauges. Usually they have 
maximum pressure rating of only around two times their pressure range.  

3.8.4 Static and Dynamic Pressures 

Static pressure is the pressure due to the density and depth of a fluid. Total pressure (or stagnation 
pressure) is the pressure due to the velocity of a fluid, and is defined to include dynamic pressure and 
static pressure. In addition, there can be differences in pressure due to differences in the elevation 
(height) of the fluid. (See also Section 3.9 Air Velocity, Air Volume). 

The pressure of a moving fluid can be measured using a Prandtl probe connected to a manometer (see 
Section 3.9.3).  

3.9 Air Velocity, Air Volume and Airflow Rates 

Moving air is used in various postharvest processes. Where air is moved through the components of 
postharvest equipment the air velocity, specified in m/s, is an important parameter because it is easier to 
measure than air volumes (in m³/s) or airflow rates (in m³ of air per m³ of grain): 

• Air is used for separation of materials with different terminal velocity, e.g. light chaff and heavier 
grains. Proper separation of the different fractions depends on choosing the right air velocity. 

• Air is used for transport of materials, sometimes grains but more often lighter by-products such as 
rice hull and bran.  

• Air is used to transport water, which was evaporated from wet grains. 

• In aerated grain bulks and in dryers the air passes through the grain bulk. Minimum air-flow rates 
are required for speedy operation and in order to prevent spoilage. 

Air velocity, airflow rate and specific airflow rate 

Three parameters are used for in technical specifications of postharvest equipment and processes: air 
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velocity as the basic parameter that can also be measured easily, airflow rate and specific airflow rate: 

• Air velocity is the speed with which the air moves and is expressed in meters per second (m/s). 

• Air flow rate is the quantity of air passing the component per unit of time and is usually expressed 
in cubic meters air per second (m³/s).  

• Specific air flow rate is the quantity of air passing through a grain mass referred to the volume of 
the grain mass, usually given in cubic meters of air per cubic meters of grain per second (m³/m³s). 

Air flow rates can be calculated using the air velocity and the dimensions of the air ducts. The most 
important options for measuring air velocities are summarized in Table 9. 

Table 9: Options for Air Velocity Measurements 

 Mechanical Pressure Electric 
 Disc Meter Rotating Cup 

Anemometer 
Vane 

Anemometer 
Prandtl Probe Hot Wire 

Anemometer 

P
rin

ci
pl

e 

Disk floats on 
upwards air 
stream in 
extending 
channel 

Different 
resistance of half 
round cups to 
airflow 

Moving air turns 
a small propeller 

Measurement of 
dynamic pressure 

Passing air cools 
an electrically 
heated wire 

A
dv

an
ta

ge
 

For very low air 
velocities 
No calibration 
needed 

Simple 
construction 
 

Smaller than 
rotating cup 
anemometer 
 

Very simple setup 
Very accurate 
For all 
atmospheres and 
temperatures 
No overloading of 
sensor 

No moving parts 
For low air 
velocities 
Fast response 

C
on

st
ra

in
ts

 No automatic 
recording 
Bulky 

Non-linear 
because of 
friction in 
bearings 
Calibration 
needed 

Non-linear 
because of 
friction in 
bearings 
Calibration 
needed 

 Sensitive sensor, 
especially against 
particles in the air 
stream 
expensive 

A
pp

lic
at

io
n 

On top of deep-
bed grain bins 
Aeration, In-Store 
Drying 
Range: 0.04-0.2 
m/s 

Standard for wind 
speed 
Range: 0.5-
50m/s 

Wind speed 
General air 
velocity 
Range 0.2-40m/s 

Blower testing 
Measurements in 
hot and oxidizing 
air streams 
Up to ultrasonic 
velocities 

Wind speed 
General air 
velocity 
measurements 
0-70m/s 

 

3.9.1 Measuring low Air Velocities with a Disc Meter 

In aeration or in-store drying very low airflow rates are used to keep the energy requirement low. An even 
air velocity throughout the grain bulk is important to avoid hot-spots and spoilage. Typical air velocities are 
below 0.1 m/s. This low can still be measured by heated wire anemometers but the accuracy is very low 
because they operate in the lower range.  
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More suitable are disk meters which can measure air velocities as small as 0.04 
m/s. A light disk is pushed upwards by the air stream exiting the grain bulk 
inside conical cylinder with increasing diameter towards the top. Depending on 
the air velocity the terminal velocity of the disk is reached at different heights 
within the cone. The air velocity can be directly read from a scale on the cone. 
Due to its simple design with only one moving part it is very reliable and does 
not require frequent calibration. 

This instrument is specifically designed to measure air that exits grain bulks and 
it cannot be used for other purposes. 

Maintenance: Make sure the disc is clean because dirt attached to it changes its 
weight and thus the readings. 

 

 

3.9.2 Rotating Cup Anemometer 

 

Because of its simple construction, wide range and robustness the 
rotating cup anemometer is the standard instrument in weather 
stations. It has, however, some disadvantages: 

• Because of friction in the bearings it is not suitable for very 
low air velocities. 

• For the same reason the calibration function is not linear. 

 

3.9.3 Vane Anemometer 

Vane anemometers are usually cheaper than the hot-air anemometers because they don’t need 
complicated circuits for temperature compensation. The air velocity is more or less equal to the revolutions 
of the propeller. Their disadvantage is that a certain minimum velocity is needed to overcome the friction 
of the bearings, which means that they are not so suitable for the lower ranges. When using a vane 
anemometer check your manual and make sure that you operate within the specified conditions: 
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• Too high velocities can ruin the propeller by centrifugal force 
and by overheating the bearings. 

• Heat might destroy the sensor, aggressive atmospheres also. 

 

3.9.4 The Prandtl Probe 

The Prandtl probe is a very simple probe used for measuring air velocity. It is a standard instrument in 
aeronautics for measuring the speed of airplanes but it is also useful to measure air velocities in 
agricultural processes e.g. for determining the performance of blowers. 

 

Figure 11: Principle of the Prandtl Probe for measuring air velocity 

The pitot tube (Figure 10 left) measures the total pressure consisting of static pressure + dynamic 
pressure, which is caused by the air flow coming to a halt at the opening of the pitot probe (the pressure 
builds up at the tip of the pitot probe due to the absence of airflow through the pitot probe). The static 
pressure can be measured in a tube that is closed at the end and has openings at the side (Figure 10 
center). The Prandtl probe in Figure 10 right combines both principles in one sensor so that the dynamic 
pressure, which positively corresponds with the air velocity can be measured with a differential pressure 
meter, in this case a u-manometer. As long as the angle of the probe towards the direction of the airflow is 
within ±20º the effect on the reading is minimal. 

The air velocity is calculated as follows: 

ρ
υ dynp*2
= where

V = air velocity [m/s] 
pdyn = dynamic pressure [Pa] 

 = density of the air [kg/m³] 

 32



Measurements and Quantification 

3.9.5 Hot Wire Anemometer 

Hot wire anemometers are suitable for low air velocities since they don’t have friction to overcome as 
mechanical sensors. Because the sensor is quite small they also respond quickly to changes. A constant 
current is forced through the temperature sensing element (usually a platinum wire), which heats it up. It is 
cooled by the passing air, the faster the air passes the bigger the cooling effect. The resistance of the wire 
is temperature dependent. By measuring the resistance, the air velocity can then be calculated. 

Hot wire anemometers are expensive because 
they need circuits for temperature 
compensation and for the constant current 
supply. The sensors need to be protected from 
mechanical damage. 

3.9.6 Averaging Measurements of Air Volume 

When measuring the air velocity in a tube or air duct keep in mind that the velocity is not the same in the 
center and at the outside of the tube. 

The air will move faster towards the center of the tube and 
slower close to the tube walls (Figure 11). Therefore get as 
many readings as possible across the cross section of the 
tube and average them in order to get accurate 
measurements. 

Figure 12: Air velocity distribution inside a 
tube with laminar air flow 

verage readings as follows: 

 
n each line. Define the measurement points along 

the line as follows: 

r1 = 0.316 x R 
r2 = 0.548 x R 
r3 = 0.707 x R 
r4 = 0.837 x R 
r5 = 0.949 x R 

 

For circular tubes define at least 20 measurement points and a

Take measurements along two lines, right angle to each other, 10
measurements o

R 
r

r1

r3

r4r5

Average the readings. 
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For rectangular air ducts divide the 
section into not less than 16 sections 
of equal area. Measure at the center 
of each point. The size of the 

ld not exceed 150 mm 
cts 64 measuring 

cient. 

ations 

roper instruments at hand but might still want to estimate airflow 
w are as follows: 

Estimating the airflow rate in a fixed bed batch dryer:

rectangle shou
but at larger du
points are suffi

 

3.9.7 Field Methods for Air Flow Estim

In the field one often does not have the p
rates. Some methods for estimating airflo

 

Put a A4 or letter size sheet of paper on top of the grain. The sheet should be lifted up and float a few 
centimeters above the grains at air velocities of around 0.15 m/s and above. If a calling card floats above 

e grain the air velocity is far bigger than 0.2 m/s which means that it is probably wasting energy. 

