






























































































Bliss Conditioner 

For the Bliss conditioner, the greatest energy consumption at the pellet mill occurred with 100% 

quality steam and 12% mash moisture (Figure 10). For the 12% moisture mash, as steam quality increased, 

energy consumption also increased. Lower quality steam contains less energy so more flow is required in 

the conditioner. This increase in flow also increases mash moisture content which improves the ease of 

pelleting. For the 14% moisture mash, reaction to steam quality is not as obvious. The lowest amount of 

energy consumption is shown with 90% quality steam. Increasing or decn:asing steam quality from 90% 

provided less than optimal conditions due to the resulting changes in moisture content. 

For the retention time x steam quality interaction, the lowest kWh/t occurred using the 70% 

quality steam and a short retention time (Figure 11 ). As steam quality was increased to I 00% for the short 

retention time, energy consumption also increased. This trend is due to the energy differences (and 

corresponding moistures) amongst the four steam qualities shown. A long retention time provides adequate 

time for condensation and penetration of moisture into the mash. This is evident by the reaction of energy 

consumption to steam quality for a long retention time. Steam quality extremes (70% and 100%) exhibited 

slightly greater energy requirements. This is due to the mash being either slightly wetter than optimal (70% 

steam) or drier than optimal with the I 00% quality steam. 

Energy consumption for the retention time x mash moisture interaction is present in Figure 12. As 

mash moisture increased from 12% to 14%, energy consumption moved inversely. This effect is slightly 

more dramatic for the short retention time as shown by the greater difference in energy between the two 

mash moistures. 

Steam Flow 

CPM Conditioner 

Steam flow to the conditioner reacted similarly for both mash moistures over all combinations of 

steam quality (Figure 13). There is, however, a distinct difference between steam flow with I 00% quality 

steam for the mash moistures. The flow required to heat 12% moisture mash to the conditioning 

temperature is significantly less than that of the 14% mash. Greatest flow to the conditioner occurs for both 

moistures using 80% steam quality. Basic thermodynamic principles indicate that as steam quality is 
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increased, steam flow should increase because of the reduced energy content of the steam. This trend is 

present for all incremental quality changes except from 70% to 80%. The reason for this is unknown. 

When comparing retention times, steam flow generally increased when using lower quality steam 

(Figure 14). For the short retention time, each incremental quality increase, decreased the amount of steam 

flow needed to achieve 82.2°C. The long retention time, followed a similar trend except for the 70% 

quality steam which caused a decrease in flow and explains the steam quality x mash moisture interaction 

for the CPM conditioner. 

Bliss Conditioner 

Steam flow to the Bliss conditioner exhibited expected decreases with increasing steam quality 

(Figure I 5). Reductions in flow were similar when increasing quality from 70% to 80% to 90% with a 

short retention time. The steam flow decrease was less dramatic between 90% and 100% quality steam. 

For the long retention time, steam flow was not significantly different between 70%, 80%, and 90% steam 

quality. The 100% quality steam, however, showed a greater reduction in steam flow due to its greater 

energy content. 

Correlations 

CPM Conditioner 

Standard PDI showed significant correlations for modified PDI, percent fines, mash moisture, and 

steam flow . The correlation between mash moisture content and PDI was moderate (r=.537). Similar 

correlations were found in previous research by Greer and Fairchild (1999), and reflect the significance of 

moisture content in producing a durable pellet. Steam flow rather weakly correlated to PDI, however, this 

is a positive correlation. Increased steam flow, therefore, improves pellet quality by providing additional 

moisture to the mash. 

Significant correlations (P<.05) are exhibited between pellet mill energy consumption and percent 

fines. Steam flow to the conditioner was significant for standard and modified PDI, pellet gelatinization, 

and steam quality. The correlation between PDI and steam flow is moderately strong, and indicates that 

increased steam flow improves pellet durability. Pellet gelatinization has a significant, negative correlation 
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to steam flow. Increased steam flow provides moisture that lubricates mash and reduces the friction in the 

die that causes pellet gelatinization. There is a strong, negative correlation between steam quality and 

steam flow to the conditioner. This follows thermodynamic principles because lower quality steam 

contains less energy and, therefore, increases flow to achieve the desired conditioned mash temperature. 

