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ABSTRACT 

Preservation of quality is the primary consideration in the 

drying of grass seed. Quality may be lost through destruction of 

seed viability and contamination by mould. Both result from the 

establishment, within the drying bed, of undesirable temperature 

and moisture conditions generated by the interaction of the seed 

and drying air. The work was based on the assumption that such 

moisture and temperature changes could be calculated from a 
knowledge of the heat and mass transfer properties of the seed 

and air, and that it would be possible to proceed from this 

physical framework to the calculation and imposition of biological 

restraints upon the selection of drying conditions. 

Experimental work was carried out with a large and a small 

seeded strain of ryegrass of similar shape and structure. For 

each strain, potential germination was expressed as a function of 

moisture content at threshing. 

Apparatus was developed for determining exposed layer drying 

curves at a wide range of air conditions and numerical procedures 

were developed for fitting the data to alternative diffusion 

equations. The fitted constants were expressed as functions of 

drying air temperature, humidity and seed initial moisture content. 

Effects on germination were expressed as functions of drying air 

temperature, exposure time and potential germination. 

A mathematical model of the drying process was programmed 
in FORTRAN and used the exposed layer constants to predict moisture 

and temperature changes in deep beds subjected to fluctuating 

inlet air conditions. The model was stable, economical in computing 
time and gave reasonable overall agreement with experimental deep 

bed results. Consistent over-cptimism of the. drying time predictions 

was identified with cumulative error in temperature changes. Possible 

revisions of the basic equations pose problems of integration 

beyond the scope of the present work. 



111 

CONTENTS 

VOLUME 1- TEXT 

ACKNOWLEDGEMENTS. 'i 

ABSTRACT. ii 

CONTENTS. iii 

LIST OF TEXT TABLES. x 
LIST OF TEXT FIGURES. xiii 
KEY TO SYMBOLS. xxi 
1. INTRODUCTION . 

1 

2. RYEGRASS SEED - RELEVANT PROPERTIES. 5 

2.1. SEED ANALYSIS. 5 

2.2. EXPERIMENTAL MATERIAL. 7 

2.2.1. Ripening studies. 8 

2.2.1. a. Sabrina and Sabel 8 

2.2.1. b. S. 23 12 

2.2.2. Anatomy. 15 

2.2,3. Size and weight. 21 

2.2.3. a. Theory 21 

2.2.3. b. Experimental 23 

2.2.3. c. Results and discussion 25 

3. DETERMINATION OF DRYING PROPERTIES - THIN-LAYER EXPERIMENTS. 31 

3.1. INTRODUCTION. 31 

3.2. THEORY. 31 

3.2.1. Mass Transfer. 31 

3.2.2. Equilibrium moisture content. 37 

3.2.3. Biological damage. 11 

3.3. EXPERIMENTAL. 15 

3.3.1. Apparatus. 15 

3.3.1.1. Thin-layer weighing units . -'7 

3.3.1.2. Temperature control r, )1 



iv 

3.3.1.3. Humidity measurement 51 

3.3.1.4. Humidity control 53 

3.3.1.5. Data logger 55 

3.3.2. Data' Processing. 56 

3.3.2.1. Weight loss 58 

3.3.2.2. Temperature 68 

3.3.3. Experimental Details. 69 

3.3.3.1. Mass transfer experiments, 1970-71 69 

3.3.3.2. Germination experiment, 1972 71 

3.4. RESULTS. 73 

3.4.1. Mass Transfer. 73 

3.4.1.1.1970 Experiments 73 

3.4.1.2.1971 Experiments 80 

3.4.2. Germination. 96 

3.4.2.1. Effect of long-term exposure to drying 
air temperature 96 

3.4.2.2. Results of 1972 experiments 104 

3.4.2.2. a. Controls 104 

3.4.2.2, b0 Air temperature and humidity 105 

3.4.2.2. c. Final moisture contents 105 

3.4.2.2. d. Germination 109 

3.5. DISCUSSION. 118 

3.5: 1. Drying rate. 118 

3.5.1. a. 1970 results 118 

3.5.1. o. 1971 results 120 

3.5.2. Equilibrium moisture content. 129 

3.5.3. Germination. 132 

3.6. SUMMARY AND CONCLUSIONS. 140 

3.6.1. Experimental. 140 

3.6.2. Data Processing. 140 



v 

3.60.30 Drying Rate Constant, 141 

3.6.4. Asymptotic moisture content. 152 

3.6.5. Germination. 142 

4. DEEP BED EXPERIMENTS. 144 

4.1. INTRODUCTION. 144 

4.2. APPARATUS. 144 

4.2.1. General description. 144 

4.2.2., Drying bins. 145 

4.2.3. Pan and heater bank. 149 

4.2.4. Flow measurement. 150 

4.2.5" Temperature measurement. 151 

4.3" EXPERIMENTAL. 152 

4.3.1. Procedure for parallel flow runs. 153 

4.3.1. a. 1970 (Runs 1,2,3) 153 

4.3.1. b. 1971/2 (Runs 4-12) 154 

4.3.2. Procedure for radial-flow runs. 156 

4.3.3. Pressure resistance to airflow. 157 

4.4. RESULTS AND DISCUSSION. 159 

4.4.1. Drying runs. 159 

4.4.2. Pressure resistance to airflow. 201 

4.5. SUMMARY AND CONCLUSIONS. 206 

5. SIMULATION OP DRYING IN DEEP REDS, 209 

5.1. INTRODUCTION. 209 

501.1. Review of previous work. 209 

5.2. DEVELOPMENT OF A MODEL FOR GRASS SEEDS. 213 
5.2.1. Heat and mass transfer equations. 214 

5.2.1.1. Moisture balance 215 

5.2.1.2. Heat transfer equation 215 

5.2.1.3. Heat balance equation 216 

5.2.1.4. Drying rate 217 

5.2.1.5. Metro"; of' �ol, ation 220 



vi 

5.2.1.6. Condensation and re-evaporation 221 

5.2.1.7. Heat transfer coefficient 225 

5.2.2. Solution of the equation of the wet-bulb line. 229 

5.2.3. Other properties. 232 

5.2.3.1. Specific heat capacity 232 

5.2.3.2. Latent heat 233 

5.2.4. The computer programme. 233 

5.3. SIMULATION OF F. XPERIMF7rTAL RESULTS. 236 

5.3.1. Preliminary tests. 236 

5.3.1.1. Sensitivity to increment size 236 

5.3.1.2. Sensitivity to heat transfer coefficient 239 

5.3.2. Comparison of observed and predicted results. 243 

5.3.2.1. Input data 243 

5.3.2.2. Comparison of drying times and final 
moisture contents 244 

5.3.2.3. Examination of individual runs 247 

5.4. DISCUSSION. 269 

5.4.1. Validation; 269 

5.4.2, Application. 274 

5,5. SUMMARY AND CONCLUSIONS. 275 

6. CONCLUSIONS. 277 

6.1. RY mRASS SEED - RELEVANT PROPERTIES. 277 

6.2. DETERMINATION OF DRYING PROPERTIES - 
" THIN-LAYER EXPERIMENTS. 278 

6.3. DEEP BED EXPPRIMENTS. 280 

6.4. SIMULATTON OF DRYING IN DEEP LAYERS. "I-111 

7. REFERENCES. : '83 



vii 

CONTENTS 

VOLUME 2- APPENDIX 

CONTENTS i 

LIST OF APPENDIX TABLES iv 

LIST OF APPENDIX FIGURES ix 

1. INTRODUCTION 291 

2. RYEGRASS SEED - RELEVANT PROPERTIES 292 

3. DETERMINATION OF DRYING PROPERTIES - THIN-LAYER EXPERIMENTS 305 

3.1. DATA PROCESSING 

3.1.1. Computer program DECODE for code-to-cycle conversion 305 

FORTRAN listing of DECODE 308 

3.1.2. Development of curve fitting procedures 309 

3.1.2.1,2 tern-exponential. Equation 3.10 309 

3.1.2.2. Exponential series. Equations 3,38 and 3.39 310 

3.1,3, Implementation of curve-fitting procedures 313 

3.1.3.1. Main program + MCTCON + DOUBEX 313 

FORTRAN listing of main programme, MCTCON and 

DOUEEX 317 

Example output from main programme, MOTCON 

and DOUBEX 326 

3.1.3.2. Main program + subroutines SEREX and SINGEX 
" 

328 

FORTRAN listing of main programme, SINGEX and 

SEREX 332 

Example output from main prograrm? e, SINGEX and 

SEREX 343 

3.1.3.3. Ancillary facilities 345 

3,1.3.3. (a) Plotting program PPLOT 345 

FORTRAN listing of PPLOT 346 



viii 

3.1,3.3. (b) Plotting program PLOT 348 

FORTRAN listing of PLOT 350 

3.1044, Program to analyse thermocouple readings 353 

FORTRAN listing of MENTEM 356 

Example output from MENTEM -a low humidity run 360 

Example output from MENTEM -a high humidity run 361 

3.2. RESULTS OF THIN-LAYER TESTS. 362 

3.2.1. Analysis of results from 1972 germination experiment 416 

3.2.1.1. Analysis of variance of germination results for 

Sabel 416 

3.2.1.2. Analysis of variance of germination results for 

S. 23 424 

3.2.1.3. Analysis of variance for 14 day vigour results 

for Sabel 429 
3.2.1.4. Analysis of variance for 14 day vigour results 

for S. 23. 435 

4. DEEP BED EXPERIMENTS. 442 

4.1. APPARATUS 442 
4.1.1. Fan performance and control 442 
4.1,2. Air velocity and pressure resistance in the 

radial-flow batch drier. 443 

4.1.2.1. The general case 443 

4.1.2.2. The experimental rig 445 



ix 

4.1.3. Data processing 447 

4.1.03.1. Programs DEEP and RDEEP for processing data read 

from Honeywell-Brown recorder charts 447 

FORTRAN program DEEP 450 

FORTRAN program RDEEP 452 

401,3,2, Plotting programs SINPLT and RADPLT 454 

FORTRAN programme SIMPLT 457 

FORTRAN programme RADPLT 459 

4.2. RESULTS 461 

5. SIMULATION OF DRYING IN DEEP LAYERS. 577 

5.1. Deep bed simulation programs 577 

5.1,1. Parallel flow 577 

FORTRAN programme for parallel-flow 587 

Example output from parallel-flow simulation -Run 1 598 

Example output from parallel-flow simulation -Run 4 605 

5.1.2. Radial flow 609 

FORTRAN program for radial-flow 610 



x 

TABLES 

Table No. Title Page 

2.1o Comparison of direct and indirect threshed 
samples of Sabel, 1972. 12 

. 
2.2. Sieve sizes. 24. 