Figure 13: Paper floating on top of a flat bed dryer indicating an air velocity of > 0.2m/s (left), a calling card 
floating indicates too high airflow rates (right) 

 

Estimating the airflow rate in a fixed bed deep bed dryer (in-store dryer):

th

      

 

Put your hand above the grain where the air exits and feel the temperature: 

What can be felt Interpretation 
The outlet feels cooler than the 
ambient air 

This means that air is coming out and drying is ta ng place inside 
the grain bulk. Your airflow rate is probably OK. 

ki

The outlet feels warmer than the 
ambient air 

This means that air is coming out of the grain bulk but that the air 
velocity is too low so that the heat that is generated by insects and 
respiration is not removed fast enough. 

T
o

he air can actually be felt coming 
ut 

This means your air velocity is far too high for deep-bed drying and 
you are wasting energy for the blower and because the drying 
potential of the air is not fully utilized. 

Measuring 
Points 

h
Sections 

w
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3.10 O2 and CO2 

Insect activity inside hermetic sealed storage containers lets the oxygen level drop from 21% to levels of 
h is lethal to most ng the development of the oxygen level over time is 

 
nit is hermetically seale

 

mple handheld instrume
which use an electro-chemical cell and 
directly in percent. This makes sampling at set intervals easy and 

ge unit is hermetically sealed and working 
properly. Options for taking the air sample from the storage 

around 3-5%, whic insects. Monitori
therefore the most important management procedure for hermetic sealed storage systems. 

There are simple handheld instrumen
display the oxygen content directly in
the storage u

ts for measuring O2 levels which use an electro-chemical cell and 
percent. This makes sampling at set intervals easy to make sure that 
d and working properly. Options for taking the air sample from the 

storage container are either electrical

There are si

or through simple manual pumps.  

nts for measuring O2 levels 
display the oxygen content 

 

ensure that the stora

container are either electrical or simple manual pumps.  

 

 

3.11 Solar Radiation 

Solar radiation is the energy source for sun-drying. It is therefore desirable to measure solar radiation 
when doing research to improve sun-drying. However, for the conversion of the heat near the earth 
surface not only solar radiation is decisive but all radiation energy fluxes must be taken into account as 
summarized in the following heat balance equation: 

Q = S+H-R-G-A-LE-W  

Q = heat balance 
S = beam solar radiation 
H = diffuse solar radiation 

 = reflected solar radiation of the earth surface and atmosphere 
g wave radiation from sky 

A = long wave surface radiation 
LE = transport of latent heat (evaporation) 

  
R
G = reflected lon

W = transport of sensible heat Figure 14: Pyranometer 

800 
ding 

d only cover part of the spectrum but would still 

Instruments that measure all these components of the solar radiation over a spectral range of 305 to 2
nm accurately like the Pyranometer are very expensive (around US$ 2.500) and are probably excee
most research budgets, especially in low priority research areas like sundrying. 

Alternatively a “low-cost” solar radiation meter, which woul
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give an indication about the intensity of sunshine, can be used. For this purpose a solar cell needs to be 
calibrated using a pyranometer as reference. Note that the characteristics curve of the solar cell is also 

ependent. The readings gained from the solar cell can therefore only be treated as 
ar radiation. 

temperature d
estimates of the actual sol
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4 Use of Data Acquisition Systems and Data Loggers 
The use of a handheld instruments for measuring process parameters is suitable to take a “snapshot” of 
the current state of operation or to measure process parameters over a limited period of time. Sometimes, 
however, for research and monitoring purposes continuous data acquisition is needed over a longer 
period of time or with a frequency, that cannot be done manually. In those cases data acquisition systems 
or data loggers can be used for automatic recording of process data. 

Data acquisition systems are instruments and/or processes designed to collect information and to 
document and analyze some phenomenon. Data acquisition systems consist of sensors and instruments 
to collect, record and analyze data. 

Data loggers (or recorders) are instruments used with sensors to document information related to a 
process. Usually they store the value of process information with a time stamp for later retrieval and 
processing. 

Computers became an important tool in data acquisition. Two different data logging systems are available: 
plug-in data loggers and stand-alone data loggers. Plug-in data loggers consist of a computer card that is 
placed into one of the free extension slots of a personal computer or laptop. Stand-alone units are self 
contained units that have communication interfaces for data exchange with a computer. The advantages 
and disadvantages of both systems are summarized in Table 10. 

Table 10: Overview on different data logging systems 

 Plug-in data loggers Stand-alone data loggers 
Advantages • Affordable 

• High sampling rates 
• Memory only limited by hard disk size 
• Computer screen for real-time 
visualization of results 

• Mobile and flexible 
• Rugged versions available 
• Battery operation is possible 
• Modular solutions available 
 

Constraints • Requires the computer to run 
• Setup with computer is bulky 
• Computer needs favorable 
environment 
• Usually requires power grid 
• Hard disks sensitive to vibrations and 
shocks 

• Limited memory 
• For similar accuracy much more expensive 
than plug-in systems 

In the following stand-alone data loggers are discussed because they are more practical for adaptive R&D 
in agricultural engineering because of their higher mobility and flexibility. 

4.1 Miniature Data Loggers with one or two Channels 

Miniature data loggers are usually low-cost loggers dedicated to one or two specific input types, e.g. 
temperature or temperature and relative humidity. These data loggers are usually used for monitoring 
purposes. The data can be read out via a computer interface. 
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A typical application would be to include a miniature 
data logger in a sealed storage system or in a 
shipment of paddy to record temperature during the 
period of storage or shipment. 

Low-cost units are available as well as high 
precision data loggers for higher accuracy. They 
are easy to use and to set up and don’t need cables 
for wiring. Because they are so small and battery 
operated they can be easily added to enclosed 
samples. 

 

Figure 15: Miniature low-cost data logger with 2 
temperature and 2 RH channels (left), 
typical accuracy range (right) 

The disadvantages are that the data is only available after the data logger was retained from the sample, 
they can only measure a limited number of parameters (1 to 4) and they have only limited memory. The 
longer the data logger remains in the sample the longer the measuring inte eds to be to avoid 
memory overflow. The accuracy of low-cost units is also somewhat limited (Figure 14) but for monitoring 
purposes it is usually more than sufficient. 

4.2 Data Loggers with Multiple Channels 

meters and can therefore be configured to suit almost every 
measuring task. Usually they also have some switching channels so that some controlling functions can 
also be performed. 

 

Figure 16: Modern data logger with 20 free 
configurable channels. This data 
logger can be configured and 
operated either through the front 
panel or through a serial interface 
using a computer. 

Typical features: 

configuration and data analysis 

• On board memory for stand alone operation 

• Switching channels for control functions 

• Alarm settings 

• Modular models are configurable and expandable 
through the use of plug-in modules 

rval ne

Data loggers with multiple channels are more flexible and available in many configurations. Some of them 
are modular and can be upgraded for more demanding measurement tasks. Typically they have around 
20 or more channels which can be configured individually to measure temperature (thermocouples, RTD), 
voltage, current, frequency and other para

• Several freely configurable input channels for 
voltage, current, temperature, frequency and 
other measurements 

• Computer interface with Windows Software for 
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4.3 Software 

Software is a key aspect of any data acquisition sys .
transfer and store data, to process data into meaningf
loggers come with their own software or with drivers for 
for their own software applications. 

There are also a number of professional data acquisit n
the most common data loggers. 

4.4 Recommendations for Working with Data Log

Most data loggers are quite straight forward t use. ge number of channels and the 
individual channels there is the danger of swapping channels 

onside

• Pla ith what accuracy and select the sensors and data logger 
ac

• Consider power supply. If power cuts are common choose a data logging system that maintains 
the data and continues measurements automatically after the power comes back; 

 Make a channel usage plan including data on configuration settings and keep a configuration 

bles are connected properly (strain release) with the right polarity 

e of the experiment, the memory available, amount of information stored 
and choose an appropriate sampling interval to avoid memory overflow; 

e and after the experiment; and 

tem  Software is used to configure the data loggers, to 
ul information and to visualize results. Most data 
common computer languages that users can use 

io  software packages that have software drivers for 

gers 

o But because of the lar
various possibilities of configuration of the 
and of wrong configuration. Some issues to c

n what parameters to measure w
cordingly; 

r when working with data loggers: 

•
record. This should include data on the setting of the data logger (scan rate; units used (SI or 
imperial); filenames; alarm data; and communication port settings) as well as channel 
configuration data (sensor number, type and location; range; limits and alarms); 

• Make sure that sensor ca
(especially thermocouples); 

• Consider the running tim

• Keep a calibration log for all channels. Check befor

• When placing a data logger outside make sure that it is protected from the environment, 
especially direct sunlight, humidity and condensation when the temperature drops at night. 
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5 Specific 

5.1 Ass

The dete re 
different methods to determine or estimate the yield, like sampling of the whole field, quadrant sampling 
and estimation of yield in standing crop. Since paddy is harvested at relatively high moisture content it is 
important to correct weight data gathered after harvesting in order to base it on a standard MC of 14% 

Weight Loss during Drying 

During the drying process water is removed from the grains. That means that after drying there is less 
paddy to sell. In most markets paddy is traded on a weight basis. In markets, where paddy is still traded 
on a volume basis there is a similar effect since paddy shrinks in volume during drying also. The weight 
after drying can be calculated as follows: 

Examples 

essment of Yield 

rmination of the yield is an important activity in both, rice farming and in research. There a

f

i
if MC

MCmm
−
−

⋅=
100
100

 

Where: = Final weight  

 = Initial weight 

 = Initial MC, wet basis [%]  

= Final MC, wet basis [%] 

 

Whole field sampling

fm  

im

iMC

fMC  

 

This is the most straight forward method for determining the yield and it results in yield figures that 
represent the situation in farmer’s fields because it includes also the less favorable areas in the field like 
the edges. The procedure is straight forward: 

• Determine the size of the field; 

• Harvest the field, thresh, clean and weigh the grains; 

• Determine the average moisture content of the grain; by either 

o Determining the yield by correcting the weight figure using the formula above; or 
o Drying the grain to 14% MC and calculation of the yield. 

