
Journal of Food Research; Vol. 8, No. 2; 2019 

ISSN 1927-0887   E-ISSN 1927-0895 

Published by Canadian Center of Science and Education 

80 

 

Assessment of a Low Temperature Closed-Cycle Grain Drying 

System 

Mingjun Ma1 & Kurt A. Rosentrater2 

1Department of Agricultural and Biosystems Engineering, Iowa State University, Ames, Iowa, USA 

Correspondence: Kurt A. Rosentrater, Department of Agricultural and Biosystems Engineering, Iowa State 

University, Ames, Iowa, USA. Tel: 1-515-294-4019. E-mail: karosent@iastate.edu 

 

Received: February 10, 2019     Accepted: February 22, 2019     Online Published: March 4, 2019 

doi:10.5539/jfr.v8n2p80          URL: https://doi.org/10.5539/jfr.v8n2p80 

 

Abstract 

This study analyzed the drying efficiency of a prototype low temperature closed-cycle grain drying system. The 

main principle of this drying system was the heat pump system working as a dehumidifier. The main component 

of this drying equipment included a compressor, a condenser, twin evaporators, and a fan. Two drying studies 

(denoted as trial 1 and trial 2) were conducted to assess the overall drying performance of this low temperature 

drying system. To calculate the drying efficiency, the total energy consumption was divided by the amount of 

water removal for each trial; the drying efficiency was reported in the form of Btu/lb of water removal. We also 

tested corn seed germination to determine if this drying process had an effect on seed germination performance. 

The drying efficiency results for trial 1 and 2 were 1036 Btu/lb water removal and 869 Btu/lb water removal, 

respectively; compared to other on-farm drying methods this drying system had fairly high drying efficiency. 

The germination test results showed that this drying system had no adverse effect on germination performance. 
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1. Introduction 

For corn production in Iowa, on-farm drying was the major way for post harvest corn drying. Most of the 

on-farm grain dryers were high temperature dryer. Although high temperature grain drying was much faster, it 

will result in reduce of the grain quality and germination performance. Seyedin et al. (1984) reported that the 

corn seed germination performance could be significantly reduced by high temperature drying and by analyzing 

the shoot and root dry matter the seedling vigor was also significantly reduced. The maximum grain drying 

temperature was reported by Hall (1980), for corn used as seed the maximum safe temperature was 43 °C while 

for commercial corn the maximum safe drying temperature was 54 °C. The highest 82 °C safe drying 

temperature was the corn used as animal feed. This indicates that low temperature grain drying was important for 

seed or commercial used corn.  

From energy usage perspective, grain drying is an energy intensive process (Gunasekaran & Thompson, 1986). 

For most of the grain production, the energy required for grain drying often higher than the energy usage for 

producing grain from seed to harvest (Verma & Jacobsen, 1987; Enlow, 1982). The heat pump grain drying 

concept was early investigated by Davis (1949), Shove (1953), Shove (1973), and Flikke et al. (1957), and they 

found the system was not attractive economically for the then-prevailing fuel prices. More recently, since the 

fossil fuel prices have increased substantially, Prasertsan & Saen-Saby (1998) found that the heat pump drying 

was more competitive than electrically heated dryers and direct-fired dryer due to the lowest operating cost. 

This study was conducted to analyze the efficiency of the prototype low temperature closed-cycle grain drying 

system and its effects on seed germination. Two trials have been done in this study. The energy consumption and 

amount of moisture removal were measured for each trial.  