2.3. Mean dimensions, 1000 seed weight and some 
derived parameters of size and shape. 25 

2.1+. Mean 1000 seed weights, g, in major size 
fractions. Bracketed values=/"o by weight 
in each class. 27 

2.5. Diameters derived from sieving results. 27 

3.1. Details of drying curves in Figs. 3.9 and 3.10 73 

3.2. Values of constants in fitted curves of 
Figs. 3.11 and 3,12. 76 

3.3. Values of the constants A and B in equation 
3. '+1 76 

3.40 Drying conditions in 1971 thin-layer 
experiments. 80 

3,5. Standard deviations of predicted from observed 
values derived from fits of 4 alternative 
diffusion equations 81 

3.6. Drying conditions and standard deviations of 
the fitted curves for Runs 66,106 and 207 
drawn in Fig. 3.16. 82 

3.7. Values of coefficients in equation 3.4f 
expressing drying constant, k, as a function 
or temperrture, initial moisture content and 
absolute humidity. 85 

3.8. Values of the constants a, b, c in equation 3. )+2 
for asymptotic moisture content. Classified 
by variety and source of values. 91 

3.9. Constants in equation 3.1+2 for all 1971 data 
and for 1971 plus 1972 data. 91+ 

3.10. Dates of harvest, initial moisture contents 
and properties of control samples. 1014- 

3-11- Means and standard deviations of drying air 
temperatures with grand mean at each level 
and standard deviation of that mean. 105 

3,12. Final moisture contents, % d. b. 106 

3.13. Mean 14 day germination counts. 110 

3.14. Analysis or variance of 14 da, germination 
counts (transformed to angles) and percent 
vigour of Sabel and S. 23. seeds. 111 



Xl 

Table No. Title P_ 

3.151, Germination as a straight line function of 
temperature at each exposure'time and 
moisture content. 115 

3.16. Drying temperature, °C, giving 90/ germination 
predicted by the linear equations of the 
parallel curve analysis, Table 3.15.115 

3-17- Mean vigour percentages (714 day) 117 

3.18. Coefficients in the expression y-A. exp(bT) 
where y= p or q of equations 3.50 or 3.51 123 

3.19. Values of the quantity, ( k513/kSab, I) at 
5 temperatures for the 4 alternative diffusion 
equations. 125 

4.1. Summary of they deep-bin runs. 152 

4.2. , Summary data for parallel-flow deep bed Runs 
I-6. Imperial outs. 160 

4.3. Summary data for parallel-flow deep bed Runs 
7- 12. Imperial units. 161 

4. +" Summary data for radial-flow deep bed Runs 
13 - 15. Imperial units. 162 

4.5. Some approximate measures of air utilisation 163 

4.6. Coefficients a and n in equation 4.6, p=aVn, 
derivad from variou3 groups of data. 20, 

5.1 Effect on M of modifying equation 5.6 to 
form 5.7.217 

5.2. Values of E2, E1 and E,.:, /E1 as affected by ke 213 

5.3" Triangular matrix or x.. derived from values 
of x and y arranged inlas cending order of Y. 221k 

5.4. Specific heats of(, aý54 ryegrass - unpublished 
data of R. B. Sharp 232 

5.5. Effect of depth and time increments on 
predicted drying time, minutes, for Run 7 
(Ta = 55.4°C) and Run 9 (Ta 26.0°C) 237 

506. Effect of value of heat transfer coefficient 
on predicted drying time and final mo sture 
profile in Run 7 (hS = 460 kJ/min Km) 24.? 

5070 Simulation of experimental runs. Constants 
used in equation 3.4 for evaluating the 
drying constant, k. 243 

5.8. Simulation of experimental runs. Constants 
used in equation 3. +2 for evaluating the 
asymptotic moisture content, Ma. 244- 



xii 

Table No. Title Pap 

5,9, Simulation of experimental runs. Comparison 

of drying'times and final mean bed moisture 
contents. 246 

5.10, Differences between experimental and predicted 
drying times and mean bed moisture contents 
in relation to total drying time and 
percentage moisture remo-tad. 271 



X111 

FIGURES 

Fig, No. Title Pa 

1.1. Sea,,, =al variation in growerts prices for S. 23 
ryegrass seed. 

2.1. Moisture content (top), 1000 seed weight (centre) 

and germination (bottcm) plotted against harvest 
data for Sabrina rnd Sabel. 0 

2.2. Germination of Sabrina and Sabel as a function of 
moisture content (top) and 1000 seed weight 
(bcttom). 11 

2.3. Moisture content ! top), 1000 seed weight (centre) 
and germination (bottom) plotted against harvest 
date for 5.23.13 

2.4. Gerininat: i on of S. 23 as a function of moisture 
content (top) and 1000 seed wei&nt (bottom). 14 

2.5. Typical seeds of S. 23 (top) and Sabrina (bottom) 

x7" 16 

2.6. Longitudinal section through a Sabrina seed 
slowing palec eric. losirg the endosperm. Embryo 
not visible (x40) 17 

2.7. Trennverse sect1.0" through typical portions of 
the : sec'Ol of Sabr: h', Z. Embryo anc: endosperm, at 
blunt end of seed (top); endosperm and fo, cs of 
pales near the a. pc'x of the kerne 1; pericarp 
and pales beyond ,., -rnel (bottom). 10 

2.8. Internal : itructurr. of the ryegrass seed kernel 
(x120). 19 

2.9. Plar.. and crops-cettioncl views of S. 23 (loft) 

and Sabrina (righi' to dllustrate comparative 
size, shape and de pitied parameters. 28 

3.1. The N. I. A. E. multi-un: i t drier in 1969.416 

3.2. The N. I. A. E. multi-unit. drier in 1972 46 
following nodific, -I, ion for thin-layer dr;; i 

3.3. Thin-layer weighin ' unit. 48 

3.4. Circuit for incorj rating photo-switch (PS) 

and read-switch (R.. ) into automatic weighing 
system. 49 

3.5. Aspirated dry-and wet-bulb thermocouple units. 52 

3.6. Schematic layout c' sing] e-packed toti; cr. 54 



xiv 

Fig. No. Title Pam 

3.7. Flow chart of main programme and subroutine 
MOTCON used for the generation of moisture 
contents at each cycle time. 60 

3.8. Flow chart for subroutine SE1EX 66 

3.9. Replicate drying curves for 28.8°C. Solid 
line -- curve predicted by equation 3.38 (1970 

data). 74 

3.10. Replicate drying curves for 61.7°C. Solid 
line = curve predicted by equation 3.38 (1970 

data. ) 74 

3.11. Comparative fits of Equations 3.1 and 3.10 
to experimental. points (for key see Fig. 3.12) 75 

3.12. Comp^rative its of equations 3.1. and 3.10 
to ex porimentrnl points. 

___. 
log least squares equ 3.1. 
direct least squares equ 3.1. 
direct least squares equ 3.10. 75 

3.13. Plot. -. of drying const: nt, k, against drying air 
temperature for 1o7a. rithmic least squares fit of 
equation 3.1. (top) and. direct leact squares 
fit o-f equation 3.. 10. (bottom). 77 

3.14. Plot of drying congtant, k, against drying air 
tempt . "ature for direct lea--t squares fit of 
egl;. ai. ion 3.1.78 

3.15. Plot of equi]: ibrium moisture constants against 
relative humidity with fitted lines of equation 
3.42. at 30°C and 60°C (1970 data). 79 

3.16. Comparative f_i to given. by eguations 3.1. (- --) '3.1C(--)' 3.38 (-.. _.. and 3.39 (-" -"-) 
for funs 66' (top), 106 (middle) and 207 (bottom), 
1971 : a. ra. ta. 83 

3.17. P1oto of drying constant k giver. by the fit of 
equation 3.39 to 1971 data for Sabel (top) and 
5.23 (bottom). Fit, ed line plotted at mean 
humidity and ritial moisture ccntent of each 
data net. 86 

3.1 3. nryirg con star, ': --, k2, of equation 3.10 as a 
function of temperature for Sabel and-S. 23. 
Solid lines = 1971 data. Dotted line = 1970 
data. 87 

3.19. Drying coxrctai: t k9 of egaation 3.10 as a function 
of air : hurddity ftr Sabel (o) and S. 23 (A). 

1971 iata. 89 



xv 

Fig. No. Title 

3.20. Drying constant k as a function of temperature 
for 4 alternative drying curve equations fitted 
to 1971 data for S. 23. 

3.21. Asymptotic constants, He, derived from fits of 
equation 3.10. plotted against relative humidity 
for Sabel (0) and S. 23 (A) 1971 data. 

Page 

90 

92 

3.22. Correlation of asymptotic moisture contents, 
Me, with temperature and humidity given by 
equation 3.42. for values of Me obtained for the 
2 term exponential equation for Sabel (left) 

and S-23 (right). 93 

3.23. Final moisture contents, Mf, plotted against 
relative humidity for 1971 'result-- for Sabel (o) 

and S. 23 (t1) and for results from both. varieties 
in tho 1972 germination experiment (n). 
Continuous curve: = plot of equation 3.42 
for constant absolute humidity. 95 

3.24. Germination results from 1970 tests in S. 23 
seed with. fitte, ' curve of equation 3.45.97 

3.25. Effect of drying; air temperature in depressing 
germination of Sabel (1) and 5.23 (2). 98 

3.26. Effect of long-term exposure to temperature on 
the gonrknation of Sa'oel. Fitted curves at 
x'3.2 (top), 68, (cent--a) and 99.9 (bottom) 

moisture co-item: ,%d. b. 1,00 

3.27. Effect of long-t. E' rcn exposure to teraperatu? "e 
on the erir nation of S. 23. Pitted curves at 
31 .1 

(t op), 62.3 (cep t. re) and 93.9 (bottom ) 
moisture content, % d. b. 101 

3.28. Effect of long term exposure to temperature 
on the vigour of Sabel with fitted curve of 
equation 3.4-8.102 

3.29. Effect of long-torn cxpooure to temperature on 
the vigour of 5.23 with fitted curve of equation 
3.49.103 

3.30. Final moisture contents after 10 hou-r5 expos-ure 
to temperatures in the range 57.3 - 78.7°C 
plotted against cerrespondix relative humidities 
for Sabel, Runs 1 (D) 

,2R and 3 (A) and 
S. 23, Rims 4 (0). 5 (o) and. 6 (A). 108 



xvi 

Fig. No. Title Page 

3031. Effect of teu. 4erature on ertination of Sabel 
seeds after 15 min. (left) ani 101) (right) 

exposure from initial moisture contents of 
80.0 (A), 6402 (o) and 46.6 (C3)ö dry basis. 113 