Quadrant sampling 

This method is usually used in research trails. Usually an area of ten square meters is randomly selected 
and used for determination of the yield. 

• Random select an area of 10 m³ in the field. If the field is big enough select three areas for three 
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replications; 

nd thresh the crop carefully. Determine the threshing loss; 

• move any materials other than grain and unfilled grains; 

anding crop

• Hand harvest the area(s) a

Clean the grains to re

• Weigh the harvested grains, add the threshing and harvesting loss and measure the moisture 
content; and 

• Either calculate the weight at 14% and calculate the yield or dry the grains to 14% and weigh it 
after drying for calculation of the yield. 

Visual estimate of yield in st  

With a little knowledge about the rice varieties grown and crop establishment targets the yield can be 
easily estimated. Example: 

The target panicle counts are those that will give optimum yields. In the wet season at an IRRI plot the 
target panicle count is 350-400 panicle per square meter. Yields gained with this panicle count are usually 
around 4t/ha. This means that every 100 panicles per square meter are equivalent to one ton of yield. An 
easy wa ate the yie  is t efo  panicles that are enclosed in the circle of the arms 
divide the number of panic ivide it again by hundred. This will give the 
approximate yield in t/ha. 

5.2 Assessment of Postharv st sse

ostharvest losses are the qualitative and quantitative shrinkages and losses of grains during postharvest 
ducts or rice like hull, bran and small grain fractions are not regarded as 

The following simple method can be used to estimate yields in standing crop. If a normal adult makes a 
circle with his arms with the finger tips of both hands touching each other the circle created by the arms 
encloses an area of around 0.2-0.25 m². By measuring the diameter of the circle the area can be 
determined for each individual. 

y to estim ld her re to count the
les by the area enclosed and d

e Lo s 

P
processes of rice. By-pro
postharvest loss. 

Quantitative losses: Rice kernels that have physically disappeared at any stage in the postproduction 
chain. It is expressed in percent of the total initial weight referred to grains with the same moisture content. 
Note that the removal of water during drying is regarded as postharvest loss. 

Qua tlita ive losses: A decline of rice quality at any stage of the postproduction chain. This is usually 
expressed in the difference between the market price of normal and inferior rice.  

The quality of paddy and of milled rice are determined by a number of interrelated features. These are: 
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Paddy Milled rice 
• Moisture content 
• Purit
• Varietal purity 
• ac
• Immature 
• 
• m
 

Physical characteristics 

• Head rice  

• Amylose content 

y degree • Milling degree 

Cr ked grains 
grains 

• Whiteness 
• Chalkiness 

Discolored/fermented grains, and  
Da aged grains 

Chemical characteristics 
• Gelatinization temperature   

• Gel consistency  

(For de nd on how to measure those see modules Grain Quality 
and Seed Quality) 

Depending in the perspective postharvest losses can also be categorized as: relative loss, which may vary 

some panicles in the field, which are later handpicked by village people, 
these panicles are losses for the individual farmer but not for the whole economy. These would be relative 

The absolute loss constitutes a loss to the economy and data on the absolute loss is often needed for 

ined and therefore losses are stated as a range, e.g. “harvesting loss = 3-7% in 
the wet season and 1.5-4% in the dry season”. 

 one farmer or business entity or on one process and can be 
 analyzing all fractions during one process (e.g. in a rice mill) 

tails on the quality characteristic traits a

depending on the viewpoint of the process or those who handle the rice; or as absolute loss, which simply 
means the reduction of absolute volume for consumption or seeds.  

If a harvesting machine leaves 

losses for the farmer. 

national priority setting and policy making. This data, however, is difficult to establish because the losses 
vary from season to season and even between years depending on weather, market conditions, labor 
availability and labor arrangements and other factors that change over time. The design of the loss 
assessment survey is extremely important and covers a wide range of items like timing of the survey, area 
of survey, number and fields of experts, scale and method. Because of the varying environments absolute 
numbers cannot be determ

Relative losses on the other hand focus on
measured relatively easily. By collection and
absolute numbers can be established, which represent losses typical for operation at the same 
environmental conditions, crop conditions and process settings. This data can be used as a baseline to 
optimize individual processes.  

The following focuses on the determination of relative losses in the individual postharvest operations: 
Harvesting, threshing, drying, cleaning, milling and storage. 
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Table 11: Definition of Losses in Post Production Ope

tative loss 

rations 

Operation Quanti Qualitative loss 
Pre- Shat
harvesting 

tering before harvest 
tion 
aturing 

Cracking 
Discolora
Uneven m

Harvesting Shattering during harvest 
ped panicles lay of harvesting Un-rea

Discoloration 
Cracking caused by de

Manual 
threshing 

Shattered grain (not collected) 
Grain still attached to panicles 

use of delay of threshing Yellowing beca

Machine 
threshing 

Shattered grain at inlet (not collected) 
Grains contained in MOG fractions (chaff 
and

Yellowing because of delay of threshing 
Cracked kernels 

 straw) De-hulled kernels 
Combine 
harvesting 

Shattering before harvest 
Shattering during harvest 
Un-reaped panicles 
Grains spilled during unloading the grain 

Yellowing because of delay of threshing 
Cracked kernels 
De-hulled kernels 

tank 
Sun drying Grain eaten by animals, spilled kernels, and 

stolen grain 
Increase of cracked or broken kernels 
Discolored grains 
MOG (e.g. stones) grain fraction 

Mechanical 
drying 

Spilled grains (uncollected) Increase in cracked, broken, or discolored 
grains 
Reduction in germination rate (for seeds). 

Cleaning Grains contained in the MOG fraction  
Milling Difference in milling yield between the 

standard degree of milling using the highest 
level machines and combinations and the 
surveyed machines 

Kernels broken in the milling process 

Transport Spillage, theft Deterioration due to exposure to rain, dirt 
Storage Loss to birds, rodents, insects, theft Discoloration, aroma deterioration, cracking 

5.2.1 Some considerations when Measuring Losses and Machine Performance 

There are two basic sampling techniques for measuring machine performance and losses: by processing 
a known amount of crop and collecting all fractions; or by taking timed samples from the outlets of the 

here are three phases in machinery operation: the run-up phase; the steady state phase; and the run-
down phase. In the run-up phase the commodity is fed to the machine(s) with throughput reaching the 
machine capacity and all machine components after some time. In the steady state phase the products 
flow is more or less stable through all components of the machine. In the run-down phase machine 
capacity decreases until all machine components are cleared from the products and are running in idle. 
Machinery is generally designed to perform best under full capacity at steady state operation and 
therefore the run-up phase and the run-down phase are kept as short as possible.  

Processing a known quantity of crop and collecting all fractions 

In this case all outlets of the machine are equipped with containers or nets for collecting all grain and 
MOG fractions. A known amount of the product is then processed and all fractions are collected and 
analyzed. 

Advantages:

machine at steady state. Both have advantages and disadvantages and depending in the objective of the 
experiment the technique should be carefully selected.  

T

 Since the whole product is samples differences in product properties, e.g. moisture content 
are negligible. 
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Disadvantages: Losses and performance are different in the run-up and run-down phase and, especially 
odu  the steady state phase m l so that there is an over-
 eff wn phase on los erformance. For analysis 
ge o be handled. 

ue is better sis. 

amplin n 

g thi ating at st
om th

s:

when the pr
proportional

ct sample is small,
ect of the run-up an

ight be very smal
ses and machine pd run-do

amounts of samples need trelatively lar

This techniq suited for physical loss analy

Timed s

When usin

g during steady state operatio

s technique the machine should be oper eady state for some time before taking 
samples fr e different fractions over a certain time period.  

Advantage  S d thus more 
nd ed. 