2. Materials and Methods 

The drying apparatus assessed in this study was a low temperature closed-cycle grain drying system provided by 

the Loebach Brothers (David R. Loebach and Joseph E. Loebach, Loebach Brothers Inc., Idaho, USA). Figure 1 

shows overall layout of this drying system, the drying apparatus connected with the drying chamber by two air 

pipes, the dried air goes into the bottom of the chamber while the moist air goes into the drying apparatus via the 

top of the chamber. 
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Figure 1. Overall schematic of the low temperature closed-cycle drying system and logger positions 

 

Figure 2 shows the simple diagram of this low temperature drying system. The core part of this drying apparatus 

including a compressor (Copeland CF06K6E-PFV-979, Emerson Climate Technologies Incorporated, Sidney, 

OH, USA), a condensation-evaporation system including a condenser and twin evaporators, and a centrifugal 

blower (GE motors 5KCP39KGV804S, 0.5 hp, GE Energy Management, Atlanta, GA, USA). Electricity was the 

only energy source for this system. By controlling the four solenoid valves this drying system could run with one 

evaporator cooling and other evaporator heating, at present, the timer will reverse the solenoid value to allow the 

first evaporator to defrost and heat and the second evaporator to cool and remove mositure. 

 

Figure 2. Detailed schematic of the compressor/drying system  
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The corn was harvested by Richard Vanderpool's group and stored at the Bio-Century Research Farm (Iowa State 

University, Boone, IA). The initial corn wet basis moisture content was 28.1% to 28.3%. 

The energy consumption was measured by a power meter (Landis+Gyr MX-92-270-908, Landis+Gyr AG, 

Alpharetta, GA, USA) that was attached to the drying system. Four temperature loggers (Omega 

OM-EL-USB-2-LCD, Omega Engineering, Inc., Stamford, CT, USA) were used to record the air relative 

humidity and air temperature, separately for high moisture air leaving the corn, dry air leaving the 

drying/compressing equipment, air from 12 in below the corn surface, and ambient air for both of the drying 

trials (Figure 1). The moisture content of corn was measured by using a handheld moisture analyzer (Mini GAC 

Plus, DICKEY-John Corp.), and the corn moisture content recorded every 24 hours to track the moisture content 

change over time. Three replications were done to measure the corn moisture content, and the averages and 

standard deviations were calculated and reported in the results section. 

For trial 1, the corn with the weight of 2880 lbs and moisture content of 28.1% wet basis was placed into the 

chamber before the drying process. Based on the corn moisture content results during the drying process and the 

suggestion of the Loebach brother’s the drying process was operated for 68 hours after drying process started. 

For trial 2, the corn with the weight of 3200 lbs and moisture content of 28.3% wet basis was placed into the 

chamber before the drying process. Based on the corn moisture content results during the drying process and the 

suggestion of the Loebach brother’s the drying system was operated for 66.5 hours after drying process started. 

Corn was sampled before and after the drying process for a germination test.  

For airflow rate about this low temperature grain drying system, the airflow static pressure was measured during 

the trial 2. The total air flow rate during trial 2 was calculated based on Shedd’s curves, which quantifies 

resistance to airflow of grains and seeds. Figure 3 shows the dimension of the chamber that held the corn, which 

use to compute the aeration area and the corn depth.  

 
Figure 3. Overall dimensions of the drying system (drying chamber) 

 

The corn germination performance was tested by using an incubator (Fisher Scientific Isotemp Incubator 650D, 

Thermo Fisher Scientific, Waltham, MA 02451). The germination test followed the procedure provided by 

Williams et al. (2014) which randomly picked up 50 kernels of corn and put them between two pieces of wet 
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paper towels. Then rolled the two wet paper tower together with corn kernels and sealed them in a plastic bag. 

Put the plastic bag in an incubator for seven days at 30 °C. After accounted the number of germinated corn 

kernels, the germination rate was computed by dividing the germinated corn kernels number by the initial 50 

corn kernels. The germination test was done three times both mean and the standard deviation were calculated 

and reported in the results section. 

The drying efficiency was determined by calculating the ratio between power consumption (Btu) and water 

removal (lb) and the result Btu/lb of water removal was reported: 

𝐷𝑟𝑦𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
energy consumption (kWh)

water removal (lb)
                         (1) 

The water removal (lb) was calculated by subtracting the amount of water (lb) in the corn after drying process 

from the total amount of water (lb) in the corn before drying process.  

3. Results and Discussion 

3.1 Drying Data Collection and Calculation 

The drying data for the two drying trials were reported in Table 1; the mean and standard deviation for each 

drying parameter were also calculated and reported. 

