
 

 

 

 

Abstract.  There is some debate on the best management practices 
for the field drying of alfalfa. It has been hypothesized that alfalfa will 
have a higher drying rate if the material is cut with no conditioning. 
The theory is that transpiration from the leaves will pull moisture from 
the stems with an end result of a greater drying rate. This study 
investigates the effects of conditioning on the drying rate of alfalfa 
under typical field conditions. Five treatments were applied to cut 
alfalfa plants: no crimping, 1 crimp, 2 crimps, 3 crimps, and cut in 
half. Six replicates were performed. Trials were performed over 2 
days. The weight of the crop was measured on an hourly basis 
during the day. The drying rate between treatments was compared 
by using an exponential curve fit to the data for each day of drying. 
The exponent in the exponential fit was used as the characteristic 
drying rate for comparison. During the first day of drying, the whole 
plants resulted in the lowest drying rate with an exponent value of 
0.099 h-1. The 1, 2, and 3 crimp trials results in exponent values of 
0.125, 0.129, and 0.125 h-1, respectively. The alfalfa plants cut in half 
had an average exponent of 0.124 h-1. These results indicate that 
crimping or additional maceration of the crop does increase the 
drying rate of alfalfa. 
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Introduction 

Production of high quality dry forage requires that the forage is cut, dried, and harvested from 
the field in a timely manner. Obtaining fast drying of the forage helps reduce losses due to 
respiration (Savoie et al., 1993) and reduces the likelihood of rainfall affecting the crop quality. 
Mower conditioners are commonly used to cut and condition the crop. Proper settings on the 
mower-conditioner are important to minimize field losses and to expedite the drying process. It 
has been demonstrated that conditioner settings affect field losses and the drying rate 
(Greenless et al., 2000). The degree of maceration of the material has been shown to potentially 
increase soluble nutrient losses during rain events (Savoie et al., 1993). 

Surface maceration, crimping, or cutting of forage is typically used to increase the rate of 
moisture removal from forages. This essentially decreases the effective diffusivity of the 
material. However, there is also transpiration of moisture from the leaves of the forage. As 
moisture evaporates from the leaves, it is conceivable that moisture is being pulled from the 
stalks to the leaves, and hence drying the stalks of the plants. A conditioned stalk, that has been 
crimped or cut, could have a limited drying effect due to transpiration.  

The leaf/stem ratio has been shown to have an influence on the drying rate of alfalfa (Neres et 
al., 2010) and field operations can affect this ratio. Greenless et al. (2000) found that alfalfa 
conditioned with impellers dried faster than alfalfa conditioned with intermeshing rollers. 
However, the higher drying rate obtained with the impellers was also associated with greater 
leaf loss. It is desirable to maintain as much leaf matter as possible while still drying the alfalfa 
in a timely manner to reduce quality losses from respiration, leaching and bleaching from solar 
radiation (Barr et al., 1995).  

Although the conditioning of alfalfa has been shown to increase the rate of drying, it is also 
associated with greater leaf loss. The severing of the leaves could increase the drying rate by 
exposing the pith of the stem directly to the drying environment. However, if the alfalfa is 
conditioned in such a way that there is no to little leaf loss, this may allow for the transpiration of 
the leaves to have a significant effect on the drying of the stems, while conserving maximum dry 
matter. 

The objective of this study was to determine if the transpiration from the leaves from non-
conditioned alfalfa was significant enough to warrant non-conditioning of alfalfa. This was 
achieved by comparing the drying rates of non-conditioned alfalfa and conditioned alfalfa. The 
alfalfa was conditioned so as to limit leaf loss. 

  

Methods 

Alfalfa was harvested in Kemptville, Ontario (45°00´ N, 75°37´ W) on six different dates: August 
8, 11, 16, 18, 25, and 30. The alfalfa was harvested by hand in the morning after any dew had 
evaporated. Five different treatments were applied to the alfalfa. The alfalfa was either crimped 
by hand once, twice, or thrice, cut in half, or underwent no treatment. For each treatment, the 
alfalfa was spread on a perforated rack that measured 0.3 x 0.6 m. The rack was constructed of 
3 – 4.22 mm diameter steel rods spanning the longitudinal direction and 24 – 2.6 mm steel rods 
spanning the latitudinal direction. The metal rods were painted white. The bottom of the tray was 
covered with plastic mesh (7.7 x 9.3 mm) and the same mesh was laid on top of the alfalfa. This 



 

 

 

was used to limit any leaf loss during the experiment due to wind or handling of the racks. The 
racks were laid in a mowed area of the field in full sunlight. 