3.32. Effect of temperature on ern nation of S. 23 
seeds after 15 min. (left) and 1Ch (right) 

exposure from initial moisture contents of 
71.5 (A), 53.4 (o) and 36.1 (0)% dry basis. 113 

3.33. Comparison of experimental and predicted drying 
rates given by data in Fig. 3.9.119 

3.34. Sum (top) and product (bottom) of the censtants, k, 
and k2 in equation 3.10 for Sabel (. ) and 5.23 
(A) with fitted lines represented by continuous 

dotted lines for Sabel and 5.23 respectively. 22 122 

3.35. Comparative drying rate constants, k, for S. 23 
(1) and Sabel (2) ryegrasses (equation 3.10), 
barley (3) (Boyce, ref-17) and wheat (4) 
(: ['Ewen and O'Callaghan ref. 68). 127 

3.36. Comparative diffasivities of S. 23 (1) and Sabel 
(2) ry egrass , with other grains. 
3= tiheat-M'Ewßn and OtCa]lagl, =. n (68) 
4= Barley-Boyce (17) 
5= Mai zo ) 
6= Wheat -Pabis (93) 
7 =Rens 

) 
128 

3.37. Comparison of experimental end predicted 
germinations of Sabel as a function of exposure 
time, e uatJon 3.53, ät 57.7 (0), 63,2 (°J, 
68.8 (A), 74.2 (©) and 78.5 (v)°C at moisture 
levels of 80.0 (top), 64.1 (middle) and 46.5 
(bottom) % d. b. 137 

3.38. Ccmparison of erperimental and predicted 
germinntions of S. 23 as a function of exposure 

" time, equation 3.53 at 57.7 (() g3.2 (0), 
68.8 (A ), 74.2 (0 j 

and 76.5 ('V5 C at 
moisture levels of 75.1 (ton), 53.4 (middle) and 
31.1 (bottom) % 3. b. 138 

4.1. Apparatus for parallel and radial-flow deep bed tests. 145 

4.2. Deep bin drier, Air duct, plenum chamber and small 
drying bin (top) and fan, heater electrical controls 
and inclined tube' gauges (bottom). 146 

4.3. False floor insert for sma'l drying bin with 
thermocouple lems fastened to central stalk at 
3 in. intervals. 147 



xvii 

Fig. No. Title Lama 

4.4. Section of radial bin drier. Thermocouple 
locations indicated by numbered dots. 148 

4.5" Flat sampling pan for the deep bin drier. 155 

4.6. Initial (x) and final (o) m isture gradients 
for parallel-flow . runs 1 (top) and 2 (bottom) 165 

4.7. Temperature profile, Run. 1,1Ö: 7: 70 166 

4.8. Temperature profile, Run 2,28: 7: 70 167 

4.9. Initial (x) and final (o) moisture gradionts 
for parallel-flow Runs 3 (top) and 4(bottom). 170 

4.10. Temperature profile, Run 3,4: 8! 70. 171 

4.11. Temperature profile, Run 4,12: 7: 71. 172 

4,12. Initial (x) and final (o) moisture gradient 
for parallel-flow Runs 5 (top) and 6 (bottom). 173 

4.13. Temperature profile, rain 5,14: 7: 71. 174 

4.14. Temperature profile, Run 6,19: 7: 71. 175 

4.15. Initial (jr) and final(o) mc-`sture gradients 
for parallel-flow Runs 7 (top) and 8 (bottom) 177 

4.16. Temperature profile, Rein 7,22: 7: 71. 178 

4.17. Temp nature profile, Run 8,26: 7:: 71. 179 

4.18. Initial (x) and final (o) moisture gradients 
for parallel-flow Runs 9 (top) and 10 (bottom). 181 

4.19. Temperature profi'c, R'n 9,30: 7: 71. 182 

4.20, Temperature profile, Run 10,4: -8: 71. 183 

4.21. Initial (x) and final (o) moisture gradients 
for parallel-flow Runs 11 (top) and 12 (bottom). 186 

4.22. Tempers. t,.: re profile, Run 11,16: 8: 71. 187 

4.23. Temperature profile, Run 12,17: 7: 72. 188 

4.24. Intermediate and final moisture gradients 
for radial-flow Runs 13 (top) and 14 (bottom) 190 

4.25. Temperature (o) and moisture (x) gradients 
sampled at 191' in Run 13 (top) and 4.5h in 
Run 14 (bottom). 191 

4.26. Temperature profile, Run 13,25: 7: 72. 192 

4.27. Temperature profile, Run 14,3: 8: 72. 193 

4.28. Intermediate end final moisture gradients for 
radial floc. Rin 15. i q5 



xviii 

Fig. No. Title Pape 

4.29. Ten. perature (o) and moisture (x) gradients 
sampled at 46h in Run 15.196 

4.30. Temperature profile, Run 15,10: 8, -? 2.197 

4.30a. Effect of moisture rt-duction upon shrinkage. 199 

4.31. Pressure resistance for Sabel. Parallel-flow 
Runs 5,6,8 and 12.202 

4.32. Pressure resistance for 8.23 parallel-flow 
Runs 9 and 10 and curves derived from radial- 
flow runs 16 and 15.203 

4.33. Pressure resistance for S. 23, Radial flow Runs 
14 and 15.204 

5.1. Interacting variables in the thin-layer. 214 

5.2. Principle of adjusting QM to contain exhaust 223 
r. h. within the feasible range (where the 

. symbol 8M represents A M. ) 

5.3. Simplified flow chart of parallel-flow deep bed 
drying programme. 234 

5.40 Effect of depth increment on predicted final 
moisture profile in Run 9.238 

5.5. Effect of heat transfer coefficient on final 
temperature profile predicted for Run 7. 
Experimental observations at real final time 
denoted by ®. 240 

5.6. Effect of heat transfer coefficient h3 on temperatures 
in layer 1 at iteration 1 (continuous lines) and in 
the 39th layer of the last iteration (dotted lines) 241 

5.7. Comparison of experimental and predicted final 
moisture contents (top) and drying times (bottom) 
for Sabel and Sabrina (o) and S. 23 W. 245 

5.8. Run 1. Observed (e) and calculated (1) final 
moisture profiles. The effect on the calculated 
profile of using an alternative relation for M 
is shown at the experimental time and. at the time 
required to reach the final mean bed moisture 
content. 247 

5.9. Run 2. Predicted drying curve (1) and input 
air teriperature (2). 249 

5.10. Run 2. Calculated (1) and observed (e) final 
moisture contents within the bed. 250 



xix 

Fig. No. Title Page 

5.11. RIM 3. Observed (" ) and calculated (1) final 
moisture profiles. 251 

5.12. Run 3. Variation in predicted mean bed moisture 
content with time (1) and comparison of calculated 
(2) and observed (3) exhaust air temperatures. 252 

5.13. Run 4. Final moisture profiles predicted at (1) 

experimental time (=23. Oh) and (2) calculated 
final time (26.4h) compared with experimental 
data (o). 253 

5.14. Run 5. Final moisture profile predicted at 
79.4h (1) and at 114 h (2) compared with 
experimental data (s). 254 

5.15. Run 5. Predicted drying curve. X= experimental 
final moisture content. 255 

5.16. Run 6. Predicted temperature-time profiles 
(--- compared with observed profiles () 
from Fig. 4.14. A= predicted average drying 
curve. 256 

5.17. Run 6. Final moisture profile at predicted drying 
time (1) compared with experimental data (e). 257 

5.18. Run 7. Predicted temperature-time profiles (-- - -) 
compared with observed profiles () from 
Fig. 4.16. A= predicted average drying curve. 258 

5.19. Run 7. Final moisture profile at predicted 
drying time (1) compared with experimental data (e). 259 

5.20. Run 8. Predicted temperature-tire profiles (-----) 

compared with observed profiles (-) from Fig. 4.17. 
A= predicted average drying curve. 260 

5.21. Run B. Final moisture profiles predicted at 
experimental time (1) and at 99.8 h (2) compared 
with experimental data (o). 261 

5.22. Run 10. Final moisture profile predicted at 
88.5 h1 compared with experimental profile at 
136 h. (o . 262 

5.23. Run 10. Predicted temperature-time profiles (---ý 
compared with observed profiles. ( 

- 
from Fig. 4.20.264, 

A= predicted average drying curve. 

5.24. Run 12. Predicted temperature-time profilos (----) 
compared with observed profiles ( from Fig. 4.23. 
A= predicted avera(; e drying curve. 265 

5.25. Run 12. Final moisture profile at predicted drying 
time (1) compared with experimental data (o). 266 



xx 

Fig. No. Title 

5.26. Run 13. Final moisture profile at predicted 
drying time (1) compared with experimental data 
(o). 

5.27. Run 14. Predicted temperature-time profiles 
(--- -) compared with observed profiles () 
from Fig. 4.27. A= predicted average 
drying curve. 

5.28. Example of predicted () and experimental 4- 
deep bed profiles given by OtCallaghan et al l88) 
Depths from surface 1=0.28m, 2 = 0.23 m, 
3=0.15 in, 4=0.075 in, 5= surface. 

Pie 

267 

268 

272 



xxi 

KEY TO SYMBOLS. 