Bliss Conditioner 

Mash moisture shows a strong, positive correlation and energy con!.umption exhibits a strong, 

negative correlation with standard PDI (Figure 4). The r-value for correlation between steam quality and 

standard PDI was negative at r=-.341. This is a moderately strong correlation resulting from energy 

differences in steam quality. Steam flow should present the opposite reaction as steam quality. This is true 

and the strong correlation coefficient between standard PDJ and steam flow is r=.476. 

Energy consumption also shows significant correlations for all response variables with p-values 

for each of these relationships being than .01 . In addition, the signs for the correlation coefficients (r­

values) react in an expected manner. 

Correlations between steam flow and all response variables are significant (p<.05). The 

relationship (positive or negative correlation coefficients) between the response variables and steam flow 

are similar to those for standard POI. The signs on the correlation coefficients are also opposite of those of 

corresponding variables for energy consumption. As steam flow to the conditioner increases, more 

moisture is added which improves pellet durability (PDI). This increased moisture also reduces energy 

consumption, and, therefore, explains the relationships described above. 
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Conclusions 

Response variables were significantly related to mash moisture, retention time, and steam quality. 

The optimal operating performance was achieved through several combinations of treatments. For 

example, a short retention time combined with 14% mash moisture and using 70% steam quality produces 

high quality pellets at the lowest kWh/t. In contrast, a long retention time provided nearly equal quality 

pellets and energy consumption in combination with 12% mash moisture. It is important, however, to keep 

in mind that these results were obtained using a constant conditioned mash temperature of 82.2°C. 

The interaction of these variables suggests feed mill managers can pursue several strategies to 

optimize the pelleting process. The use of a steam flow meter can greatly assist this process. Knowledge 

of the mash moisture content, conditioner retention time, and approximate steam quality permits feed 

manufacturers to predict the optimal steam flow setting. Alternatively, controlling mash moisture content 

in the mixer also enables the mill operator to optimize the pelleting process. As feed manufacturers 

continue to experience competitive pressure to reduce cost while maximizing quality, the information 

presented in this study provides insight into how to control this important cost center. 
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Table 1. Significance (p-values) for fixed effects on pellet quality, energy consumption, steam flow, and 
mash moisture with a CPM conditioner 

Standard Modified Percent Pellet Energy Steam Hot 
POI POI Fines Gelatinization Consumption Flow Mash 

Moisture 
Mash <.01 <.01 .01 <.01 .99 .04 <.01 

Moisture 

Retention <.01 <.01 .09 .51 .84 .04 .69 
Time 

Steam Quality .06 .08 .38 .22 .01 <.01 .02 

Moisture x .54 .23 .28 <.01 <.01 .56 .21 
Ret. Time 

Moisture x .26 .40 .17 .03 .14 .04 .07 
Steam Quality 

Ret. Timex <.01 <.01 .04 .39 .01 <.01 .27 
Steam Quality 

Moisture x .03 .01 .78 .43 .77 .19 <.01 
Ret. Timex 

Steam Quality 
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Table 2. Significance (p-values) for fixed effects on pellet quality, energy consumption, steam flow, and 
mash moisture with a Bliss conditioner 

Standard Modified Percent Pellet Energy Steam Hot 
POI POI Fines Gelatinization Consumption Flow Mash 

Moisture 
Mash <.OJ <.01 <.OJ <.01 <.OJ .J6 <.OJ 

Moisture 

Retention <.01 <.OJ .85 <.OJ .34 .04 <.01 
Time 

Steam Quality <.OJ <.OJ <.01 <.OJ <.01 <.OJ <.OJ 

Moisture x .65 .22 .90 .87 <.OJ .09 .44 
Ret. Time 

Moisture x <.OJ .02 <.OJ .5J <.OJ .43 <.OJ 
Steam Quality 

Ret. Timex .39 .38 . J6 <.01 <..OJ <.01 <.OJ 
Steam Quality 

Moisture x .55 .36 .05 .6J .2J .06 .01 
Ret. Timex 

Steam Quality 
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Table 3. Correlation coefficients and their significance (p-values) for standard POI, energy 
consumption, and steam flow with a CPM conditioner 