Disadvantages

ample sizes are much smaller an easy to handle and analyze. The effects of 
the run-up a run-down phase are exclud

: Some of the material cannot be accounted f
e for the rice to travel through all component
delay 

or. In large plants, like a modern rice mill, it 
takes some tim s. When sampling at all outlets at the same 

s a ction 
cro  and 

MC. 

 is ality analysis. 

e-ha

Quantitative pr

time there i
of the total 

effect meaning that the samples do not ne
p. This can be a problem when the product is

cessarily originate from the same fra
ith respect to variety not uniform e.g. w

This method therefore better suited for qu

5.2.2 Pr rvest Losses 

e-harvest losses are defined as grains that 
ven maturing. 

shattered before harvesting and are mainly 
caused by une Qualitative pre-harvest losses are defined as cracked grains, discolored 
grains and unfil s. 

itative  by using

led or immature grain

The quant  pre-harvest losses can be estimated  the frame method (see next Section). 

5.2.3 Harvesting Loss 

Quantitative loss in harvesting is defined as rice that is not harvested because of shattering during 
harvest, and panicles not being reaped. It is expressed as percentage weight referred to total yield. 
Qualitative loss is defined as deterioration due to delay in harvesting.  

There are two practical methods to determine quantitative harvesting loss: the frame method and the tray 
method. Both methods are based on the principle of counting the grains in a known area and calculating 
the loss based on the thousand grain weight of paddy. 

Frame Method 

Use a frame with a known area for sampling. At IRRI a 10mm PCV pipe formed into a circular ring with an 
inside diameter of 350mm and an area of 0.1m² was used. The frame is placed at random locations in the 

asure the total shattering loss after harvesting in the same way. 

field and the grains inside are counted. 

1. Measure the pre-harvest loss by counting the number of grains inside the frame before 
harvesting. 

2. Me

3. Count the number of grains still attached to un-harvested panicles within the sampling area. 
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4. Total harvesting loss = Shattering loss + un-harvested grains. 

Table 12: Losses in kg/ha for sampling areas of 0.1m² (frame method) and 1m² 

0.1m²  1m² No. of No. of 
rains TGW=25 TGW=30 grains TGW=25 TGW=30  g

1 2.5 3  10 2.5 3 
2 5 6  20 5 6 
5 12.5 15  50 12.5 15 
10 25 30  100 25 30 
20 50 60  200 50 60 
50 125 150  500 125 150 

100 250 300  1000 250 300 
200 500 600  2000 500 600 

 

The frame method has limitations. It is time consuming to collect/count the grains and the reliability is 
greatly affected by the presence of pre-harvest loss and field conditions. Frames cannot be used in 
heavily cracked or muddy fields. 

 time and measures shattering loss directly and is not affected by pre-
harvest loss, but it does not measure un-harvested grains. It is suitable for machine harvesting. At IRRI 

ice plants. The steps involved in loss measurement are: 

ect the grains on the trays. Readings can be composed of one or of any 
IRRI the reading was composed of a combined loss from 9 trays, with a 

corresponding total aggregate area of 0.5 m². 

4. If the crop yield is known (see Section) determine the percentage grain loss using the following 

Tray method 

The tray method consumes less

trays made out of plywood, 400 mm long and 140 mm wide (area = 0.056m²) were used. The trays are 
covered with jute sack material to prevent the fallen grains from bouncing off to the ground. The tray’s size 
allows it to be placed between rows of r

1. Before harvesting position the trays randomly in the field. 

2. After harvesting coll
number of trays. At 

3. Clean the sample and count the filled grains. Convert the grain loss into kg/ha. 

formula. Make sure that the weights are based on the same moisture content: 

[ ] 100*%

⎥⎦
⎤

⎢⎣
⎡
ha
kgGrainYield

⎥⎦
⎤

⎢⎣
⎡

= ha
kgGrainLoss

GrainLoss  

5.2.

Quantitative loss

4 Threshing Loss 

 in threshing is defined as paddy scattered during manual threshing or still attached to the 
pani s it is the paddy contained in the 
material

cle  after threshing which is not further collected. In machine threshing 
s other than grain (MOG) fractions (chaff and straw). Qualitative loss in threshing is defined as 

kern ay in 
threshing. 

els cracked in the threshing process, de-hulled kernels, and deteriorated kernels due to del
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Most lo analyzing all fractions is the most 
appropriate sampling technique. 

5.2.5 Loss in C  Harvesti

In combine harvesters harvesting d threshing is on  one sing achine. antitative loss

sses in threshing are quantitative losses and collecting and 

ombine ng 

 an  d e in le m Qu  is 
defined as rice that is t harveste cause of shatt ring ins that are disposed off the machine at the 
straw and chaff outlets, and gra illed during u load the grai . Qualitative loss 

 no d be e , gra
ins sp n ing n tank in combine 

harvesting is defined as kernels ked in the threshing process, d led kern and deteriorated 
kernels due to delay in harvesting. 

As in threshing mos co e harvesting quantitative los Therefo e collection of all 
fractions for analysi ld be de le but d  t e h pacity of combine ha rs this is usually 
not feasible. A practi olution is to do timed sampli g erpolate the results. 

or sampling shattering loss at the cutter bar and the main table the tray method can be used (see 
above). The trays need to be covered before the MOG is disposed on top of them. For sampling threshing 

llected. 

ying Loss 

 crac e-hul els, 

t losses in mbin are ses. re th
s wou sirab ue to h igh ca rveste
cal s n and int

F

and separation losses a canvas can be placed under the MOG outlet and the MOG together with grains 
still attached to the straw or grains that were not separated in the separating elements (axial flow-drum or 
straw walkers and cleaner) are co

5.2.6 Sundr

Quantitative losses in drying are kernels eaten by animals, spilled kernels, and stolen grain. Qualitative 
losses are defined as cracked or broken kernels, discolored grains and materials other than grain (e.g. 
stones) contained in the grain after collection. 

Quantitative loss can be estimated by comparing initial weight and final weight considering the amount of 
wat e on because usually the initial MC is not 
very uniform quantitative losses 
bec

For ass
thin layer (<1cm) in the shade, ideally in an air conditioned room. To determine the reduction in quality 
(qua t ntrol and samples 
taken fro covery, 
hea c
infest i

5.2.7 Loss in Mechanical Dryers 

Quantitative losses

er r moved (initial MC and final MC). This is a rough estimati
and therefore there is a high error in sampling. It is difficult to measure 

ause some grains virtually disappear and if they are for example eaten by chicken. 

essing qualitative losses in drying (not only in sun drying) a control sample needs to be dried in 

lita ive loss) in the drying process a quality analysis should be done using the co
m the sun drying treatment. Usually parameters include: cracks, milling quality (milling re

d ri e recovery, large brokens, small brokens), color, germination rate (for seeds) and mycrotoxin 
at on. In some cases the assessment of taste can make sense. 

 in mechanical dryers are spilled grains which are not ollected. Qualitative lossesc  are 
defined as grains that are cracked, broken, or discolored during the drying process. For seeds it is also the 
reduction in germination rate caused by too high temperatures. 

In most mechanical dryers the grains are protected form animals and the environment and therefore 
termined by collecting spilled grains.  

 usually only quantitative losses

quantitative losses can be de

For the analysis of qualitative losses see the previous Section. 

5.2.8 Cleaning Loss 

In cleaning  occur in form of grains in the materials other than grain 
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fractions. 

Quantitative loss in cleaning can be determined by collecting all fractions and analyzing them. 

5.2.9 Losses in Milling 

Quantitative losses in milling are defined as the difference in milling yield between the surveyed machines 
and the standard degree of milling using the highest level machines and combinations (control) according 
to national laboratory standards. Qualitative losses are defined as kernels that break during the milling 
process. 

Losses in milling are mainly qualitative losses but also some quantitative losses (e.g. small kernel particles 
in the by products. Therefore timed sampling during steady state is the preferred technique for sampling. 

5.2.10 Transport Loss 

Quantitative losses in transport are defined as spilled grains and sometimes grains lost to theft. Qualitative 
losses during transport occur as deterioration when grain is exposed to rain or dirt. 

Quantitative loss can be determined by weighing the crop before and after transport. Moisture content 
nd after transport to correct the weight readings if the moisture content 

or determination of qualitative transport loss samples are taken before and 
after transport and analyzed. 

samples need to be taken before a
changed during transport. F

5.2.11 Storage Loss 

Quantitative losses in storage are defined as grains lost to birds, rodents, insects and, in some cases, 
theft. Qualitative losses in storage are defined as discoloration, aroma deterioration and cracking of 
grains. For seed this includes the reduction in germination rate. 

Quantitative loss can be determined by weighing the crop before and after storage considering initial and 

Fan testing is an important activity in postharvest R&D because most of the locally produced fans are not 
tions. Measurements at IRRI showed that actual performance can 

o erefore advisable to do performance testing on new fans, especially 

 out if a fan performs according to the 
s in the proper operating point as shown in 

final MC. For determination of qualitative storage loss samples are taken before and after transport and 
analyzed. For seeds a germination test should be conducted before and after storage. 