F 

Operators 

In logarithm to base e 

log logarithm to base 10 

exp( ) exponent of 

f( ) function of 

f'( ) first differential function of 

h( ) function of 

increment of difference 

d differential 

fi ntegral 

A incremental 

I summation 

Lower case. 

a 

b 
constants 

c 

a 

do diameter of cylinder, m 

de effective diamr; ter based on density, m 

dg geometric mean diameter, m 

dm equivalent spherical diameter, m 

ds effective diameter of cylinder, m 

dvs volume-surface maan diameter, m 

e basis of naturEl logarithms 

f frequency 

h number of classes(Section 2) 

h coefficient of heat transfer, kJ/min m2 K 

hS volumetric heat transfer coefficient, kJ/min m3 K 

i 

integer constants 



xxii 

jh dimensionless group for heat transfer 

k drying constant, time-1 

k1 , k2 drying rate constants in equation 3.10 

k thermal conductivity of air, kW/m K 

kg rate of germination depression, time-1 

1 length of finite cylinder, m 

n integer constant 

p sum of k1 and k2 

p numerical constant in wet-bulb equation 

q product of k1 and k2 

q quantity of heat 

r radius of drying particle 

r correlation coefficient 

r numerical constant in wet-bulb equation 

rh relative humidity, ratio or % 

s constant in wet-bulb equation 

t temperature, °F 

t cycle time 

v air velocity, m/seo 

x space coordinate 

x independent variable 

xk values of independent variable 

y space coordinate 

y dependent variable 

yk values of dopen i, =nt variable 

z space coordinate 

z half-thickness of plane sheet(Section 3) 

z depth of deep bod(Section 5) 

UpEer case 

A empirical const., nt (Section 3) 

A abbreviated t^r' in mciel ogaations (P-, `- on 5) 

0 



xxiii 

As surface area of layer edge, m2 

A empirical constant (Section 3) 

A abbreviated term in model equations (Section 5) 

B empirical constant (Section 3) 

B abbreviated term in model equations (Section 5) 

B 
m Bessel function expressions 

B 
n 

C concentration of diffusing substance (Section 3) 

C specific heat capacity of wet seed, kJ/kg K 

Cpa specific heat capacity of air, kJ/kg K 

Cpg specific heat capacity of seed dry matter, kJ/kg K 

Cpl specific heat capacity of water liquid, kJ/kg K 

Cpw specific heat capacity of water vapour, kJ/kg K 

D bed depth, m (Section 2) 

D diffusion coe fficient, m2/min (Section 3) 

DP bed depth in pavvallel flow 

DR depth normal to radius in radial bin section 

Dp average particle diameter, m 

D0 diffusivity at absolute zero 

DM dry matter, g 

E activation energy 

E abbreviated term in model equations (Section 5) 

F rate of transfer of diffusing substance through unit area 

F abbreviated term in model equations (Section 5) 

G mass rate of flow, lb/h or kg/h2(Section 1+) or mass rate 
of flow per unit area, kg/min m (Section 5) 

G seed germination ,% 

GQ value of germination predicted for seed. of initial moisture 
content, M0 

Ge asymptotic germinatioa, % 

GD germination deprossion, % 



xxiv 

H absolute humidity of air, ratio 

Jo Bessel function of p' n 
L latent heat of vapourisation of water at T , kJ/ixg 

wb 
La latent heat of vapourisation of water at 0°C, kJ/kg 

Lg latent heat of vapourisation of water in seed, kJ; 1kg 

M seed mo isture content, % d. b. (Ratio in equations in 
Section 5) 

M mean bed moisture content, % d. b. 

Mb boirfa moisture content, ratio d. b. 

Me equilibrium or asymptotic moisture content, % or ratio d. b. 

Mf final moisture content, % or ratio d. b. 

M. intermediate value of moisture content at time, 6i 

Md moisture content, dry basis (% or ratio) 

Mw moisture content, % wet basis 

Mo initial moisture content, % or ratio d. b. 

N number of estimated values. 

P pressure, N/m2 

Pat atmospheric pressure, N/m2 

PS saturated vapour pressure, N/m2 

Pswb saturated vapour pressure of water at Twb, N/m2 

Pv partial vapour pressure, N/m2 

PP pressure drop in parallel flow 

PR pressure drop in radial flow 

Q volume flow of air, ft3/min or m3/m. in 

R universal gas co-istant 

R radius of finite cylinder 

R1 radius of inner wall of radial b Ln 

R'2 radius of outer wall of radial bin 

RL radius of annular layer in radial bin 

S surface area per unit volume of seed bulk, m~1 

SV surface area per unit volume of seed, m-1 



xxv 

Sp surface area of individual particle or seed, m2 

T temperature, °C 

Ta air temperature, °C 

Tabs absolute temperature, 'K 

Tamb ambient temperature , °C 

Tdb temperature of the dry bulb, °C 

Tg seed temperature, °C 

Tmax maximum permissible temperatura for seed viability, °C 

Ts temperature of surface of seed and air at layer edge, °C 

TYvb temperature of the wet bulb, °C 

U conductance, kJ/m2 C min 

VP volume of individual seed or particle, m3 

W. weight of moisture at ei, g 

W1000 weight of 1000 seeds, kg 

Yk estimated values of dependent variable 

Greek 

A adjustment in solution of equation of wet bulb line 

OD shrinkage, % original depth 

porosity, ratio 

8 time 

µn 

v 

Qg 
2 

or 
} 

dynamic viscosity, kg/m min 

roots of Bessel function 

density 

standard deviation 

geometric standard deviation 

variance 

R1/R2 



1. INTRODUCTION. 



1. INTRODUCTION 

The ryegrasses are the most important grass species in 

British farming. Perennial ryegrasses alone account for 45% of U. K. 
(101) 

grass seed consumption and the ryegrass group accounts for over 72%. 

In physical terms this represents an annual consumption of the 

perennial varieties of between 230 and 273 thousand cwt. Grass seed 

has no use other than for sowing. As a result demand is inelastic 

and yet yields and hence national production are notoriously variable. 

Growers are thus in a weak marketing position and have had to face large 

seasonal price fluctuations. These are illustrated by the plot of growers' 
(33) 

prices for the variety S. 23 for the years 1957-1971 in Figure 1.1. 

This diagram also demonstrates that the general price level has not 

reflected the inflation of the last few years. This situation has 

been met by the increasing concentration of grass seed production into 

the hands of fewer and more specialist seed growers who have remained 
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Fig. 1.1 Seasonal variation in grower's prices 

for S23 ryegrass seed. 
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in business by obtaining better or more consistent seed yields at 

reduced cost. The greatest cost reductions have resulted from the 

change in harvesting techniques, away from the traditional binder 

method, first to windrow harvesting and then to cutting and threshing 

direct by combine harvester. 

This change in method has been more gradual than the equivalent 

change in the cereal harvest because it created greater problems. 

Grasses begin to shed seed at an early stage of ripening and it is 

necessary to thresh the crop before the seed is fully ripe if a reasonable 

yield is to be obtained. Thus the seed is normally harvested over a 

moisture range greater than that commonly encountered with cereal grains. 

It is possible, although not good practice, to thresh S. 24 perennial 

ryegrass at moisture contents as high as 50°fo w. b. and still obtain seed 

of acceptable quality. A small proportion of the national ryegrass 

harvest may be harvested in this condition but the bulk is probably 

threshed in the range 35-25o w. b. Drying iss therefore, an essential 

component of the modern ryegrass harvesting system. 

Most types of agricultural drier can be used to'dry the seed 

although the on-floor method is the most popular. Continuous flow or 

batch-type driers have tended to decline in-popularity for three main 

reasons. 

(a) The seed does not flow easily particularly at high moisture 

content. 

(b) It is difficult 'to match drier capacity with combine- 

harvester output and high-moisture seed will begin to heat 

even whilst still in the combine-Ilan jatar tame. 
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(c) There is some prejudice against the use of heated air 

because of the possibility of depression of viability. 

Previous work by the present author suggests that this 

prejudice may be unfounded for diploid ryegrass seeds(79 

Low temperature drying, particularly the on-floor type of 

installation, is popular because it does away with the handling 

problem, the seed need not be precleaned before drying and the 

intake capacity of the drier can vary with the output of the 

harvesters. In addition there is no danger of seed damage from 

heated air: there is, however, a hazard from moulding of wet seed 

if it is dried too slowly. The problem is that the conditions 

under which moulding may occur are those which would be the most 

economical. That is, where a complete drying zone remains within 

the drying bed for the greatest possible proportion of the total 

drying time. Most of the difficulty in striking the correct balance 

between seed depth and air velocity arises from the high initial 

moisture content of the seed which will be at, or close to, equilibrium 

with saturated air. In addition the situation is aggravated by the 

high and often uneven pressure resistance to airflow. 

Previous work 
(79) 

had indicated that to determine optimum 

drying conditions by empirical experimentation alone was not feasible 

in time or cost. This applies to both high and low temperature drying, 

but more so to the low temperature drying because of the longer time 

scale and greater variability in inputs. 
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The objective of this present study was to attempt to specify such 

optimum conditions by developing a mathematical simulation of the 

drying process in deep layers of ryegrass seeds to enable the 

extrapolation of a limited number of experimental observations 

to a wide range of conditions. Particular attention was to be paid 

to low temperature drying and the use of biological changes as 

restraints within the model. 
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2. RYEGRASS SEED - RELEVANT PROPERTIES 

2.1. SEED ANALYSIS 

Almost all of the experimental work described in this 

thesis has involved the taking and analysis of seed samples for 

the determination of one or more of the following properties: - 

Moisture content 

Purity 

1000 seed weight 

Germination 

Standard methods for their determination are prescribed 

. 
'by the International Seed Testing Association (I. S. T. A. )(55 ) 

and 

these methods have been followed with only minor modifications. 

The main features of the methods are: - 

Moisture content 

2 replicate, unground 5g samples dried for 1 hour in a 

° 
ventilated oven regulated at 130 C. 

Purim 

2 replicate 2.5g sub-samples were sorted by hand into 

pure seed, multiple florets and rubbish. Purity was defined as 

the percentage of pure seed. The purity analysis provides a 

useful check on the cleanliness of the samples but its main use 

was in providing pure seed for the 1000 seed weight and germination 

tests. 

1000 seed weight 

The pure seed fractions from the purity analysis were 

used to count out either 3 or 4 lots of 100 seeds each, which were 

6-% weighed. The weights were multiplied by 10 and the mean taken. 

No prescription was made in the I. S. T. A. rules concerning correction 
(20) 

for moisture content but B. S. 3986: 1966 specifies a moisture content 

of 15% for wheat used in grain drier tests* Attempts to correct the 
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ryegrass 1000 seed weights to a common moisture content based on 

the values determined at the start of the purity analysis proved 

unrealistic because the seeds tended to equilibrate to between 

10-12% whilst exposed to the laboratory atmosphere. Thus the 

1000 seed weights quoted in this report refer to a moisture 

value of 10-12%. 

Germination 

The replicate 100s counted for the 1000 seed weight 

test were carried forward into this test. The 100 seeds were 

germinated, on 90 mm diameter filter paper pads supplied with 

water through paper wicks dipping into continuously circulating 

water. The pads were soaked initially in a 0.2% solution of KNO3 

to assist the breaking of dormancy. Alternating temperatures of 

17° and 22°C for both air and water were employed in a diurnal 

cycle of 16 hours dark and 8 hours light respectively. As an 

additional aid to breaking dormancy, the change in the water 

temperature from 22°C to 17°C was made rapidly. The number of 

seedlings germinating normally in 14 days was the germination 

percentage. An intermediate count was carried out at 7 days' 

(5 days in the official test) and seedlings germinating by that 

time removed. In the experiment described in Section 3.3 the 

tests were extended up to 21 days. 
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2.2. EXPERIMENTAL MATERIAL 

Two types of ryegrass were used in theexperimental work. 