Table 1. Overall drying data collected during the study 

Grain drying data Trial 1 Trial 2 Mean St Dev. 

Drying time (h) 68 66.5 67.25 0.75 

Initial corn moisture content (%) 28.1 28.3 28.2 0.1 

Initial corn weight (lb) 3460 4000 3730 270 

Moisture content after drying (%) 14.3 12.9 13.6 0.7 

Corn weight after drying(lb) 2880 3200 3040 160 

Water removal (lb) 560 707 633.5 73.5 

Power consumption (kWh) 170 180 175 5 

Drying efficiency (Btu/lb water removed) 1036 869 952.5 83.5 

Drying efficiency (kWh/lb water removed) 0.30 0.25 0.275 0.025 

 

The initial corn moisture content was measured as 28.1% and 28.3% for trial 1 and trial 2, respectively with the 

average value 28.2% and the standard deviation 0.1. For trial 1 the overall drying time was recorded as 68 hours 

and 66.5 hours, respectively, for trial 1 and trial 2. The average dry time for this drying system was calculated as 

67.25 hours. The initial corn weight for trial 1 was measured as 3460 lb while for trial 2 the initial corn weight 

was 4000 lb. The mean of initial corn weight was calculated as 3730 lb with the standard deviation value 270. 

The drying power consumption were measured as 170 kWh (580064 Btu) and 180 kWh (614185 Btu) for trial 1 

and trial 2, respectively. The average power consumption for this drying system was calculated as 175 kWh 

(597125 Btu) with the standard deviation of 5 kWh (17060.7 Btu). The final corn moisture content was measured 

as 14.3% and 12.9% for trial 1 and trial 2, respectively. The average dried corn moisture content was 13.6% and 

the standard deviation was 0.7%. The total water removal during drying process was 560 lb in trial 1 and 707 lb 

in trial 2. The drying efficiency was calculated as 0.30 kWh/lb of water removal (1036 Btu/lb of water removal) 

and 0.25 kWh/lb of water removal (869 Btu/lb of water removal) for trial 1 and trial 2, respectively. The system 

average drying efficiency was calculated as 0.275 kWh/lb of water removal (953 Btu/lb of water removal) of 

water removal, with the standard deviation of 0.025 kWh/lb of water removal (68.9 Btu/lb of water removal). 

Comparing drying equipment efficiency from trial 1 and trial 2, the equipment in trial 2 was 16% more efficient 

than the equipment in trial 1. The trial 1 and trial 2 was conducted under a similar temperature condition which 

was 13 to 25 degree Celsius, the main reason caused the efficiency difference was before we started the trial 1 

the whole drying system had not been operated for a while, and it took time to get the drying system work in the 

best condition and start to remove water from the corn. Zhang (2015) conducted a similar corn drying project 

which used the same drying system with the present study. In Zhang’s study, two trials including fall trial and 

winter trial were conducted to measure the drying efficiency. The drying efficiency in Zhang’s work was 

reported as 1480 Btu/lb of water removal and 2760 Btu/lb of water removal for fall and winter trials, respectively. 

Compared to Zhang’s results the drying system in the present study was 36% and 65% more efficient. The 

reason for the drying efficiency difference could be because of the difference of the initial corn moisture content 

and dried moisture content. The original corn moisture content in Zhang’s study was 18.9% which was about 33% 

lower than that in the present study. The drying system will always run at low efficiency when the initial grain 
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moisture content is relatively low. The air temperature also had a significant effect on drying efficiency. In 

Zhang’s winter trial, the corn was dried from 18.9% moisture content to 14.1% moisture content, and the 

working air temperature was between -3 oC to 10 oC, while in the present study the average working air 

temperature was 24.3 oC. Hanna et al. (2014) reported the energy consumption during grain drying using several 

different drying methods, including batch in bin systems and counter-flow style dryers; their result showed that 

drying efficiency ranged from 2000-3000 Btu/lb of water removed, which thus consumed 52%-68% more energy 

to remove one pound of water compared to the present study. Morey et al. (1978) observed 5.7 MJ/kg (2461 

Btu/lb), and the present system was also more efficient. Compared to Wilcke & Bern (1986), which was 3.02 

MJ/kg (1300 Btu/lb), the present system was more efficient and had a shorter drying period.  