5.3 Fan Testing 

performing according to their specifica
be as l w as 40% of the rating. It is th
if they are intended to be used in newly developed equipment. Some fan manufacturers have fan testing 
rigs but most don’t. There are different methods of fan testing with different complexity. This Section 
describes a simple method using a test duct. 

What are fan and system characteristics curves? 

The primary objective of fan testing for post harvest R&D is to find
specifications and matches the system resistance characteristic
Figure 16.  
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Figure 17: Example for a centrifugal fan characteristics curve with system resistance characteristics 
plotted into it 

The blue lines represent fan characteristics curves at different RPM settings of the fan. Pressure creation 
me delivered by the fan. The curves have a falling pattern, which implies that the 

s to overcome the lower the air volume it delivers. The blue filled 

 air volume the higher the pressure that 

In fan testing the fan is operated under controlled conditions with a test rig that allows to adjust the 
the air delivery. Air volume readings for different pressures are collected in order to 
characteristics curves and compare them to the specifications or to establish the 

operating point for a given system.  

is plotted over the air volu
higher the pressure that the fan need
area is the so called overload area in which the motor will be overloaded and the fan therefore should not 
be operated in (except for backwards declined centrifugal fans with non-overloading characteristics). The 
red line represents the systems characteristics curve, for example the pressure that is required to drive a 
certain air volume though a grain bulk. The higher the desired
needs to be created by the fan. Both lines meet in the operating point, at which gives the pressure 
development and the air volume that is provided when a the fan with a given rpm setting is matched to a 
given system. 

pressure against 
establish the fan 

A second objective of fan testing could be to establish the fan efficiency meaning how efficient the fan 
converts the input energy into air movement. This is important in optimization of technologies with respect 
to fuel or energy consumption. The parameters measured for the different objectives are shown in Table 
13. 
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Table 13: Parameters measured in fan testing depending in the purpose of testing 

Parameter Purpose Measurement technique 
Static pressure Fan characteristics curves See Section 3.8 Pressure
Volume of airflow Fan characteristics curves See Section 3.9 Air Velocity, Air Volume 

and Airflow Rates
Atmospheric Pressure Fan characteristics curves See Section 3.8 Pressure
Revolution of blower 
shaft 

Fan characteristics curve Handheld RPM meter 

Shaft horsepower Fan efficiency Measurement of torque (and RPM) 
Electricity consumption Fan efficiency (efficiency of the 

motor needs to be known) 
Measurement of Amperes and Voltage 

Noise Noise emission compliance  

 

The simplest way to measure the performance of a fan is to use a test duct and measure static pressure 
and air flow as shown in Figure 17. 

 

ring blower performance (Source: Japanese Industrial Standard JIS 

nal area of the test duct shall be 0.7-1.3 times the sectional area of the delivery or suction pipe 
of the blower. If the blower has a larger diameter than the test duct the connecting pipe should have an 
angle towards the horizontal of not more than 15°. If the blower is smaller than the test duct 
the angle should not be larger than 7°. The length of the test duct shall be at least 
10 times of it’s diameter. 

Airflow regulating elements include a rectifier for more even airflow before the location where air velocity 
is measured and a throttle arrangement at the end of the duct for adjusting air flow. 

Static pressure is measured before the rectifier and the air velocity after the rectifier using a Prandtl probe 

 

Figure 18: Simple test duct for measu
B 8330-1962) 

The fan is connected to the test duct through a connecting pipe. The test duct shall have the same 
diameter as the suction or delivery pipes of the blower. If the fan is of different diameter than the test duct 
the sectio

10 D min

6 D min 3 D min 

0.5 D 

Static pressure 
measuring tube

Pitot tube for air 
velocity measurement

Rectifier 

D 

Fan Connecting 
 pipe 

Test duct Throttle 
arrangement
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(see Section 3.9.3). For measuring the static pressure two holes on the opposite sides of the duct are 
readings are t idually and then averaged rill another hole 

n and gs. F ent points for 
city in a 9.5.  

 
p

Measure at least . One at open position (except centrifugal blowers 
with overloading characteristics) and one at almost closed position.  

• For axial flow blowers at least one reading should be made at higher static pressure. 

• Average the air velocity readings as explained in Section 3.9.5. 

• Compile the results in a fan characteristics curve as shown in Figure 16. 

 

Calculation of volume flow rate 

The flow rate is calculated as follows: 

used where 
at another 

aken indiv
include th

. If the readings vary a lot d
or defining the measuremlocatio

measuring air ve
e additional readin

 circular duct see Section 3.lo

Measuring method 

When testing a fan consider the following: 

• Attach the fan to
given in the fan s

the test duct and mount a motor usin
ecifications.  

g a drive (pulleys and belt) set to the RPM 

• 5 different volumes of airflow

• For centrifugal blowers at least one reading should be made at lower static pressures. 

cAV ∗=&  
= volume flow rate, [m³/s] 
= sectional are of air duct, [m²] 

V&  
A  
c  = mean flow velocity through air duct, [m/s] 

D  2

4
DA ∗=

π
 

= diameter of test duct, [m] 

g  = 9.8 m/s² 
dρ

dp
gc 2=  p  = average of dynamic pressure, [mm H2O] 

= density of air in test duct, [kg/m³] ρ  

)...(1
21 diddd ppp

i
p +++= dip  = measured values of dynamic pressure, [mmH2O]

 

Determination of fan efficiency and system efficiency 

iency (fan including 
The determination of the fan efficiency requires a more sophisticated test rig. The torque at the fan speed 
needs to be measured using a torque meter. For determination of the system effic
motor) the electric power consumption needs to be measured also. For details about these measurements 
and the calculations requirements see [6]. 

 50



Measurements and Quantification 

Fan testing for Optimization of fans 

The method described above is sufficiently accurate for testing fans in order to make sure that they 
perform according to their specifications. For more exact measurements for optimization of fans and air 
delivery systems more sophisticated test rigs are necessary. This involves for example the measurement 

calibrated inlet nozzles or orifices. Depending in the use of the blower (suction or 
pressure) the test rig would be different with the measuring points before or after the blower. To avoid 

on the determination on the operating point a supplementary 
blower is needed for compensation of the resistance.  

For deta

5.4 Pad

For o Procedures 
for Measuring quality of paddy grain” and “Procedures for Measuring Quality of Milled Rice” in the “Grain 
Qua  

5.5 Combustion Analysis 

Combustion occurs when fuel such as kerosene, natural gas, coal, wood or rice hull react with the oxygen 
of the air and produce heat. A typical application of combustion in the paddy postharvest chain is the 

dryers. Combustion analysis is part of a process carried out to optimize 
missions and improve safety of the furnaces or burners. Combustion 

analysis usually includes the measurement of the flue gas temperature and flue gas concentrations. It 
evel. 

Objectives of combustion analysis 

• Improve fuel efficiency.

of air volume using 

effects of the resistance of the test duct 

ils see: [5], [6] and [7] 

dy and Milled Rice Quality 

 inf rmation about how to measure quality of paddy and milled rice refer to the Sections “

lity Reference Guide”. 

generation of heat for mechanical 
fuel economy, reduce undesired e

might include draft pressure and soot l

 Besides th ig convection of 
the energy leaving the system ex a n the largest 
sources of losses in local furnaces a  burn cy reduces fuel consumption 
and thus ca  reduce operating cost e 

• Reduced emissions.

e des n, specific heat losses from radiation and 
h ust flue, and incomplete combustion are ofte

nd ers. Improved efficien
 of th dryer significantly. n

 Carbon monoxide, sulfur dioxide, nitrogen oxides and other particles are 
undesired emissions from burning mpounds are toxic and cause environmental 
problems. In most countries emiss exist defining permissible emission rates. In 
many devel ing countries the im e is weak and 
therefore most equipment are not test l problems, however, 
are becoming more significant and t in e will make emission 
control measures more important. 

• Improved safety.

 fuels. These co
ion control laws 
plem ntation of these laws and regulations 

ed for emission levels. Environmenta
 he crease of mechanical dryer usag

op

  Good maintenance of the heat producing equipment increases safety and 
reduces the probability of health threatening compounds to form (e.g. CO). Combustion analysis 
is an easy way to access the status of the equipment. 

What parameters are measured in combustion analysis 

• To measure the gas concentration a probe is inserted into the exhaust flue and a gas sample is 
drawn out. This can be analyzed using ORSAT gas analyzers or electronic flue gas analyzers.  
Standard: Oxygen (O2), Carbon Monoxide (CO), Carbon Dioxide (C02) 
For fossil fuels: Nitric Oxide (NO), Nitrogen Dioxide (NO2), Sulfur Dioxide (SO2), eventually 
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Hydrocarbons (HCs) and Volatile Organic Compounds (VOCs) 

Various parameters can be calculated using the results of these measurements including combustion 

n be calculated. The stack gas concentration can 
be calculated after passing through different reagents for O2, CO, and C02. 

r manual sampling only and its use is time 
rately reflect real-time adjustments made to a 

system. 