Aberystwyth S. 23 is a diploid variety of Lolium perenne. A 

pasture variety with a prostrate growth habit it runs to seed late 

in the season and has very small seeds. Sabrina 
(103) 

and Sabel 

are both tetraploid hybrid crosses between Lolium perenne and 

Lolium multiflorum. The seeds are very large and ripen earlier 

in the season than 5.23. They are new varieties which are only 

now being made, available commercially and seed for this work was 

obtained by special arrangement with the Welsh Pant Breeding 

Station (WPBS). 
, 

2 acres each of S. 23 and Sabrina were established at 

Silsoe in time for 1970 harvest. Sabrina was replaced by Sabel 

for the 1971 and 1972 harvests because it was found, both at 

Silsoe and at the WPBS 103 
, that Sabrina exhibited secondary and 

tertiary heading which confused the ripening picture. 

The best guide to the harvesting of ryegrass seeds is 

moisture content. In the case of S. 23 it was-known from previous 

studies 
( 77 ) 

that satisfactory germination could be obtained from 

seed harvested at moisture contents as high as 50f but that better 

quality and seed weight could be obtained without excessive loss 

through shedding if harvesting was delayed until moisture caitent 

was reduced below 35% w. b. The ripening characteristics of the 

tetraploid hybrids were unknown and hence the routine sampling of 

these crops during the maturation period tock on a special 

significance. 

-, ... 
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2.2.1. Ripening studies 

At appropriate intervals during the ripening phase 

crop samples were either cut by hand shears and threshed on a 

ststionary threshing rig or cut and threshed direct by combine- 

harvester. For both machines a threshing drum peripheral speed 

of 25.4 m/s (5000 £t/min) and 9,5 mm (8 in) was used, not only 

to thresh these control samples but for the threshing of all the 

seed used in the experimental work. Immediately after threshing 

the control samples were sub-sampled for moisture content 

determination and the remainder dried with ambient air on a 

multi-hole sample drier. When dry (ßl3% w. b. ) they were stored 

in sealed tins at 50°F (10°C) for from 2 to 4 months until they 

could be analysed for purity, 1000 seed weight and germination. 

In 1972, on each of 1+ harvest dates of the tetraploid Sabel, some 

additional crop was cut but not threshed until it had been allowed 

to dry naturally for several days in an unheated store; this was 

to simulate an indirect harvesting method e. g. swath harvesting. 

The results of these tests are plotted in Figs. 21-24 

Y' and the data given in Appendix 2. 

2.2.1. (a) Sabrina (1970) and Sabel (1971/2) 

Fig, 2.1 is of interest because it indicates the period 

over which the crop may be harvested and shows how much the 

properties measured fluctuate from one date to the next, mainly 

as a result of sampling error. In the single year that Sabrina 

was grown it ripened earlier than did the Sabel in the following 

two years, but the ripening of the Sebrina was also confused by 

the development of unripe-seed in late formed tillers. These 

gave an upward twist to the moisture content curve and as the 

phenomenon appeared to be characteristic of the variety 
(103 

led to its replacement with Sabel in the following two years. 

The difference between Sabrina and Sabel disappear if the 
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germinations of the control samples are plotted against the 

moisture content. In Fig. 2.2 (top) the moisture content scale 

is in wet basis since this, is the one commonly used in correlatint; 

biological properties. However it was found that the data were 

more highly correlated with the dry basis moisture content and the 

equation of the curve plotted in Fig. 2.2 (top) is 

G= 94.9 - 3.336 exp (C. 0173. Md. ) .............. 2.1 

or G= 94.9 - 3.336 exp (1.73. Mw/(10C-Mw) .............. 2.2 

As would be expected, the increase in germination as moisture 

content falls is reflected by an increase in 1000 seed weight and 

this relationship is plotted in Fig. 2.2. (bottom). The direct 

correlation between these two factors is quite small if the 

moisture content effect is eliminated and inclusion of 1000 seed 

weight as a separate factor in equation 2.1 would not have been 

justified. 

Equation 2.1 predicts that 9G% germination, the normal. 

commercial minimum requirement, is not reached until 1Wf w. b. 

. -. _( 
'-2%-d. b. ). Roberts 103 has shown that, Sabrin a-is capable, of 

yielding 9W,, germination at 52% w. b. if threshed gently by hand 

rubbing but is severely damaged if threshed. in a laboratory mill. 

He concluded that -the tetraploid is extremely sensitive to damage 

and since seed shedding begins at about 1.5%, recommends that the 

variety should be swath-harvested. The seeds in the present 

work were by no means as severely damaged as the mill threshed 

samples of Roberts but nevertheless the data of Fig. 2.2. (top) 

support the conclusion that direct threshing may not be suitable. 

Table 2.1 compares the results of direct and indirect threshing 

of material from four dat©skfor Sabel:, ' in 19%2. It confirms that 

seed 'cut at-'a 1mäisture 'content vs high as 55.4% will continue to 

r] pen, on the cut., stal4. ',. _The gernina. tiors of these indirect 

lJ 

., 
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Table 2 .1 

Comparison of direct and indirect threshed samples of Sabel, 1912 

Date of Moisture content 1000 seed Germination 
cutting, threshing, weight % 

July % w. b. 
Direct Indirect Direct Indirect Direct Indirect 

12 55.4 18.0 3.39 3.43 70 87 
13 52.1 19.7 3.72 3.53 81 90 
14 50.5 15.8 3.59 3.58 78 90 
17 45.6 21.7 3.81 3.99 11 81 9(. 

harvest samples are also plotted in Fig. 2.2 (top) and fit neatly 

onto the line predicted by equation 2.1 although not used in its 

derivation. 

2.2.1 (b) S. 23 

The 3 years harvests of 5.23 are plotted in Fig. 2.3. 

In all 3 years the trends of moisture content and germination 

were similar but the 1000 seed weights of the seed obtained in 

the first year were higher than those obtained in the two 

subsequent years. This may be a reflection of the husbandry 

of the crop e. g. diminished soil fertility or increased plant 

population in the 2nd and 3rd years. Since it did not affect 

the germination/moisture content pattern the difference is not 

serious. This relationship is plotted in Fig. 2.4 (top) together 

with a fitted curve defined by equation 2.3. 

G= 96.0 - 0.1588 exp (C. 044.5. Md) .............. 2.3. 

or G= 96.0 - 0.1588 exp (4.4.5Mw/(100-Mw) 
............ 2.4. 

This equation predicts the attainment of 99f germination 

at 45% w. b. (82% d. b. ) and clearly confirms the'feasibi]ity of 

direct harvestin already y established in current 
76'ýý ( 

.,,.... ý , 
ý. 

. 
practice 
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2.2.2. Anatom 

The simplest theory describing the drying of seeds 

assumes that they can be regarded as capsules of water enclosed 

by a pervious membrane; other more complex, but more realistic, 

models take into account the internal resistance to moisture 

diffusion 
(96 ) 

but whilst still regarding the seeds as 

homogeneous particles. Recently attempts have been made to 

write equations of drying in which the seed can be regarded as 
(138) 

concentric layers of varying materials. Clearly in this context 

the anatomy of the seeds becomes important. 

The anatomy of a ryegrass seed. is similar to that of a 

cereal grain. The grain or kernel develops within a pair of. 

bracts or leaves called the lemma and palea and although these 

do not become fused to the grain as they do in barley, they are 

firmly attached and are not readily removed at threshing as they 

are in wheat or rye. Naked seeds are normally regarded as an 

indication of over-severe threshing. The complete seed is shaped 

like a long boat (Fige25) but when viewed against'a powerful light 

can be seen to be much longer than the kernel which only occupies 

the bottom half of it. This feature is visible in the longitudinal 

section through a Sabrina seed shown in Fig. 2.6. In cross-section, 

Figo2e7, the pales are folded around the seed and upwards to form 

two longitudinal ribs. 

The internal structure of the kernel is summarised by 

Fig. 2.8. The endosperm and the embryo are surrounded by a dark 

thin layer which is difficult to differentiate into pericarp, 

testa and hyaline layers but beneath this layer the large cells 

of the aleurone layer surrounding and forming part of the 

endosperm are clearly visible. 
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(4s) In wheat it has been shorn that it is the testa 

nut tue aleuroue layer 
( 67 ) which hab the dominant influence on 

the rate of moisture loss from the kernel. Also in sweet corn 
(98) 

(Zea mays), Purdy & Gracie found that the drying rate was mainly 

a function of pericarp thickness and that removal of the pericarp 

eliminated differences üetweeu 'faste wiü 'slow' drying kernels. 
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2.2.3. Size and weight 

It was expected that if differences were . found. between 

the drying characteristics of diploid and tetraploid seeds then 

they would be, in large part, a function of differences in size 

and weight and might also be a function of shape if this property 

also varied between them. 

A comparison was made between S. 23 and Sabrina seeds 

and had the following aims. 

1. To determine the mean principal dimensions and weights 

and their distributions about the mean. 

2. To use such dimensions to characterise and compare 

shape between the, varieties and if possible, approximate 

the shape to some geometric figure for which calculation 

of volume and surface area is possible. 

3. To compare dimensions obtained by different methods and 

to choose the most practical effective method for 

determining the dimensions in a seed bulk. 

2.2.3. a. Theory 

For particles for which it is possible to calculate 

volt ae and st rf ace area it is also possible to derive a single 

value of length suitable for use in calculating Reynold's number. 
(6a) 

McEwen et al define the spherical diamater, dm, as that diameter 

of a sphere having the same ratio of surface area to volume as 

the seed. . Thus in its simplest form 
dm=6'ßp 

......... 2.5 

SP 

The problem with irregularly shaped grains is 

approximating the shape for the calculation of the surface area 

and volume from measurement of the principal dimensions. Becker 
(13 ) 

working with wheat introduced the concept of a sphericity factor 
(and 

Chu and Hustrulid'26 
ý 

introduced' a shape factor for maize. 
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For correlating heat transfer data for spheres and cylinders, 

Gamson, Thodos and Hougen 
(36) 

used an effective diameter for 

the cylinders corresponding to a sphere having the same surface 

area as the cylinder. 

ds dc Ic +d2 c ......... 2.6 
2 

where dc = diameter of the cylinder, 

and 1 
c= 

length. 

A similar approach was taken with wheat by Pabis and 

Henderson 
(94) 

who used the geometric average of the 3 principal 
(96) 

dimensions as being the diameter of an equivalent sphere. Pebis 

later defined the effective diameter, de, as 

3f-6. W1000 
de _ ......... 2.7 

I000p 

where p= density of seed and. W1000 = 1000 seed weight. 

Since 1000 seed weight is an easily measured property this is 

clearly an attractive method. 