The weight of each tray was measured before the experiment. The initial weight of the tray and 
the alfalfa was taken at the beginning of the experiment and weighed on an hourly basis for the 
remainder of the day. The trays were left out overnight and hourly weighing occurred on the 
second day. At the end of the experiment, the alfalfa was collected and placed in an oven set at 
105°C for a minimum of 48 hours. The weight of the material (MW) was weighed before being 

placed in the oven and when it was removed to determine the dry matter weight (MD). The dry 
basis moisture content, µ, of the sample was calculated based on the following equation: 
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In similar fashion, the dry basis moisture content was calculated for each of the sample points 
based on Equation 1, the weight of the wet sample at the given time, and the final dry matter 
weight. 

To determine the drying rate of the alfalfa, the dry basis moisture content was correlated with 
time, t, based on the following equation: 
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Where µt is the dry basis moisture content at any given t, µ0 is the initial dry basis moisture 
content, and k is the drying rate constant. The correlation was performed by taking the natural 
logarithm of the dry basis moisture content and applying a least squares fit to the data. The 
natural logarithm of the initial moisture content was equated to the intercept and the drying rate 
was the slope of the function. This was performed on the data collected from day 1 and day 2 
separately.  

Statistical analysis was performed to determine difference between treatments. The total 
number of trials was 30 (5 treatments and 6 drying trials). A univariate general liner model with 
the treatment as a fixed factor and the replicate as a random factor was performed using SPSS 
19.0.0 (IBM SPSS Statistics, Chicago, Illinois). The replicate was treated as a random factor as 
each replicate was performed on a different day; hence there were differences in ambient 
temperature, relative humidity, and solar radiation. All treatments for one replicate, however, 
were performed simultaneously. The model was used to determine significant differences in the 
drying rate and the estimated initial dry basis moisture content. 

Temperature, relative humidity and air speed measurements were made at the time of weighing 
of each sample with a HHF81 anemometer (Omega Engineering). The ambient air temperature 
was measured with a type-K thermocouple. Each of the drying trays had a type-K thermocouple 
attached with the measuring tip at the center of the drying alfalfa to obtain the air temperature 
within the sample. The surface temperature of the alfalfa was measured using a OSM100 
Series infrared to analog converter (Omega Engineering). Three surface measurements were 
made at each sampling time. 

 

Results and Discussion 

The initial dry basis moisture content for the alfalfa was 2.65 +/- 0.50. This was based on the 
regression analysis using equation 2. This did not include, however, the data from August 25th 
as a rain event mid-day resulted in the data from day 1 being invalid for that replication. There 



 

 

 

were no significant differences in the starting moisture content between treatments, however, 
there were significant differences among replications. This can be due to a number of factors, 
including the maturity of the crop and any residual dew from the morning, although care was 
taken to ensure that there were no visible signs of dew prior to harvest. The non-significance of 
the estimated initial moisture content between samples was expected. Differences in the initial 
starting moisture content could affect the estimation of the drying coefficient. 

The drying coefficient for the control had the lowest value and was significantly different from all 
other treatments (Table 1). There were no significant differences in the drying rate amongst the 
other treatments. Thus the hypothesis that transpiration from the leaves of the alfalfa could 
increase the drying rate compared to the conditioned alfalfa is rejected. As these samples were 
hand harvested, there is minimal leaf loss compared to machine harvested, and therefore it 
would be expected that if transpiration did have a significant role, it would have occurred in 
these experimental conditions. Interestingly, only a single crimp was required to increase the 
drying rate, and additional crimps did not further increase the drying rate. Cutting the alfalfa in 
half creates two new surfaces that are fully exposed to the drying environment without any 
moisture limiting barriers. Although these surfaces are small (cross sectional area of the stem), 
this has been shown to significantly increase the drying rate in other crops (Rennie et al., 2011). 
The cutting of the stem would expose the pith to the drying air more effectively than a crimp, 
however, no significant differences in the drying rate were observed.  

 

Table 1. Initial dry basis moisture contents and drying coefficients for each treatment for the first day of 
drying. 

Treatment µ0 k 

   
No crimp (control) 2.64a 0.099a 
Single crimp 2.68a 0.125b 
Double crimp 2.54a 0.129b 
Triple crimp 2.61a 0.125b 
Cut in half 2.80a 0.124b 
*Values with the same letter in a column are not significantly different using the Duncan test. 

 

Typical drying curves are presented in Figure 1. Although there is a slight difference in starting 
moisture content between the treatments, this was not deemed to be significant. The graph 
illustrates that the treatment with no crimp did not lose as much moisture as the other 
treatments during the first day of drying. The drying curves all exhibit an exponential decrease, 
although slight. Although an exponential decrease is expected for most drying processes, the 
field drying of hay is subjected to significant changes in ambient temperature, water vapour 
pressure differences, and solar radiation throughout the day, all of which can affect the drying 
rate (Iwan et al., 1993). These changes affect the drying rate, and hence affect the ability to 
accurately calculate the drying rate coefficient through regression analysis. 