Standard PDI Energy Consumption Stearn Flow 

r-value p-value r-value p-value r-value p-value 

Standard POI .07 .47 .27 <.01 

Modified PDI .99 <.01 .05 .59 .25 .01 

Percent Fines -.66 <.01 .34 <.01 -.09 .35 

Mash Moisture .54 <.01 .08 .39 .08 .41 
(%) 

Pellet Gelatinization -.09 .34 .II .25 -.24 <.01 
(%) 

Energy .07 .47 -.04 .68 
Consumption 

(kWh/ton) 

Steam Quality -.12 .19 .08 .40 -.49 <.01 
(%) 

Steam Flow .27 <.01 -.04 .68 
(lb/hr) 
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Table 4. Correlation coefficients and their significance (p-values) for standard POI, energy 
consumption, and steam flow with a Bliss conditioner 

Standard POI Energy Consumption Steam Flow 

r-value p-value r-value p-value r-value p-value 
Standard POI -.58 <.01 .48 <.01 

Modified POI .99 <.OJ -.56 <.OJ .51 <.OJ 

Percent Fines -.82 <.OJ .5 J <.01 -.46 <.OJ 

Mash Moisture .60 <.OJ -.60 <.OJ .2J .03 
(%) 

Pellet Gelatinization -.38 <.OJ .57 <.01 -.27 <.OJ 
(%) 

Energy -.58 <.OJ -.46 <.OJ 
Consumption 

(kWh/ton) 

Steam Quality -.34 <.OJ .25 <.OJ -.50 <.OJ 
(%) 

Steam Flow .48 <.OJ -.46 <.01 
(lb/hr) 
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Figure 2. Standard pellet durability index (POI) in response to steam quality and mash moisture 
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Figure 6. Pellet gelatinization (%) in response to steam quality and mash moisture content (m.c.) 
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Figure 9. Pellet mill energy consumption (kWh/t) in response to conditioner retention time (RTD) 
and steam quality for a CPM conditioner 
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and steam quality for a Bliss conditioner 
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Figure 13. Steam flow (lb/hr) to the conditioner in response to mash moisture content (m.c.) and 
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Figure 14. Steam flow (lb/hr) to the conditioner in response to conditioner retention time (RTD) 
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Appendix A. Calculations for Steam Quality 

Steam Quality Calculations Using Heat Exchanger 

Assume steam is flowing through the line at 236 lb/hr with a temperature of265°F and a pressure 

of24 psig. Initial quality is assumed to be 98%. 

Steam has the following enthalpies at 24 psig: 

Sensible Heat (hr) = 233 Btu/lb 

Latent Heat (hr6) = 934 Btu/lb 

Total Heat (hg) = 1167 Btu/lb 

Based upon a steam quality of 98%, the actual total heat (h6) of the steam will be: 

h6 =hr+ (hrs * quality)= Btu/lb 

h6 = 233 + (934 * .98) = 1148.32 Btu/lb 

The total energy of the steam running through the line is then: 

Esicam =Steam Flow (lb/hr)* Total Heat (Btu/lb)= Btu/hr 

E~•cJm = 236 lb/hr* 1148.32 Btu/lb= 271,003.52 

Assume water is running in-parallel through the heat exchanger at a rate of 400 lb/hr. The initial 

temperature of the water is 70 °F, and water is leaving the heat exchanger at 155 °F. Specific heat of water 

( c) is l Btu/lb-°F 

Energy removed with the heat exchanger is calculated as: 

Ewatcr = m (lb/hr) * c (Btu/lb-°F) * Delta T (°F) 