For air flow rate, the static air pressure during trial 2 was measured as 0.41 in of water, based on the calculation 

the average aeration area was 39 ft2 the corn depth was 1.65 ft. The pressure drop per unit depth was computed 

as 0.25 in of water per 1 foot of corn which means from the Shedd’s curve the air flow for shield corn was 25 

cfm per 1 square foot. The total airflow rate was computed as 975 cfm. 

3.2 Air Temperature and Relative Humidity Results 

Figures 4 and 5 shows the air temperature and relative humidity value recorded by the four loggers. For trial 1, it 

was clear to see that all the air temperature and dew point temperature for logger 1, logger 2 and logger 3 all had 

the similar trend with logger 4. Also, at the same period, all the temperature value remained at the same level, 

except for the air temperature before drying the corn was higher than air temperature after drying the corn. For 

trial 2 the temperature result was resembled with trial 1, since the drying system operated under similar 

temperature. 

 

Figure 4. Air temperature and relative humidity for trial 1 
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Figure 5. Air temperature and relative humidity for trial 2 

 

For air temperature result the means and the standard deviation were calculated and reported in Table 2 and 

Table 3. For trial 1 the average air temperature was 22.9 °C, 17.7 °C, 18.6 °C, and15.9 °C for logger 1, logger 2, 

logger 3, and logger 4, respectively. For trial 2 the average air temperature was 25.5 °C, 20.1 oC, 22.5 °C, and 

18.9 °C for logger 1, logger 2, logger 3, and logger 4, respectively. The statistical analyses showed that all the 

temperature results were significantly different from each other, even though some loggers read very high 

standard deviations (see Figures 4 and 5). Much of the deviations for loggers 2, 3, and 4 can be explained by 

diurnal changes in temperature and relative humidity over the course of the study (i.e., daily temperatures and 

humidities were not constant), which is shown by fairly slow changes in each data stream over time. For logger 1 

(where diurnal changes were also evident), short but frequent variations in temperatures and humidities were 

recorded for this logger and were due to the frequent switching of the evaporators between the heating and 

cooling operations.  

For different loggers, the average air temperature was 24.3 °C, 18.9 °C, 20.6 °C, and 17.5 °C for logger 1, logger 

2, logger 3, and logger 4, respectively. From Figures 6 and 7 it was clear that the dry air temperature was higher 

than other air temperature. The air temperature will decrease when carrying water out from the corn.  

For dew point temperature results the means and the standard deviation were calculated and reported in Table 2 

and Table 3. For trial 1 the average air temperature was 11.3 °C, 14.2 °C, 14.5 °C, and 3.7 °C for logger 1, logger 

2, logger 3 and logger 4, respectively. For trial 2 the mean dew point temperature was 13.8 °C, 16.6 °C, 16.2 °C, 

and 9.0 oC for logger 1, logger 2, logger 3, and logger 4, respectively. The statistical analysis showed that all the 

temperature results were significantly different from each other. For various logger, the average air temperature 

was 12.6 °C, 15.4 °C, 15.3 °C, and 6.42 °C for logger 1, logger 2, logger 3, and logger 4, respectively. From 

Figures 6 and 7, it was evident that the dry air dew point temperature was lower than the moist air and the air 

inside the corn mass, which means the drying system work ideal for move the moisture out of the system.  