Drying rate coefficients for day 2 of the experiment displayed no significant differences between 
treatments. However, there were significant differences in the estimated initial moisture content 
from the regression analysis (p<0.05) for both the treatment and for the replication. In this case, 
the initial moisture content on day 2 was significantly lower for the double crimp compared to no 
crimp (based on the Duncan test); however, no other differences were detected. It is not evident 
what contributed to these differences. The moisture contents were not monitored during the 
night. The alfalfa samples were subjected to the possibility of precipitation or dew forming during 



 

 

 

the night, or slightly different drying rates during the night. The ability of the alfalfa to absorb 
moisture during the night may also be affected by the treatment.  

  

 
Figure 1. Dry basis moisture content versus time during the first day of drying, August16th. 

 

There are several problematic issues with determining the drying rate for crops in the field. The 
first is that the drying conditions, temperature, relative humidity, wind speed, and solar radiation, 
are constantly changing. The second, is that the drying rate constant, k, may be a function of 
the moisture content of the crop. Thirdly, during the evening and night, there is the opportunity 
for the moisture content to become distributed more uniformly throughout the material, such that 
slightly higher than anticipated drying rates may occur during the initial drying phase the next 
day. As the moisture is decreased, there is less free moisture in the material and it may be more 
difficult to evaporate. The process of drying is a coupled mass and heat transfer phenomena. 
The driving force for evaporation from the alfalfa can be modeled based on a difference in water 
vapour pressure in the ambient air, pw,air, and the water vapour pressure at the surface of the 
alfalfa, pw,alf. The rate of moisture evaporation is also dependent on the mass of the alfalfa and 
the exposed surface area. For simplicity, these factors can be lumped into an effective mass 
transfer coefficient, keff, as the samples were all of roughly the same mass and surface area. 
The rate of change of the dry basis moisture content, µ, can then be estimated as: 
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Where Δµ is the change in dry basis moisture content, Δt is the time step, Δp is the average 
water vapour pressure difference. The water vapour pressure was based on the measurements 



 

 

 

of the ambient temperature and the internal air temperature of the alfalfa sample. For the 
ambient air, the saturated water vapour pressure was calculated based on correlations from 
ASHRAE (1997) and then adjusted for the relative humidity. For the water vapour pressure at 
the surface of the alfalfa, it was based on the saturated water vapour pressure at the 
temperature of the internal sample temperature. The effective mass transfer coefficient was 
calculated based on the hourly data, and hence an effect mass transfer coefficient was 
determined at every hour of the experiment. The results of the effective mass transfer coefficient 
versus the dry basis moisture content are shown in Figure 2. Although there is significant scatter 
of the data points, a general trend can be observed, with higher mass transfer coefficients 
occurring at the high moisture contents. 

 

Figure 2. Effective mass transfer coefficient versus the dry basis moisture content for all trials 
across two days of drying. 

 

The developed correlations between the effective mass transfer coefficient and the dry basis 
moisture content are provided in Table 2. As can be seen from Figure 2 and from the correlation 
coefficients in Table 2, there is a general trend between the effective mass transfer coefficients 
and the dry basis moisture content, but there is significant scatter to the data. This is not 
unexpected, as the water vapour pressure at the surface of the alfalfa was assumed to be at 
saturation based on the temperature of the air within the alfalfa sample. Although this 
assumption may be valid for a sample with a high moisture content, as the moisture drops, there 
would be a suppression of the water vapour pressure at the surface. As well, moisture content 
distribution within the sample would change, with typically lower moisture contents at the 
surface compared to the center of the alfalfa stems. Another factor is the ability of the moisture 
to evaporate from the surface of the alfalfa, travel through the alfalfa and air matrix, and into the 



 

 

 

ambient air. The air velocity, which could have a large effect on this transport, is not considered 
as an independent variable in the model, but is rather lumped into the effective mass transfer 
coefficient. Although all treatments for a given replication are under the same varying wind 
speeds, it is another factor that affects the values from day to day and from replication to 
replication. 

 

Table 2. Correlations between the effective mass transfer coefficient and the dry basis moisture content. 