For more irregularly shaped particles than the large 

cereal grains, various 'diameters' can be obtained from the 

frequency distributions of dimensions obtained by various methods. 
( 22) 

That of sieving is the one most applicable to particles of 

the size of grass seeds. Particulate materials are generally 

found to follow the log-normal distribution and the geometric 

mean, dg and standard deviations are normally reported. The 

geometric mean is given by the equation 

In d9- F (tj . In di) ......... 2.8 

where fi = frequency within each class, di 

h= number of classes 

and n=E 
(f1, 

...... fn = 100 when fi is in percentage form. 
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The standard deviation of the geometric mean is then 

given by 
h2 

In v9 4-s- 
ýti 

((n di - In dg) ......... 2.9 
i=1 L 

Other diameters are defined and are more suitable for some 

purposes. For surface-area determinations, the volume-surface 

mean particle size is appropriate and is defined as follows 

_T, 
f3 dvs- ii2......... 

2.10 
I; fidi 

It is the diameter of a sphere of equivalent volume to surface 

ratio and is analogous to the spherical diameter, dm, defined by 

If the specific surface area, Sv, is defined M' Ewen et al. 
( 68 

as the surface area per unit volume then 
Sv= 6 

......... 2.11 
d vs 

For particles other than spheres or cubes, the proportionality 

factor is not 6 but this factor is usually considered to be 

sufficiently close to the correct value to give a reasonable 

estimate of the area. 

2.2.3. b. Experimental. (i) Measurements on individual grains 

Surplus seed from the original bulk used to sow the 

S. 23 and Sabrina crops and seed from the subsequent harvest in 

1970 was used to provide 2 samples of each variety. Each bulk 

was divided down to a quantity just sufficient to provide 10 

replicate samples of 100 seeds each. These were weighed to 

0.001 g to provide an estimate of 1000 seed weight. 

Then from each separate 100,10 seeds were taken at 

random and measured for length and width by means of a projection 

microscope of lOx magnification, and for thickness by means of 

micrometer. The measurements were reported to 0.01 mm. 

The experiment was thus a2x2 design in which each 

treatment combination was split into 10 sub-samples and for the 
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measurement of dimensions, the sub-samples were further split 

into 10. It was set up in this form to examine the variation 

in dimensions within the samples rather than to examine 

differences between them. Such a comparison could not have 

been carried out without a larger number of samples of independent 

origin of both varieties. 

(ii) Sieve analysis 

For each variety x year combination, four 50g samples 

were sieved by means of a Pascall Sieve Shaker using a shaking time 

of 5 minutes. The sieves used in mesh numbers and equivalent 

metric hole sizes are listed in Table 2.2 . 

Table 2.2 

Sieve sizes 

B. S. Mesh 
size 

Aperture 
size - microns 

Class 
boundaries 

Class 
mark (di) 

7 2.400 3.000-2.400 2.700 

10 1.680 2.400-1.680 2.040 

12 1.405 1.680-1.405 1.5425 

14 1.200 1.405-1.200 1.3025 

16 1.003 1.200-1-003 1.1015 

18 0.853 1.003-0.853 0.928 
22 0.699 0.853-0.699 0.776 
25 0.599 0.699-0.599 0.649 
30 0.500 0.599-0.500 0.5495 

It was found that for each variety, the bulk of the seed 

was contained in 3 oversize fractions. These were mesh sizes 14, 

16,18 for S. 23 and 10,12, and 14 for Sabrina. From each of 

these major fractions, 4 replicates of 100 seeds each were counted 

and weighed, as before, to 0.001 g. 

0 
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, 2.2.3. c. Results 

Although there were differences between the mean 

" results obtained frone the two samples of each variety, these 

were small compared to those between varieties and only the 

means for the varieties are differentiated in the text. Full 

details of all the results are contained in Appendix 2. 

The results of the measurements on individual grains 

are summarised. by Table 2.3 in which each value is the mean of 

200 observations. The range of each dimension within each 

variety is indicated by the standard deviations and where 

appropriate the relative magnitude of Sabrina relative to 

S. 23 is indicated. 

Table 2.3 

Mean dimensions, 1000 seed weight and some derived 
parameters of size and shape 

Property 1 S. 23 S. D. Sabrina + 
- S. D. 

Relative 
Magnitude 

Mean 

1000 seed weight, g 1.744 1+. 124 2.365 

Length, mm 5.3 ± 0.72 7.0 ± 0.76 1.32 

Width, mm 1.21± 0.15 1.59± 0.19 1.31 
Thickness, mm 0.78 ± 0.11 1.09 ± 0.17 1.1+0 

Lengthftidth 4.41 ± 0.59 4.43 ± 0.46 4.42 
Length thickness 6.8 ± 1.17 6.50 * 1.05 6.68 

Width/thickness 1.57 ± 0.26 1.1+7 ± 0.12 1.52 

Length x width x 1.71 ± 0.17 2.30 ± 0.24 1.34 thickness 
(equation 2.7) d 1.36 1.81 1.33 

0 

The mean 1000 seed weight of Sabrina, 4.124 g, is 2.365 times that 

of S. 23,1.744. g, and this is reflected in the larger dimensions. 

Since the relative increases in all 3 dimensions are of a similar 

order, it may be assumed that the shape of both varieties is the 

same and this conclusion is further borne out by comparison of the 
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shape factors. In general the seeds are 4.42 times as long as 

they are wide and 6.68 times longer than they are thick, and the 
its 

distribution of --ach variety about/mean values is very similar. 

The cube root of the relative magnitude of the 1000 

seed weights is 1.33 which is of similar order to the increases 

in both individual dimensions and their geometric mean which 

indicates that the two varieties also have similar density. 

In calculating the effective diameters, de, by equation 2.7 a 

density of 1.32 g/cm has been assumed. 
(62) 

Although there are consistent differences in mean 

size and weight between varieties, the size distribution within 

each variety is quite wide so that there is considerable overlap 

between them. For example, the 95% confidence limits on length 

are 3.89 - 6.71 mm for 5.23 and 5.51 - 8.49 mm for Sabrina and a 

similar overlap occurs between the other dimensions. This would 

also suggest a wider range in seed weight than is indicated by the 

standard deviation of the 1000 seed weight measurements, which, 

being based on random selections of 100 seeds, do not (and should 

not) reflect the variation in size between individual seeds. 

The sieving procedure deliberately separated the seed into size 

fractions and the 1000 seed weights of these fractions (Table 2.4 ) 

exhibit the variations that the variation in seed dimensions would 

lead one to expect. 
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Table 2.4 

Mean 1000 seed weights, in major size fractions 
Bracketed values =% by weight in each class 

B. S. Mesh Class boundary S23 237 
size microns 1969 1970 1969 1970 

10 2.400-1.680 --; 6.19 5.66 
(17.8) (4.96) 

12 1.680-1.405 -- 4.74 4.94 
(52.1) (54.6) 

14 1.405-1.200 2.24.2.31 3.3 3.27 
(41.1)(21.9) (28.5) (33.4) 

16 1.200-1.003 1.66 1.81 - 1.93 
(39.0) (50.3) (5.0) 

18 1.003-0.853 1.16 1.29 - - 
(15.3) (20.9) 

The Geometric and volume-surface mean diameters derived 

from the sieving results by equations 2.8,2.10 are presented in 

Table 2.5 As would be expected from the nature of the 

sieving process the geometric mean diameter is of the same order 

as the seed width and the volume-surface diameters are in even 

closer agreement with the width. Once again the magnitude of 

increase in size from S. 23 to Sabrina is l- . 

Table 2.5 

Diameters derived from sieving results 

Diameter, mm S. 23 Sabrina 
Relative 
magnitude 

Geometric mean 1.118 1.1+79 1 1.32 

Volume-surface mean 1.181 1.584 1.34 

To illustrate these results, in Fig., 2.9 the average 

'dimensions have=been used to draw to scale,, plan and cross, 

sectional views of the seeds based on the shape given by the 

photographs and sections. , 
The derived diameters are represented 

by a series of concentric half circles beneath the shape drawings. 
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Fig Y2.9" Plan and cross-sectional views of S13(left) and Sabrina (right) 

to illustrate comparative size, shape and derived parameters. 



29 

Since the relative magnitude between varieties of all 

of the diameters is similar, the choice of characteristic "dimension" 

by which to compare varieties would seem to be best determined by (a) 

their relevance for comparison with other seed species and (b) the 

ease with which they are determined. From both points of view, the 

effective diameter, de, as calculated by equation 2.7 would seem to 

be the most suitable since it is derived from 1000 seed weight, a 

property which is readily determined for most species. For ryegrass 

seed its value also lies between the geometric mean of the principal 

dimensions and the geometric mean diameter calculated from the sieving 

results. It therefore represents a compromise between these values. 

In addition to providing some indication of "dimension" for 

use in say, Reynold's number or in calculating diffusion coefficients, 

it was hoped that this study might provide some guide to the surface 

area per unit volume, Sv, a property relevant to the process of heat 

transfer. Substitution of the volume-surface mean diameters in 

equation 2.11 gives specific areas of 5081 and 3787 m2/m3 for S. 23 

and Sabrina respectively. 

Orr and Dallavalle(90) suggest that for long cylindrical 

particles the 6 in equation 2.11 should be replaced by 4. This 

reduces the two estimates to 3587 and 2525 m2/m3 respectively. An 

approximate check on these values is to use them together with dvs 

and the mean 1000 seed weights (Table 2.3) to calculate the solid 

densities. Using the smaller pair of estimates, solid densities of 

1368 and 1321 kg/m3 are obtained. These agree extremely well with 

the value of 1320 kg/m3 measured by Lawton(62) for 5.24 and 1290 kg/m3 

measured by Osborne(91) for S. 1010 A final calculation which confirms 

that these specific surface areas are in the right range is that of 

approximating the seed to a rectangular box of dimensions equal to 

the mean principal dimensions. 
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Since this ignores the tapered shape, it might be expected to 

overestimato the surface area. The values obtained, 4325 and 3180 

n2/m3 for fl, 23 and Sabrina respectively are higher than those 

obtained with the modified form of equation 2.11. 

Another method of calculating surface area is to use 

the Kozeny-Carman formula for the air permeability of a granular 

solid. In simple form this is(57) o 

SVP f3 
Jý( ýv ý1 

_(1 ......... 
7 

O1G 

where P= pressure drop, N/m2 

D= bed depth, m 

v= air velocity, m/sec 

It= dynamic viscosity 

C= porosity 

and using data for Ss23 and Sabrina obtained in the experiments 

described in Section 4 indicates specific surface areas of the order 

of 11,000 to 19,000 m2/m3 i. e. more than twice the values given by 

sieving or simple measurement, This result seems doubtful but cannot 

he dismisnerl for two reasons. Firstly, they were derived from pressure 

mea, sureinonts on uncloaned seed and may reflect a high level of 

contamination with small particles. Secondly as a through-flow 

method, this may give answers most relevant to through-flow drying0 
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3, DETERMINATION OF DRYING PROPERTIES. THIN-LAYER EXPERIMENTS 

3.1. INTRODUCTION 

This section is concerned with the determination 

of the mass transfer properties of the seeds. The work involved 

1. The development of apparatus in which thin layers 

of seed could be dried at controlled temperatures 

and humidities and with continuous monitoring of 

loss of weight. 