 



http://jfr.ccsenet.org Journal of Food Research Vol. 8, No. 2; 2019 

86 

 

 

Figure 6. Mean air temperatures and relative humidities for trial 1 and trial 2 

(Error bars indicate standard deviation) 

 

Table 2. Mean air temperature and relative humidity data for various trials and loggers* 

Air properties Logger1 Logger2 Logger3 Logger4 

Trial 1 

Temperature (oC) 22.9(3.7) a 17.7(2.7) b 18.6(2.8) c 15.9(4.1) d 

Relative humidity (%) 48.3(6.1) a 80.5(9.5) b 79.7(20.5) b 45.1(10.9) c 

Dew point (oC) 11.3(2.6) a 14.2(3.3) b 14.5(3.9) b 3.7(2.1) c 

Trial 2 

Temperature (oC) 25.5(3.8) a 20.1(2.3) b 22.5(3.7) c 18.9(4.2) d 

Relative humidity (%) 48.7(4.4) a 82.1(14.6) b 70.3(20.4) c 53.7(10.3) d 

Dew point (oC) 13.8(3.2) a 16.6(3.6) b 16.2(3.7) c 9.0(2.2) d 

* Different letters after means for each value of the air properties indicates significant difference at α=0.05; the 

standard deviation is reported in parentheses 
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Figure 7. Mean air temperatures and relative humidities for the various loggers 

(Error bars indicate standard deviation) 

 

Table 3. Overall mean air temperature and relative humidity data for each logger* 

Air properties Logger1 Logger2 Logger3 Logger4 

Temperature (oC) 24.3(3.9) 18.9(2.7) 20.6(3.8) 17.5(4.4) 

Relative humidity (%) 48.5(5.2) 81.3(12.4) 74.9(20.9) 49.5(11.5) 

Dew point (oC) 12.6(3.2) 15.4(3.7) 15.3(3.9) 6.42(3.4) 

* The standard deviation is reported in parentheses 

 

For relative humidity result, compare the relative humidity value before and after drying the corn. A significant 

20 to 30 percentage point relative humidity drop can be observed (Figure 7), which illustrates the drying system 

could effectively change the relative humidity. Figure 7 shows the relative humidity change happened inside the 

corn. 

For relative humidity result, approximate 40 percentage point relative humidity drop can be observed between 

the relative humidity value before and after drying the corn (Figures 6 and 7). This illustrates that the drying 

apparent can effectively change the relative humidity and compare this value with trial 1, which was 20 to 30 

percentage point relative humidity drop, the drying system was more efficient on trial 2. For the air relative 

humidity inside the corn, a significant decrease can be observed after the drying process started 1440 minutes 

while in trial 1 the air relative humidity inside the corn dropped at 1800 minutes after the drying process started. 

This time, the difference also shows that the drying system was more efficient during trial 2. 

3.3 Corn Seed Germination Test 

Table 4 shows the germination test results. For the initial corn, the average germinated corn was 44.3, and the 

germination rate was 0.88, while for the dried corn the average germinated corn was 45 and the germination rate 

was 0.9. The statistical analysis showed that for germinated corn and germination rate there was no significant 

difference between initial corn and dried corn at α=0.05. The results indicated this low temperature grain drying 

system had no negative effect on corn seed germination performance. 
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Table 4. Germination test results* 

Germination test Replication Number Corn Seeds Germinated Corn Germination Rate 

 

 

Initial Corn 

 

 

1 50 43 0.86 

2 50 44 0.88 

3 50 46 0.92 

Mean 50 44.3a 0.88a 

St Dev. 0 1.5 0.03 

 

 

Dried Corn 

 

 

1 50 45 0.9 

2 50 44 0.88 

3 50 46 0.92 

Mean 50 45a 0.9a 

St Dev. 0 1 0.02 

*Differing letters after means for either germinated corn or germination rate indicate a significant difference at 

α=0.05 between initial and dried corn 

 

4. Conclusions 

The present study shows that the closed cycle low temperature drying system was more efficient than most of the 

drying system that used for the on-farm operation. The heat pump system could remove water effectively by 

reducing the air dew point temperature. Air temperature and corn initial moisture content could have an effect on 

overall drying efficiency. Compare to other low temperature drying system; the present system will significantly 

save the overall drying time. The present drying system had no negative effect on seed germination performance. 
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