• Thermocouples can be used to measure the exhaust gas temperature. They need to be 
positioned in a way that they measure the highest possible exhaust gas temperature. 
(See Section: 3.6 Temperature) 

• Soot can be measured from a gas sample drawn off the exhaust flue. The differential pressure 
between the inside and outside of the exhaust flue is called the draft.  

efficiency and excess air.  

5.5.1 Orsat Gas Analyzer 

The ORSAT gas analyzer consists of several glass containers containing 
solutions of reagents that selectively absorb each gas. By measuring the 
decrease of gas volume after the gas passed through the liquid reagents, the 
amount of gas adsorbed ca

 

The ORSAT analyzer is a tool fo
consuming. It does not accu

5.5.2 Portable Electronic Instruments 

Portable instruments, which were developed to analyze combustion for 
routine tune-ups, maintenance and emissions monitoring, can also be used 

 

in research. They show the adjustments of furnace or burner in real time and 
needed they can be calibrated using an 

5.5.3 

O2 mea

give more accurate information. If 
ORSAT gas analyzer as reference. 

Usage of the Measurements 

surement 

Insu i
is enou
rule of t

Using th

ffic ent combustion reduces fuel efficiency, creates toxic CO and produces soot. To ensure that there 
gh oxygen for compete reaction with the fuel extra combustion air – Excess Air - is supplied. As 
humb around 15% excess air is required but liquid and solid fuels may need significantly more. 

e O2 measurement the excess air can be estimated as follows: 

[ ] [ ]
[ ] [ ] 100%% 2 xmeasuredOExcessAir =  

Too mu  of indirect fired dryers because it cools the 
 out with the exhaust flue. For directly fired rice 

re does not constitute loss. 

CO e

%%9.20 2measuredO−

ch excess air has negative effects on fuel consumption
combustion system by absorbing heat and transporting it
dryers this heat is contained in the drying air and therefo

2 m asurement 

ere is just enough air supplied to react with the fuel the COWhen th s 
at its h rating 

2 concentration in the furnace outlet i
ighest level. This is usually close to the optimum operating conditions of the heat gene
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equipme  fuel. The percentage of CO2 by 
volume can also be calculated using the O2 measurement results. 

nt. The maximum possible CO2 concentration depends in the

[ ] [ ]
9.20

%9.20(max)% 2
2

measuredOxCOCO 2
−

=  

Tem erp ature 

The measured temperatures are used to determine the combustion efficiency, which is a measure of 
how efficiently energy contained in the fuel is converted into useful energy (e.g. heat). For indirect fired 
dryers the measured temperature and the flue gas flow rate can be used to calculate the flue gas heat 
losses, from which the combustion efficiency can be calculated as follows: 

[ ] 100100% x

Unit
MJgValueFuelHeatin

unit
LossFlueHeat

ncyionEfficieNetCombust

⎥⎦
⎤

⎢⎣
⎡

⎥⎦⎢⎣−=  

Most portable electronic flue gas analyzers calculate the combustion efficiency
measure

MJ ⎤⎡

 automatically based on the 
ments taken. 

r re n analysis see the manual Combustion Analysis Basics of Furthe ading: For more details on combustio
TSI International. 
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6 Planning of Measurements for Research and Development 
When setting-up measurement systems for research projects one has to define the parameters to be 
measured and select appropriate measuring principles and systems and lan the conduction of the 
measurement and the evaluation of the data. Planning of measurements includes the following steps: 

 quantities. Based on a problem analysis the most suitable quantities to be 

d air volume per unit time 
can be determined. 

Determination of the measuring method: After definition of the problem specific measuring quantity a 
suitable measuring method needs to be selected. Example: For simplicity reasons it is decided to use a 
Prandtl probe and a u-manometer for measuring the dynamic pressure. 

Definition of the measuring chain and the measuring elements: For planning the measuring chain the 

• Measuring quantity and measuring ranges 

nal (analog, digital, modulated) 

• Frequency range 

• Error characteristics and error ranges 

• Temperature ranges 

• Energy requirement 

• Space requirement and conditions for usage 

• Ambient conditions 

• Interfaces  

• Cost, availability, delivery time, installation time requirements and cost 

Conduction of measurements: The most important aspects of the conduction is the use of statistical 
procedures for determination of the amount and location of measurement parameters and of the 
frequency of measurements. When conducting measurements with many parameters or complicated 
processes it is advisable to have a “check list” with individual steps. 

Analysis of measurements: Each measured value needs to be analyzed and interpreted using 
mathematical and statistical methods and lead to a measurement result, which can be defined as: 

 Measurement result = measured value + measurement error 

p

Definition of measuring
measured needs to be identified. Example: A fan test rig is used to determine whether different fans suit 
the requirements for use with paddy dryers. To determine the fan performance data about the static 
pressure creation and the air volume delivered is needed. For simplicity it is decided to use the static 
pressure and dynamic pressure as measuring quantities. The air velocity can be calculated using the 
dynamic pressure and the duct geometry. In a last calculation step the delivere

following properties of the measuring elements need to be considered: 

• Type of sig
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7 Terms 
Measurements in general 

Measuring: Experimental process that determines the quantitative size of a 
parameter. The measured size consists of the value and the 

: The physical effects or laws that are the basis for the measurement. 

corresponding unit.  

Measuring quantity: The parameter that is being measured. 

Measuring methods: Common basic rules for the conduction of measurements.  

Measuring principles

Measuring process: The technical realization and application of measuring principles. 

Measuring quantities 

Dry bulb temperature: The temperature of the air indicated by a thermometer which is not 
affected by vapor content of the air. 

We  given by a thermometer with its sensing bulb covered 
with a thin layer of water and moving through the air until a steady 

ing evaporation of the water is obtained. 

We The difference between the dry bulb temperature and the wet bulb 
temperature. 

Dew point temperature: The temperature at which condensation of water vapor begins if a gas 
mixture and water vapor is cooled. 

Rel The ratio of the mole fraction of water vapor in the moist air to the mole 
fraction of water vapor in saturated air at the same temperature and 

Hum Water contained in the air in kg water/ kg air 

Equ ontent: (EMC) The moisture content at which grain is in equilibrium with the 
surrounding air of a given relative humidity and temperature. 

t the equilibrium moisture 

urement points. Common units are 
inches of water (in.H2O), pounds per square inch (psi), and millibars 
(mbar). 

t bulb temperature: The temperature

temperature dur

t bulb depression: 

ative humidity (RH): 

pressure. 

idity ratio: 

ilibrium moisture c

Equilibrium means that the grains stay a
content and do not dry or adsorb water.   

Absolute pressure: is measured relative to a perfect vacuum. An example is atmospheric 
pressure. A common unit of measure is pounds per square inch 
absolute (psia).  

Atmospheric Pressure: Sometimes referred to as ambient pressure. The pressure of the 
atmosphere on a unit surface. Also called barometric pressure. At sea 
level it is 29.92 in.Hg absolute. 

Differential Pressure: The difference between two meas
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Gauge Pressure: A measurement referenced to ambient pressure. It varies with the 
barometric reading. Also used to specify the maximum pressure rating 
of manometers.  

The complete absence of any gas; a perfect vacuum.  

o zero pressure, it is an absolute pressure 

Zero Absolute Pressure: 

Vacuum: Any pressure below atmospheric pressure. When referenced to the 
atmosphere, it is called a vacuum (or negative gauge) measurement. 
When referenced t
measurement. 

Instrumentation 

Data acquisition system System for the process of collecting information, usually in a
automated fashion, on a broad variety on variables. Data acquisitio

: n 
n 

ents. 

A data logger is a device that can read various types of electrical 
signals and store the data in internal memory for later download to a 

Sensor:  stimulus, such as thermal energy, 

Transducer: other for the 

Accuracy: 
or absolute accuracy, compare to a primary standard (one 

cified as a plus or 
racies are often given as 

Count: 

Display Resolution: ital display. For example, a 

Resolution: 

Uncertainty: 
 of accuracy. 

uses a combination of hardware, software and specialized instrum

Data loggers: 

computer. 

A device that responds to a physical
electromagnetic energy, acoustic energy, pressure, magnetism, or 
motion, by producing a signal, usually electrical. 

A device for converting energy from one form to an
purpose of measurement of a physical quantity or for information 
transfer. 

Manometer: Pressure measuring devices using liquid columns in vertical or inclined 
tubes are called manometers. 

Hygrometer: Device for measuring relative humidity 

A measure of the closeness of agreement of a reading to that of a 
standard. F
recognized by NIST). Accuracies are usually spe
minus percent of full scale. Calibration accu
plus or minus percent of reading with plus or minus counts. 

The smallest increment of an A/D conversion that is displayed. 

 The maximum number of digits on a dig
display resolution of 4½ digits reads a maximum of 19,999 counts; and 
a display resolution of 5 significant digits reads a maximum of 99,999 
counts. 