2. The development of proceduresfor analysing the data 

.' 
and for expressing the properties as functions of 

drying conditions. 

The mass transfer experiments provided information on 

the effect of drying treatments on seed germination, and this 

property was also studied in a separate experiment using the 

same apparatus. Finally the apparatus was used for some 

preliminary attempts to determine heat transfer coefficients. 

3.2. THEORY 

v, 3.2.1. Mass Transfer 

The removal of water from a mass of seed by the 

through-flow of air can be divided into 2 phases. In the first,, 

water moves from within the seed to its surface; in the second, 

there is evaporation from the surface into the interstitial air. 

Irrespective of the mechanism by which the moisture moves within 

the seed, it does so in response to the external-conditions. 

Its rate of movement will be affected by the rate of movement 

of air through the interstitial spaces only if stable conditions 

are not maintained. In anormal deep-bed: drying situation , 

the balance of heat and mass transfer is such that the external 

conditions surrounding individual seeds are constantly changing, 

but virtually stable conditions can be maintained experimentally 
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by drying the seeds in a 'thin' or 'exposed' layer-with an excess 

I 

of airflow. The work in this section assumes that functional 

, 
relationships describing the moisture movement within the-seed 

under constant external conditions can be used to calculate the 

moisture movement when the conditions are, varying, 

It was shown in Section 2 that ryegrass, seeds are 

similar in structure to the common cereal grains but are smaller 

and are harvested over a greater range of moisture content and 

ripeness. Nevertheless, it would be-reasonable to expect that 

their behaviour during drying would also be similar and that the 

following relationship, put forward for wheat 
( 67,69 ) 

and 

barley 
( 16'49 ) 

might adequately describe the falling rate period. 

Me 

ex V1rkO) s"".. ß. 9" 
3. l 

... 

Mö Me ýý 
_ 

The darivati. oti at this equation 
ý") 

is based upon the 

assumption that the resistance to drying of the cereal grain is 

in the aleurone layer enclosing the endosperm and-not diffusion 

through the endosperm itself. Hirnton 
(a, ) 

_in an ingenious 

series of e xperiaicnts demonstrated that, although wheat did have 

a watier resistant layer, the testa, and not the aleurone layer, 

it was the much greater relative thickness of the endosperm 

which really limited the rate of movement of water into and 
(2) 

out of the grain. This supports earlier work by Babbitt who 

demonstrated that the removal of the wheat pericarp and testa 
s9 

had no effect on the drying rate. In contrast Purdy & Crane 

. 
found that varietal differences in pericarp thickness could 

effect the drying rate of maize, but it is evident from their 

, _. -,. results that the endosperm tissue was still the basic determinant 

1- . of -. the rate . -, ._-_-" 
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(10,53,25,40,93,96,127,118 

Thus it has been shown by several investigators that 

equation3. l does not give a satisfactory description of the whole 

curve and several alternative equations have been proposed. 

Some of these are empirical 
(IIS134 

but where there is a 

theoretical base it is usually Fick's Law of Diffusion. 

Fick's first law states that the rate of transfer of 

a diffusing substance through unit area of a section is 

proportional to the concentration gradient measured normal to 

the section. 

F__o, ac 
Sx ......... 3.2 

From this equation it is possible to derive the second 

law which defines the rate of change of concentration with time. 

In three-dimensional form this is 

ac D (aýC+62C 3.3 -: 
l ........ 

se xaa ZI 

Solutiuris to equation 3.3. are given in standard 

textbooks (see Crank, 1964 
(30 ))anti 

because of the difficulty 

of exactly characterising a seed shape it is convenient to accept 

solutions from standard geometrical shapes 
10,96,26 , 139 

The most obvious shape with which to approximate a seed is that 

of a sphere for which the solution, if moisture content is used 

'to"replace concentration is 

-.. ,. 
a M-M¢_ 6I . CXP nß eý. "....... 3. lß 

Mo Me r 
n. l 

This series converges rapidly as 0 increases so 

that for large 0 it can be written 

33 

M_ MM 
=_" exp(-k 0) 

......... 3.5 
MýrM¢ rý 
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where k=D'? 2 The analogy with equation 3.1 is immediately 

r 
clear and for practical purposes the replacement of D, r2 72 

with the single term k allows the mass transfer, constant to be 

determined without specific reference to seed size, and shape. 

For a plane sheet of half-thickness, z, the solution 

is M-M 8aI exp/ (2n-I)2 Dr2.0 
......... 3.6 

Mo Me 1r (2n-I) z 
^5 11,1.1 n=1 

This is similar to equation 3.4 but converges more rapidly 
( 47 ) 

because of the omission of alternate terms. Henderson & Henderson 

found that the first 2-termsof this series provided an adequate 

description of the drying of rice for use in a simulation model.. 

A solution for a finite cylinder was proposed by 

96 ( 
Pabia 

a 
M-M¢ Bngme xPµ"+=4 De 3.7 

"Mý Mz 

EE 

m. l 
R 

e n=1 

whore R= radius 1 length 
Bn BM 

t -ý 
µn µm 

µm =(2 m- 1). j Jo(µn)_p' 

The µn values are the roots of the Bessel function of the first 

kind of *order, zero, (p, = 2.405, µ2 = 5.520, ßt3 = 8.654., µ4 = 11.792. ) 

A similar solution was developed by Young & Whitaker 139_) in a 

study of the drying of peanuts in the hull but was found to give 

a reasonable description of the drying curve only when, the ratio 

of radius to length bore no physical resemblance to the peanuts. 
52 Husain, Chen and Clayton 

ý) 
concluded that when the ratio of 

iy 

@ý 
fi 

.rýY 

fw 
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length to diameter is greater than 5 the end effects are negligible 

and the drying of a long seed such as rice could be approximated 

by the solution for the infinite rather than the finite cylinder. 

Such a simplification is probably reasonable since all 

the solutions are based on assumptions which are-almost certainly 

not true. These are 

1. That the initial distribution of moisture content 

is uniform. 

2. That the seed is homogeneous. 

3e That diffusivity is constant (and therefore independent. 

of moisture content). 

1ý. That the seed surface instantaneously reaches equilibrium 

with the drying air. 

Numerical approximations to the solution of Fick's Law 
(27 ) 

with variable diffusivity have been presented (Chu & Hustrulid 

Young 
(137) 

Whitaker at al 
(131) 

p Husain, Gien & Clay Lois 
(51 )) 

and 

extended 
(138) 

to represent the drying body as a series of composite 

shells which for non-homogeneous bodies, caul be composed of materials 

of differing hygroscopic properties. 

Becker & Sallans 10,11 found that the drying curve 

for wheat could be described by two periods of constant clifiusivity, 

the transition occurring at approximately is m. c. d. b. The 

diffusion coefficient was approximately 10 times smaller below 

'this level. A similar phenomenon was found in the drying of 

non-fatty fish muscle 
(Sß 

and it was suggested that the transition 

point is that at which the adsorbed water is reduced to a 

monomolecular layer. 
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In the present work it was necessary to strike a 

balance between the possibitityot greater precision given by the 

more complex equations and utility within a simulation 

programme. Repeated evaluation of the differential of the 

drying curve equation is the whole basis of the deep layer 

calculations described. in Chapter 5 and a simple functioa 

with the minimum number of constants can save considerably 

on computing time. Thus equation 3.1 was the first relatioaa 

investigated. This equation has two constants k and Me and 

other investigators have derived these either graphically or 

by a least squares fit of the differential forms of equation 

3.1.37,16 7110 

LM_-k(M-MQ) ......... 3.8 
d G- 

In dM_-kA - In k(Mä Me) ......... 3.9 
Re 

Ina preliminary study of data for rapeseed obtained 

by manual weighing in 1969 
(7s 

the_present author concluded 

that the equation was best fitted-in-the-undifferentiated form 

either by logarithmio__or_direct_(iterativa. 
-leaat--squaros, 

Although the latter gave a better overall fit, the former gave 

a better fit to the final portion of the curves because of the 

logarithmic weighting and because the asymptotic constant, Me, 

was fixed close to the final moisture content. This difference 

tended to confirm that equation 3.1 did not fit the whole curve 

particularly well and thatthe_extra_. tQrms of the series 

equations 3.4 and 3.6 might. provide a better description. � 

Clearly one way of evaluating the constants for the series 

equations would be to fit a modified equation 3.1 to only that 
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`portion of the drying curve for which the series has converged. 

But the problem here is in deciding at what point the series has 

converged, when k is, by definition, not known and the experimental 

curves relate to varying initial moisture contents and drying air 

temperatures. 

Rather than make some arbitrary choice of this point 

it was decided that, in addition to fitting equation 3.1 by 

logarithmic and direct least squares the-data-would-al-so-be- 

"fitted to a 2___term exponential equation 

Mý A, exp(-k1O)+B. cxp(-k2)+MQ """"""""" 3.10 

in which the extra term, A exp (-k10), would approximate-the 

higher order terms, of equation_. 3.4, or. 6_. 
-Programmes . 

to_. fit__ 

equations 3.1 and 3.10 were developed and a Paper describing 

their application to data from 1970 was published 
ý81 

, 

). 

Subsequently the programmes were further refined and an 

additional programme developed to fit the series equations 

3.4 and 3.6 simplified by the substitution of the drying rate 

constant k, for the respective term DDT and 
D 

rz 

This work is described in detail in Section 3.3.2 and Appendix 3. 