Treatment Correlation R2 

   
Day 1   
  All treatments combined 3.92x10-5 µ – 6.32x10-7 0.1344 
  No crimp (control) 4.15x10-5 µ – 1.16x10-5 0.1444 
  Single crimp 3.80x10-5 µ + 4.96x10-6 0.1775 
  Double crimp 1.02x10-4 µ – 8.33x10-5 0.2919 
  Triple crimp 2.71x10-5 µ – 1.33x10-5 0.1586 
  Cut in half 1.84x10-5 µ + 2.48x10-6 0.1015 
   
Day 2   
  All treatments combined 2.23x10-5 µ + 5.91x10-6 0.2033 
  No crimp (control) 3.06x10-5 µ - 2.74x10-6 0.3733 
  Single crimp 3.52x10-5 µ - 8.45x10-7 0.2372 
  Double crimp 3.43x10-5 µ + 2.58x10-6 0.3786 
  Triple crimp 1.25x10-5 µ + 9.87x10-6 0.1630 
  Cut in half 8.89x10-6 µ + 1.21x10-5 0.1080 
   
Day 1+2 combined   
  All treatments combined 4.06x10-5 µ – 6.02x10-6 0.2996 
  No crimp (control) 4.06x10-5 µ – 1.07x10-5 0.3347 
  Single crimp 4.07x10-5 µ – 1.85x10-6 0.3629 
  Double crimp 7.33x10-5 µ – 2.94x10-5 0.3730 
  Triple crimp 3.25x10-5 µ – 1.08x10-6 0.3777 
  Cut in half 2.68x10-5 µ + 3.15x10-6 0.3467 

 

Conclusion 

The primary objective of this study was to determine if transpiration from the leaves of intact 
alfalfa plants resulted in an increase of the natural drying of alfalfa compared to samples that 
were conditioned. The results indicated that non crimped alfalfa had the lowest drying rate of all 
the treatments. The number of crimps applied to the alfalfa as a conditioning treatment had no 
statistical effect on the drying rate. Similarly, cutting the alfalfa in half increased the drying rate 
compared to the non-crimped samples, but was not statistically different from the crimped 
samples. 

An effective mass transfer coefficient was calculated based on the water vapour pressure at the 
surface of the alfalfa and the ambient air. This coefficient was then correlated with the dry basis 
moisture content. Although there was significant scatter of the data points, a general trend was 
observed indicating that the effective mass transfer coefficient decreased as the dry basis 
moisture content was reduced.  



 

 

 

 

Nomenclature 

k Drying rate constant (1/h) 

keff Effective mass transfer coefficient (m2/(N·h)) 

MD Dry mass of sample (kg) 

MW Wet mass of sample (kg) 

pW Water vapour pressure (N/m2) 

pW,air Water vapour pressure of ambient air (N/m2) 

pW,alf Water vapour pressure in alfalfa sample(N/m2) 

T Time (h) 

µ Dry basis moisture content (kg/kg) 

µ0 Initial dry basis moisture content (kg/kg) 

µt Dry basis moisture content at any time t (kg/kg) 

 

References 

ASHRAE, 1997. Chapter 6: Psychrometrics. In: 1997 ASHRAE Handbook of Fundamentals, 
American Society of Heating, Refrigeration, and Air-Conditioning Engineers, Atlanta, 
Georgia. 

Barr, A. G., D. M. Smith, and D. M. Brown. 1995. Estimating forage yield and quality changes 
during field drying for hay. 1. Model of dry-matter and quality losses. Ag. and Forest 
Meteorology, 76: 83-105.  

Greenless, W. J., H. M. Hanna, K. J. Shinners, S. J. Marley, and T. B. Bailey. 2000. A 
comparison of four mower conditioners on drying rate and leaf loss in alfalfa and grass. 
Applied Eng. in Agric. 16(1): 15-21. 

Iwan, J. M., J. F. Shanahan, and D. H. Smith. 1993. Impact of environmental and harvest 
management variables on alfalfa forage drying and quality. Agron. J. 85: 216-220. 

Savoie, P., R. Chabot, and D. Tremblay. 1993. Loss and drying characteristics of forage mats 
after rainfall. Trans. of the ASAE. 36(6): 1533-1539. 

Rennie, T. J., D. G. Mercer, and A. Tubeileh. 2011. Drying characteristics of forage sorghum. 
CSBE paper no. 11-512. CSBE/SCGAB 2011 meeting, Winnipeg, Manitoba. July 10 - 
13. 

 

NOTE: 

Papers presented at CSBE/SCGAB meetings are considered the property of the Society. In general, the Society 
reserves the right of first publication of such papers in complete form; however, CSBE/SCGAB has no objections to 
publication, in condensed form with credit to the Society and the author, in other publications prior to use in Society 
publications. Permission to publish a paper in full may be requested from the CSBE/SCGAB Secretary 
(secretary@bioeng.ca). The Society is not responsible for statements or opinions advanced in papers or discussions 
at its meetings. 