Range: The region between the lower and upper limits of measurements. 

The smallest portion of a measurement that can be detected. 

Sensitivity: The smallest change in measurement that can be detected. 

An estimate of the possible error in a measurement. This is the 
opposite
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XAppendix 1: Overview on the SI Base Units and Derived UnitsX 

Base Units 

Base unit Meaning Definition 
meter (m) distance The length of the path traveled 

by light in vacuum during a time 
interval of 1/299 792 458 of a 
second. 

kilogram (kg) mass Equal to the mass of the 
international prototype of the 
kilogram. 

second (s) time The duration of 9 192 631 770 
periods of the radiation 
corresponding to the transition 
between the two hyperfine levels 
of the ground state of the 
caesium 133 atom. 

ampere (A) electric 
current 

That constant current which, if 
maintained in two straight 
parallel conductors of infinite 
length, of negligible circular 
cross-section, and placed 1 
metre apart in vacuum, would 
produce between these 
conductors a force equal to 2 × 
10-7 newton per metre of length.

kelvin (K) temperature The fraction 1/273.16 of the 
thermodynamic temperature of 
the triple point of water. 

mole (mol) amount of 
substance 

The amount of substance of a 
system which contains as many 
elementary entities as there are 
atoms in 0.012 kilogram of 
carbon 12. When the mole is 
used, the elementary entities 
must be specified and may be 
atoms, molecules, ions, 
electrons, other particles, or 
specified groups of such 
particles. 

candela (cd) intensity of 
light 

The luminous intensity, in a 
given direction, of a source that 
emits monochromatic radiation 
of frequency 540 × 1012 hertz 
and that has a radiant intensity 
in that direction of 1/683 watt per 
steradian. 

 

Derived Units 

Derived Unit Measures Derivation Formal 
Definition 

hertz (Hz) frequency 1/s s-1

newton (N) force kg·(m/s2) kg·m·s-2

pascal (Pa) pressure N/m2 kg·m-1·s-2

joule (J) energy or work N·m kg·m2·s-2

watt (W) power J/s kg·m2·s-3

coulomb (C) electric charge A·s A·s 
volt (V) electric potential W/A kg·m2·s-3·A-1

farad (F) electric 
capacitance C/V kg-1·m-2 2·s4·A

ohm (omega) electric 
resistance V/A kg·m2·s-3·A-2

siemens (S) electric 
conductance A/V kg-1·m-2 2·s3·A

weber (Wb) magnetic flux V·s kg·m2·s-2·A-1

tesla (T) magnetic flux 
density Wb/m2 kg·s-2·A-1

henry (H) inductance Wb/A kg·m2·s-2·A-2

degree Celsius 
(°C) temperature K - 273.15 K 

radian (rad) plane angle  m·m-1

steradian (sr) solid angle  m2·m-2

lumen (lm) luminous flux cd·sr Cd 
lux (lx) illuminance lm/m2 m-2·cd 
becquerel (Bq) activity /s s-1

gray (Gy) absorbed dose J/kg m2·s-2

sievert (Sv) dose equivalent Gy·(multiplier) m2·s-2

katal (kat) catalytic activity mol/s mol·s-1

 

ot Y 10 septillion 

Metric Prefixes 
-) y ta- ( 24 1 

zet Z 10 sextillion ta- ( -) 21 1 
ex -) 10 quintillion a- (E  18 1 
pe P- 10 quadrillion ta- ( ) 15 1 
ter - 10 trillion a- (T ) 12 1 
gig G 10 billion a- ( -) 9 1 
me ( 10 million ga- M-) 6 1 
my (  10 10 thousand ria- my-)* 4

kil ) 103 1 thousand o- (k-
he (h 102 1 hundred cto- -) 
de d 10 1 ten ka- ( a-)** 
de - 10-1 1 tenth ci- (d ) 
ce c- 10-2 1 hundredth nti- ( ) 

il - 10-3 1 thousandth m li- (m ) 
i (µ 10-6 1 millionth m cro- -) 

na n 10-9 1 billionth no- ( -) 
pic - 10-12 1 trillionth o- (p ) 

femto- (f 10-15 1 
quadrillionth -) 

att -) 10-18 1 quintillionth o- (a  
zepto- (z 10-21 1 sextillionth -) 
yocto- (y 10-24 1 septillionth -) 
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Appendix 2: Overview on Options
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XAppend e ocouple usage for Temperature Measurements
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Appendix 4: Relative Humidity Table for Psychrometer

  DRY BULB READINGS 

°C  -5  -4  -3  -2  -1  0   1   2   3  4    5   6   7  8   9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49

0.5 88 89 89 90 91 91 91 92 92 92 93 93 93 94 94 94 94 94 95 95 95 95 95 95 95 96 96 96 96 96 96 96 96 96 96 97 97 97 97 97 97 97 98 98 98 98 98 98 98 98 98 98 98 98 98

1.0 77 78 79 80 81 82 83 84 84 85 86 86 87 87 88 88 88 89 89 90 90 90 90 91 91 91 91 92 92 92 92 92 92 93 93 93 93 93 93 93 93 93 93 93 94 94 94 94 94 94 94 94 94 94 94

1.5 66 67 69 70 72 73 75 76 77 78 79 79 80 81 82 82 83 83 84 84 85 85 86 86 86 87 87 88 88 88 88 88 89 89 89 89 89 89 90 90 90 90 91 91 91 91 91 92 92 92 92 92 92 92 92

2.0 54 57 59 61 63 65 66 68 69 70 72 73 74 75 76 76 77 78 79 79 80 81 81 82 82 83 83 83 84 84 84 85 85 85 86 86 86 86 86 87 87 87 87 88 88 88 88 88 88 88 89 89 89 89 89

2.5 43 46 49 52 54 56 58 60 62 63 65 66 67 69 70 71 72 73 74 74 75 76 77 77 78 78 79 80 80 80 81 81 81 82 82 83 83 83 84 84 85 85 86 86 86 86 86 86 86 87 87 87 87 87 87

3.0 32 36 39 42 45 48 50 52 54 56 58 60 61 63 64 65 66 68 69 70 71 71 72 73 74 74 75 76 76 77 77 78 78 78 79 79 79 80 80 80 81 81 82 82 82 82 83 83 83 83 83 84 84 84 84

3.5 26 27 29 33 36 39 42 45 47 49 51 53 55 57 58 60 61 62 64 65 66 67 68 69 70 70 71 72 72 73 74 74 75 75 76 76 77 77 77 77 78 78 79 79 79 79 79 80 80 80 80 80 81 81 81

4.0 20 22 23 24 27 31 34 37 40 42 45 47 49 51 53 54 56 57 59 60 61 63 64 65 65 66 67 68 69 69 70 71 71 72 72 73 73 74 74 74 75 75 76 76 76 77 77 78 78 78 78 78 79 79 79

4.5 19 19 21 24 26 30 33 35 38 41 43 45 47 49 51 53 54 56 58 58 59 61 62 63 64 64 65 66 67 67 68 68 69 70 70 71 71 71 72 72 73 73 74 74 74 75 75 75 75 75 76 76 76

5.0 17 18 19 22 26 29 32 35 37 40 42 44 46 48 49 51 52 54 55 56 58 59 60 61 62 63 63 64 65 65 66 67 67 68 68 68 69 69 70 70 71 71 72 72 73 73 73 73 74 74 74

 
5.5   15 17 20 23 24 29 31 34 36 39 41 43 45 46 48 50 51 53 54 55 56 57 58 59 60 61 62 62 63 64 64 65 66 66 66 67 67 67 68 68 69 69 69 70 70 70 71 71 71

6.0   15 17 19 23 26 29 31 34 36 38 40 42 44 46 47 49 50 51 52 54 55 56 57 58 59 59 60 61 61 62 63 64 64 64 65 65 66 66 67 67 68 68 68 68 69 69 70

6.5     15 18 20 23 26 29 31 33 36 38 40 42 43 45 46 48 49 50 51 53 54 55 55 56 57 58 59 60 60 61 61 61 62 62 63 63 64 64 65 65 65 66 66 66 67

7.0     10 12 14 18 21 24 26 29 31 33 36 37 39 41 43 44 46 47 48 49 50 52 52 53 54 55 55 56 58 58 59 59 60 60 61 61 62 62 63 63 64 64 65 65 66

7.5     10 13 16 19 22 24 27 29 32 34 36 37 39 41 42 44 45 46 47 48 50 50 51 52 53 54 55 56 56 57 58 58 58 59 59 60 60 61 62 62 62 62 63

8.0     11 14 17 20 23 25 27 30 32 34 36 37 39 40 42 43 44 46 47 48 49 50 50 51 52 53 54 55 55 56 57 57 57 58 58 59 59 60 60 61 61

8.5      10 12 16 18 21 23 26 28 30 32 34 36 37 39 40 41 43 44 45 46 47 48 49 50 51 51 52 53 53 54 54 55 56 56 57 57 57 58 58 58

9.0      11 14 17 20 22 24 27 29 30 32 34 36 37 38 40 41 42 43 44 45 46 47 47 49 50 51 51 52 52 53 54 54 55 55 56 56 57 57

9.5      12 16 18 21 23 25 27 29 31 33 34 36 37 38 40 41 42 43 44 45 46 47 48 48 48 50 50 51 51 52 53 53 54 54 55 55

10.0       12 15 17 20 22 24 26 28 30 31 33 34 36 37 38 39 40 41 42 42 44 45 46 46 48 48 49 49 50 51 51 52 52 53 53

To calculate relative humidity deduct the wet bulb from the dry bulb temperature and read of the difference on the left of the table against the actual dry bulb temperature on th
e.g. Dry Bulb = 29°C & Wet Bulb = 24.5°C Difference = 4.5° at 29°C = 69% RH 

e top

Source: Cape Instrument Services (pty) ltd 
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Appendix 5: Equilibrium Relative Humidity of Rough Rice at different Temperatures

q  t  R i t ) o
t b

 

E uilibrium Relative Humidi y (%) of Rough ice at d fferent Tempera ures (ºC  and M isture 
Conten s (% w. .) 