Ewater = 400 lb/hr* l Btu/lb-°F * (155-70) °F = 34,000 Btu/hr 

The energy remaining in the steam and final steam quality are then calculated as follows: 

Eronal = Estcam - Ewatcr = Btu/hr 

Eronal = 271,003.52 Btu/hr- 34,000 Btu/hr = 237,003.52 Btu/hr 

Quality= (EronsI (Btu/hr)+ Steam Flow (lb/hr))- hr(Btu/lb) * 100 = % 
hr6 (Btu/lb) -

Qu«lity = (237,003.52 Btu/hr+ 236 lb/hr) - 233 Btu/lb * 100 = 82.6% 
934 Btu/lb 
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Appendix A. Calculations for Steam Quality 

Steam Quality Calculations Using Throttling Calorimeter 

When using a throttling calorimeter, the following formula is used to calculate quality. 

m = I 00 * [(H - h) - K(T - t)] 
L 

SQ= 100-m 

m = percentage of moisture 
H =total heat (Btu) of steam at line pressure at saturated condition 
h =total heat (Btu) of steam at calorimeter pressure at saturated condition 
K = specific heat of superheated steam 
T =temperature of superheat in calorimeter 
t = temperature due to the pressure in the calorimeter 
L = latent heat in the steam line 
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Appendix B. Results for all response variables over three replications using 12% mash moisture 
with two retention times in a CPM conditioner 

Retention Steam Std. Mod Fines Hot Pellet Energy Steam Hot 
Time Quality PDI PDI (%) Gelat. (%) Consumption Flow Mash(% 

(kWh/t) (lb/hr) m.c.) 
Repl 
Short 70% 68.6 53.6 18.60% 7.90% 8.4 280.1 15.00% 
Short 80% 80.4 73.9 14.00% 15.60% 7.4 327.4 15.90% 
Short 90% 67.2 52.5 20.00% 17.60% 8.6 280.97 15.00% 
Short 100% 64.5 47.8 18.60% 15.10% 8.5 252.78 15.20% 

Long 70% 84.1 78 11.10% 6.40% 6.7 266.67 16.80% 
Long 80% 71 .7 62.1 17.80% 9.80% 8.2 314.8 15.40% 
Long 90% 82.4 75.9 12.90% 14.10% 7.3 336.3 15.80% 
Long 100% 78.7 73.2 13.00% 11.80% 7.7 220.3 15.60% 

Rep 2 
Short 70% 79.5 74 12.00% 24.80% 7.8 289.81 16.50% 
Short 80% 80.1 72.8 12.50% 19.90% 7.5 280.2 17.10% 
Short 90% 84.9 79.5 7.00% 24.80% 11.7 222.2 16.60% 
Short 100% 76.7 67.6 14.10% 25.10% 8.5 210.33 16.50% 

Long 70% 81 75.3 11 .00% 20.60% 8.3 291 .99 17.00% 
Long 80% 85.6 82.1 11.90% 15.40% 7.5 284.16 16.20% 
Long 90% 81 74.9 11 .60% 25.10% 7.5 296.83 16.40% 
Long 100% 80.7 76 12.70% 16.60% 7.6 199.19 16.60% 

Rep3 
Short 70% 82.4 76.4 11.50% 28.30% 7.6 282.23 17.00% 
Short 80% 77.2 71.5 16.70% 25.70% 8.2 252.13 16.50% 
Short 90% 77.6 68.9 15.00% 26.30% 8.1 221.32 16.20% 
Short 100% 70.8 60.2 18.60% 14.90% 8.2 217.76 15.00% 

Long 70% 71.4 62.9 15.30% 24.80% 8 264.11 15.40% 
Long 80% 77 68.3 15.10% 5.30% 7.1 280.4 16.80% 
Long 90% 84.4 79.3 14.60% 27.10% 7.7 229.41 16.30% 
Long 100% 80.3 75 12.10% 24.90% 7.5 263.43 17.00% 

67 



Appendix C. Results for all response variables over three replications using 14% mash moisture 
with two retention times in a CPM conditioner 

Retention Steam Std. Mod Fines Hot Energy Steam Hot 
Time Quality PDI PDI (%) Pellet Consumption Flow Mash 

Ge lat. (kWh/t) (lb/hr) (% 
(%) m.c.) 

Rep 1 
Short 70% 82.8 78 13.10% 11.70% 7 305.43 18.60% 
Short 80%. 80.7 71.9 10.00% 7.40% 56 293.84 18.50% 
Short 90% 89.1 86.4 13.20% 9.20% 12.6 276.92 18.50% 
Short 100% 78.5 71.3 11.80% 14.70% 6.6 314.72 18.20% 

Long 70% 87.3 83 8.30% 19.10% 6.8 262.13 18.10% 
Long 80% 89.9 87.3 11.90% 5.90% 7.4 328.51 18.20% 
Long 90% 83.5 78.4 11.50% 15.80% 6 269.04 18.70% 
Long 100% 89.5 86.2 9.20% 17.10% 7.8 285.97 18.60% 

Rep 2 
Short 70% 90.6 88.2 15.20% 15.50% 9.5 266.99 18.70% 
Short 80% 81.4 75.2 12.30% 11.60% 7.3 248.14 18.50% 
Short 90% 70.9 60.2 16.60% 7.20% 7.6 245.63 18.80% 
Short 100% 82.3 77.2 15.70% 12.20% 8.3 245.03 18.10% 

Long 70% 77.4 69.7 14.10% 10.00% 9 271.88 18.50% 
Long 80% 85.3 81 10.30% 20.30% 7.2 277.16 18.60% 
Long 90% 89.4 86.2 18.60% 13.20% 11.9 285.78 17.60% 
Long 100% 83.2 76 13.00% 10.90% 7.5 240.03 18.10% 

Rep 3 
Short 70% 90.2 88.1 7.10% 9.70% 7.8 295.4 18.40% 
Short 80% 86.3 81.8 11.30% 13.70% 9.6 302.43 17.40% 
Short 90% 82.5 76.4 11.10% 12.60% 7.4 251.59 15.00% 
Short 100% 83.6 77.5 10.20% 11.00% 7.3 234.24 16.90% 

Long 70% 92.7 90 12.20% 16.80% 10.8 331.93 18.40% 
Long 80% 86.8 82.1 14.40% 11.40% 12.1 303.54 17.80% 
Long 90% 86.4 82.4 10.00% 11.40% 6.9 266.99 17.40% 
Long 100% 83.5 78.3 9.90% 13.40% 7.7 241. 71 18.40% 
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Appendix D. Results for all response variables over three replications using 12% mash moisture 
with two retention times in a Bliss conditioner 

Retention Steam Std. Mod Fines Hot Energy Steam Hot 
Time Quality PDI PDI (%) Pellet Consumption Flow Mash(% 

Gel at. (kWh/t) (lb/hr) m.c.) 
(%) 

Repl 
Short 70% 80.9 75.5 14.90% 14.20% 8.9 257.9 15.20% 
Short 80% 70.4 61.7 16.00% 14.70% 9.4 229.13 15.40% 
Short 90% 72.5 63.6 14.70% 14.90% 10.1 189.81 15.00% 
Short 100% 57.1 42.2 30.30% 18.50% 9.8 207.01 14.80% 

Long 70% 81.8 76.1 13.70% 19.10% 8.7 217.26 16.30% 
Long 80% 76 69.3 16.50% 16.10% 8.7 236.79 15.20% 
Long 90% 74.9 66.2 18.60% 17.70% 8.5 260.09 15.40% 
Long 100% 70.7 62.5 20.70% 18.20% 9.4 218.06 14.20% 

Rep 2 
Short 70% 79 70.9 18.50% 13.60% 7.8 258.85 16.20% 
Short 80% 75 66.6 16.90% 14.90% 8.1 254.82 16.00% 
Short 90% 74.1 66.5 14.00% 19.30% 9.4 220.37 15.70% 
Short 100% 74.3 64.2 13.30% 17.60% 9.7 184.63 14.80% 