Temperature, ºC MC, 
% 1.7 4.4 7.2 10.0 12.8 15.6 18.3 21.1 23.9 26.7 29.4 32.2 35.0 37.8 40.6 43.3 46.1 48.9 51.7 54.4 57.2 60.0 62.8 65.6 
1 0. . .4 .7 1 7     14.0 1 0.1 0 1 0.2 0.3 0.3 0  0.5 0  0.8 1.  1.3 1. 2.0 2.5 3.1 3.8 4.6 5.6 6.8 8.2 9.8 11.7 
2 0.3 0.4 0.5 0.6 0.7 0.9 1.1 1.3 1.6 1.9 2.3 2.8 3.3 4.0 4.7 5.6 6.6 7.7 9.0 10.5 12.2 14.2 16.4 18.9 
3 0. . .5 .4 5 1     24.5 9 1.1 1 3 1.5 1.8 2.1 2  2.9 3  3.9 4.  5.3 6. 1.0 8.0 9.2 10.4 11.9 13.5 15.3 17.2 19.4 21.9 
4 2.1 .8 .7 .8 .2 .9 0 5 5 0   30.7  2.5 2  3.3 3  4.3 4  5.5 6 7.0 7 8.9 10. 11.2 12. 13.9 15. 17.2 19. 21.0 23.2 25.5 28.0
5 4. . .5 .4 6 2     37.3 4 5.0 5 5 6.2 6.9 7.7 8  9.4 10  11.5 12.  13.9 15. 16.6 18.2 19.8 21.6 23.4 25.4 27.5 29.8 32.1 34.6 
6 8. . .6 .0 6 6     44.0 1 8.8 9 7 10.6 11.5 12.5 13  14.8 16  17.3 18.  20.1 21. 23.2 24.9 26.6 28.5 30.4 32.4 34.6 36.8 39.1 41.5 
7 13.2 1 . .0 .7 7 8     50.7 4.2 15 3 16.4 17.5 18.7 20  21.3 22  24.2 25.  27.2 28. 30.5 32.2 34.0 35.9 37.8 39.8 41.9 44.0 46.1 48.4 
8 19.8 21.0 .2 .8 .5 .4 .4 6 0 5 2   57.1 22  23.5 24  26.1 27  28.9 30 31.9 33 35.0 36. 38.3 40. 41.8 43. 45.4 47. 49.1 51.1 53.1 55.1
9 27.6 28.8 61.4 63.2 30.1 31.5 32.8 34.2 35.6 17.1 38.5 40.0 41.5 43.1 44.6 46.2 47.8 49.4 51.1 52.8 54.5 56.2 57.9 59.6 

10 36.0 37.3 38.6 40.0 41.3 42.6 44.0 45.4 46.8 48.2 52.4 53.9 55.3 56.8 58.3 59.8 61.2 62.7 64.2 65.8 67.3 68.8 49.6 51.0 
1 44.7 46.0 .2 .2 .8 3 8     73.8 1 47 48.5 49.7 51.0 52  53.5 54  56.0 57.  58.6 59. 61.1 62.4 63.7 64.9 66.2 67.5 68.8 70.0 71.3 72.6 
1 53.2 54.4 .5 56.6 .7 .0 .2 .4 6 8 9 1   78.3 2 55  57  58.9 60  61.1 62 63.3 64 65.5 66. 67.7 68. 69.8 70. 72.0 73. 74.1 75.2 76.2 77.3
1 61.2 62.2 63.1 64.1 81.3 82.2 3 65.1 66.0 67.0 68.0 68.9 69.8 70.8 71.7 72.6 73.5 74.4 75.3 76.2 77.1 77.9 78.8 79.7 80.5 
14 68.3 69.1 70.0 70.8 71.6 72.4 73.2 74.0 74.8 75.6 76.3 77.1 77.8 78.6 79.3 80.0 80.7 81.4 82.1 82.8 83.5 84.2 84.9 85.5 
1 74.5 75.2 75.9 76.6 .6 .8 1 3     88.3 5 77.2 77.9 78  79.2 79  80.4 81.  81.7 82. 82.9 83.4 84.0 84.6 85.1 85.7 86.2 86.8 87.3 87.8 
1 79.8 80.4 80.9 81.5 82.0 82 .0 .0 .0 0 9 8 6   90.7 6 .5 83  83.5 84 84.5 85 85.5 86. 86.4 86. 87.3 87. 88.2 88. 89.1 89.5 89.9 90.3
1 84.2 84.7 85.1 85.5 85.9 8 .7 .5 3 0     92.7 7 6.3 86  87.1 87  87.9 88.  88.7 89. 89.4 89.7 90.1 90.4 90.8 91.1 91.4 91.7 92.0 92.3 
1 87.8 88.2 88.5 88.8 89.1 94.0 94.2 8 89.4 89.8 90.1 90.4 90.6 90.9 91.2 91.5 91.8 92.0 92.3 92.6 92.8 93.1 93.3 93.5 93.8 
1 90.7 91.0 91.2 91.5 91.7 91.9 .2 .6 1 5     95.5 9 92  92.4 92  92.8 93.  93.3 93. 93.7 93.9 94.1 94.3 94.5 94.6 94.8 95.0 95.2 95.4 
2 93.0 93.2 93.3 93.5 93.7 93.9 94.1 94 .4 .7 0 3 6 9   96.6 0 .2 94 94.6 94 94.9 95. 95.2 95. 95.5 95. 95.8 95. 96.0 96.2 96.3 96.4
2 94.7 94.9 95.0 95.2 95.3 95.4 95.5 97.3 97.4 1 95.7 95.8 95.9 96.0 96.1 96.3 96.4 96.5 96.6 96.7 96.8 96.9 97.0 97.1 97.2 
2 96.1 96.2 96.3 96.4 96.5 96.6 96.7 96.8 .9 0 2     98.0 2 96  97.0 97.  97.1 97. 97.3 97.4 97.4 97.5 97.6 97.7 97.7 97.8 97.9 97.9 
23 97.1 97.2 97.3 97.4 97.4 97.5 97.0 97.6 9 .7 8 9     98.5 7  97.7 97.  97.9 97. 98.0 98.0 98.1 98.2 98.2 98.3 98.3 98.4 98.4 98.5 
14 97.9 98.0 98.0 98.1 98.1 98.2 98.2 98.3 98.3 98.4 98.4 98.4 98.5 98.5 98.6 98.6 98.6 98.7 98.7 98.7 98.8 98.8 98.9 98.9 
25 98.5 98.5 98.6 98.6 98.6 98.7 98.7 98.7 98.8 98.8 98.8 98.9 98.9 98.9 99.0 99.0 99.0 99.0 99.1 99.1 99.1 99.1 99.2 99.2 

Source: FAO (Courtesy of Wratten and Kendrik. Extrapolated data by Hogan and Karon, and Karon and Adams. Equation by Strohman and Yoeger. Accuracy of extrapolated dtata 
beyond the range of 23-43ºC has not been verified experimentall

 

y. 
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Appendix 6: Psychrometric Charts  
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Appendix 7: Pressure conversion factors

 

  Pascal bar N/mm2 kp/m2 kp/cm2 (=1 at) atm torr 

1 Pa (N/m2)= 1 10-5 10-6 0.102 0.102×10-4 0.987×10-5 0.0075

1 bar (daN/cm2) = 105 1 0.1 10200 1.02 0.987 750

1 N/mm2 = 106 10 1 1.02×105 10.2 9.87 7500

1 kp/m2 = 9.81 9.81×10-5 9.81×10-6 1 10-4 0.968×10-4 0.0736

1 kp/cm2 (1 at) = 98100 0.981 0.0981 10000 1 0.968 736

1 atm (760 torr) = 101325 1.013 0.1013 10330 1.033 1 760

1 torr (mmHg) = 133 0.00133 1.33×10-4 13.6 0.00132 0.00132 1
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