Long 70% 80.9 74.7 13.10% 15.90% 8.6 258.16 17.80% 
Long 80% 76.9 70 19.10% 17.70% 8.6 251.33 16.10% 
Long 90% 73.6 64.1 18.00% 17.00% 9.3 244.25 15.00% 
Long 100% 65.3 54.3 30.30% 16.00% 9.8 175.13 15.20% 

Rep 3 
Short 70% 72 59.2 16.30% 11 .20% 7.8 268.25 17.00% 
Short 80% 79.2 72.1 15.30% 12.90% 7.8 219.09 16.40% 
Short 90% 72.5 62.5 14.00% 13.00% 9 247.8 15.60% 
Short 100% 76.8 65.5 16.70% 15.50% 11.9 196.95 16.00% 

Long 70% 83.2 79.1 10.70% 14.80% 8.1 268.52 16.80% 
Long 80% 83.1 78.1 11.40% 14.00% 8.2 286.28 17.90% 
Long 90% 76.8 69.5 11.10% 12.40% 8.4 276.85 16.00% 
Long 100% 77 68.2 19.90% 14.40% 8.3 250.23 15.00% 
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Appendix E. Results for all response variables over three replications using 14% mash moisture 
with two retention times in a Bliss conditioner 

Retention Steam Std. Mod Fines Hot Energy Steam Hot 
Time Quality PDI PDI (%) Pellet Consumption Flow Mash(% 

Ge lat. (kWh/t) (lb/hr) m.c.) 
(%) 

Rep! 
Short 70% 75.2 65.4 14.00% 11.20% 7.8 244.76 18.90% 
Short 80% 77.6 69.4 14.10% 13.80% 8.7 237.86 18.00% 
Short 90% 84.7 80.7 12.80% 13.20% 8 206.67 17.30% 
Short 100% 75.7 65.6 18.30% 14.40% 8.6 261.02 17.50% 

Long 70% 78.6 70.6 16.00% 16.60% 9.7 243.52 17.30% 
Long 80% 89.4 85.5 10.80% 14.20% 7.9 271.62 17.10% 
Long 90% 80.8 73.8 14.40% 17.40% 8.2 199.03 17.40% 
Long 100% 78.8 64.2 18.90% 15.70% 7.8 180.91 18.00% 

Rep2 
Short 70% 88.6 85.6 9.80% 14.30% 6.9 287.04 19.40% 
Short 80% 83.4 77.4 10.50% 10.10% 7.4 263.36 17.60% 
Short 90% 78.7 68.7 12.50% 11 .60% 7 240.27 17.90% 
Short 100% 83.9 77.7 11.90% 14.10% 7.8 216.2 17.30% 

Long 70% 87.5 82.6 9.30% 13.80% 8.8 312.6 17.90% 
Long 80% 87.8 83.1 9.10% 10.40% 8.1 247.2 17.30% 
Long 90% 84.6 80.2 11.20% 14.60% 6.6 307.26 17.70% 
Long 100% 84.1 78.6 11 .00% 15.90% 7.3 255.52 17.30% 

Rep 3 
Short 70% 79.5 73.4 11.10% 10.10% 7.2 256.65 18.00% 
Short 80% 82.1 74.4 11.40% 10.10% 7.2 238.5 18.40% 
Short 90% 75.5 68.1 13.30% 13.80% 7.7 227.67 16.20% 
Short 100% 80 72.7 12.30% 14.40% 8.3 241.02 17.10% 

Long 70% 78.9 72.5 14.00% 13.00% 7.9 248.53 17.30% 
Long 80% 83.5 75.7 10.80% 12.70% 7.2 257.7 17.80% 
Long 90% 80.1 70.6 13.50% 10.60% 7.7 234.39 17.30% 
Long 100% 78.9 71.2 13.50% 10.60% 8 179.7 17.50% 
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