3.2.2. Equilibrium moisture content 

The term Me in equations 3.1 - 3.10 has been termed 

the dynamic equilibrium moisture content because it is usually 

found to differ from the static e. m. c. reached under long term 

exposure to a constant atmosphere. Its existence as, a, distinct 
(quantity 

has been doubted 27ý 
although it has. been suggested that 

it may represent some average of the surface moisture over a 

certain period. This would be reasonably consistent with the 

hypothesis of a second falling rate periol. 
(5-a) 

But it seems 
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to the present author that an additional reason for the discrepancy 

is that the dynamic value is usually derived from a curve fitting 

procedure which is concerned to find a value which minimises the 

variance of the whole curve rather than to find an absolute value 

of e. m. c. Clearly in drying calculations in which equilibrium 

conditions are approached, the value of the Me used must deviate 

little from the static value if realistic answers are to be 

obtained. Thus it is to be expected that the dynamic Me will 

be a function of relative humidity and temperatures in a similar 

manner to the static value. That is, a plot of Me against r. h. 

would be expected to be of sigmoid form, rising steeply from zero 

but levelling off and increasing almost linearly over most of the 

r. h. range and rising steeply again to become asymptotic to 100'0 

r. h. The only equation which has been proposed specifically for 

correlating dynamic e. m. c. 
(69 ) 

values does not have this form 

and although it has been used in models of the drying process 
( 16,17,88 ) 

it has been found necessary to introduce an empirical 

modification. 
( 3) Numerous theories and equations to explain 

adsorption and desorption equilibria have been put forward, and 

some of these have been found reviewed in more detail elsewhere 

by the present author. 
( 82 

If water is visualised as adsorbing onto the internal 

surfaces of the seed then the layer of molecules adsorbing directly 

onto the surface will be the one most tightly held. Subsequent 

layers of molecules will be more and more loosely held until they 

are removable by the normal heat of evaporation. For convenience 

Smith 
(111 

simplified this model into 2 categories of adsorbed 

moisture, that which was 'loosely' held and that which was 'bound' 

to the seed surface by forces stronger than the normal heat of 

'evaporation. He visualised that the bound water fraction, must 
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reach a maximum value well short of saturation and that it could 

be represented by a convex curve asymptotic to a relatively low 

moisture content. In contrast the loosely held fraction would 

increase progressively as saturation vapour pressure was 

approached and would produce a concave curve. The summation 

of these two curves would produce the characteristic sigmoid 

shape. He proposed the equation 

Me = Mb -a In (1-rh) 
................ 3.11 

where Mb represents the maximum bound water. Hence the equation 

does not describe that part of the curve in which all of the 

moisture is in the bound state. However, the results of Becker 

& Sallans 
( 11 ) 

for wheat would suggest that Mb is below the safe 

storage moisture content and that this relatively simple equation 

can be of practical value. A number of similar equations have 

been proposed the most widely used being that of Henderson. 

(1 - rh) = exp. (-a T. Mn) ............... 3.12 � 

or a modification proposed by Day and Nelson 
(32) 

in which all 

the temperature dependency is transferred to the constants a and 

n 

(1 - rh) = exp (-a Mn) ............... 3.13 � 

From a consideration of the Othmer plot Strohman and 

Yoerger 
(116 ) 

have proposed the equation 

in (rh) =a in Ps exp (bM) +c exp (dM) 
........ 3.11+ 

where a, b, c&d are constants independent of temperature and 

the saturation vapor pressure term In Ps provides the temperature 

dependency. A simpler, but similar equation has been given by 

Chung and Pfost 
( 25 

ln. (rh) _' ! Tabs exp (- bM) .......... 3.15 
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But like the Henderson equation., the use of the RT term does not 

eliminate the temperature dependency of the constants a and b and 

the independently proposed equation of Chen and Clayton 
( 23 

simply removes the RT term. None of these equations take account 

of hysteresis except by empirical determination of separate 

constants for the adsorptive and desorptive phases. Young and 
(135,136 

Nelson have put forward an equation which represents a 

combination of the equation of Smith with the molecular BET 

equation. This equation does account for hysteresis but is 

cumbersome. An even more complex theory has been proposed by 

Ngoddy & Bakker-Arkenia(64'ßs'e6'ß7) 0 

Very few workers have 3etermirieä Isutherms at more 

than one or two temperatures so that Lhe temperature dependency 

of the empirically determined constants in some of the equations 

cited is difficult to determine. Data for the e. m. c. ai, different 

temperatures eullated from other published data were presented by 

Day and Nels on(32) . Pixton & Warburton 
( 97 ) 

present their data 

in an unusual manner. Lines of constant e. m. c. are plotted 

against rh and temperatures in the range 0 to 30°C such that In 

(rh) =a+ bT and the constants a and b are both functions of the 

moisture content. 

An interesting finding by Tuite & Foster 
(125) 

was that 

the e. m. c. of maize can be reduced by high drying temperatures and 

that this effect is independent of hysteresis. The converse of 

this is that artificially dried seed may support higher interstitial 

relative-humidities than more naturally dried seed and may therefore 

need to be dried to lower moisture contents for safe storage. 

Static equilibria for ryegrass seeds have been reported 

by Kreyger 60 ) 
Sijbring(109 

) 
and Kulik & Justice( 61 
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3.2.3" Biological damage 

The first priority of the thin-layer experiments was 

to establish the important physical properties of the drying 

seeds. However it is clear from the literature that work on 

the physical and biological aspects of drying have for too 

long been carried out in isolation with neither the engineer 

physicist nor the agronomist/botanist always appreciating the 

. It was felt, 
( 

significance of each other's findings 
ß2 ) 

therefore, that as far as possible a study of the effects on 

seed quality should parallel the determination of the physical 

properties. 

In the context of the thin-layer drying experiments, 

the type of biological damage to be expected was that due to 

heat and this is most conveniently measured by germination. 
( 

The author has reviewed elsewhere 
82 

work on the effects of 

heat on the germination of a wide range of agricultural seeds. 

Suffice it to say here that the experiments may be divided into 

two main types. 

(a) Those in which the seeds are heated without drying. 

(b) Those in which they are heated with drying. 

Although less representative of the practical situation 

experiments of type (a) have given the more repeatable results 

because of the precision with which they can be performed e. g. 

the use of sealed tubes in water baths, and because moisture 

content is held constant. In the type (b) experiment, the, 

drying is not only altering the moisture content but also the 

evaporation may be affecting the temperature of, or the temperature 

gradient in, the seed. For a given temperature it has been-shown 

that damage is more severe in the type (a) experiment and that the 

type of damage sustained differs from that of type (b)-( 129,134,64 ) 
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Attempts to describe damage as a function of temperature, 

time of exposure and moisture content have all been based on type 

(a) experiments. As long ago as 1917, Groves 
(3a ) 

found that 

the maximum permissible temperature to which wheat at 14 m. c. w. b. 

could be heated was a logarithmic function of exposure time. 

Tmax = 96.9 - 10. x+ log 0 ............. 3.16 

A similar equation for wheat, put forward by Hutces 
(54 

included moisture contez, t and was valid for the range 35-14% w. b. 

Tmý a - 5.1+ log 9- 43.87 log Mw ......... 3.17 

where Mw is in percent and a=a constant whose value was 122.0 

or 130.3 for the start of damage and complete kill respectively. 

An equaLioti of this type has also been found to describe the loss 

of viability in storage of wheat, barley, broad beans and peasý102) 

In the formula suggested by Ptitsin 
( 9ß ) 

moisture dependency is 

accounted for by the use of the specific heat capacity, C. 

Tmax = 23.5/C + 20 - 10 log 6 ........... 3.18 

Bailey 3) has attempted to use the Hutchinson and Ptitsin 

formulae for the prediction of damage in the mathematical 

simulation of high temperature grain drying. None of these... 

equations take-. account-of---the varying response to the treatments 

given by seeds dependent upon- their_.. initial-.. condition_or . previous 

history. That this is important is recognised in the British 

Standard grain drier test 
(20) 

in which a type (a) heating test 

is used as a means of providing a response tolerance within which 

grain used for the test must fall 
(so ). 

The important factors 

in the previous history of the seed appear to be the severity of 

threshing and maturity at that time and the age of the seed when 

used for drying experiments. There is evidence to show tha 
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freshly harvested mature seeds are more resistant to heat than 

re-wetted seeds 
128) 

and unpublished work by the author with 

barley and wheat demonstrated over 2 season's an increasing 

sensitivity to drying damage with increasing drum speed 

although the magnitude of effect varied between years. In 

that work the grains were riot harvested until mature. It has 

been shown in Chapter 2 that the potential germination of 

ryegrass seed is also a function of maturity at__harvest,., 

In addition to the variability in results introduced 

by the rather ill defined factors outlined in the previous 

paragraph, a difficulty common to the determinaLlun of most 

biological properties is the variability introduced by the 

germination test itself. The standard germination test 
(55) 

is an attempt to provide repeatable, uniform and favourable 

germination conditions under which any viable seed ought to 

germinate. Light, humidity, water supply and temponature are 

all strictly defined and controlled within narrow limits. It 

has been shown, however, that unless the seeds have a viability 

in excess of 8C the variability in germination results is 

usually much greater thaii would be expected from random sampling 

alone This variability has been attributed to: 

(a) A diminished tolerance of damaged seeds to variation 

in germination conditions. Small differences in 

fight, te�uperature or water supply within the 

germinator may be critical or the condition required 

by the seed may now be outside the normal range. 

(b) The greater difficulty f or'the analyst in distinguishing 

between abnormal seedlings and those which are merely 

late developing. 
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(c) Heat damaged seeds may be viable but slow to germinate 

( 54129 ) 
in these circumstances they are susceptible 

to attack from fungi which may suppress germination 

altogether. Delayed germination is, in a sense, 

induced dormancy and dormancy arising from other 

causes may also be a factor introducing variability 

into the results. The tetraploid hybrid ryegrasses 

have been shown to be particularly prone to dormancyc 103 ) 

There are a limited number of experimental data for 

ryegrass seeds. . Williams 
(133) 

reported damage at 1 90C in_ thin 

layers of S101 and S23 perennial ryegrass dried with high airspeeds 

from. initial moistures of 17.6 and 18.3% w. b. respectively. In 

sealed heating experiments with seeds rewetted to 22% w. b. germination 

was decreased after 2 hours at 50°C but not after 3 hours at 40°C. 
(60 

A. critical temperature of 70°C was reported by Woodforde and Lawton(134) 

for seed. rewetted to 2C w. b. and dried in a thin layer for 1 hour. 

Using unpublished results of experiments on drying 6 inch beds of 

. freshly-harvested S24 ryegrass seed, the present author has published 

a chart relating combinations of moisture content and temperature 

above which germination was depressed below 90f 
( 79 ). 

Similar charts 

for the grass seeds.. cocksfoot and timothy indicated that, of the three 

species, rye grass was the least sensitive to heat dams ga. 

,. 
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3.3. EXPERTMENTAL 

3.3.1. APPARATUS 

At the time that the present work was begun, the N. I. A. N. 

multi-unit drier (Fig. 3. i) was a research apparatus built for the 

experimental determination of the effects of drying conditions on 

the quality and drying rate of seeds and other crops, when dried by 

through-flow of air in layers from 3 to 12 in deep. It consisted 

of 8 independent drying units grouped together into one complex to 

allow certain common services to be shared. In particular an 

automatic weighing system utilised=a common electronic package 
(100) 

A N. I. A. E. built data logger for recording weight loss and 

temperature data had been installed in 1968 and had been replaced 

by a commercial unit in 1969e 

For the present work it was necessary to adapt and improve 

this apparatus to allow the continuous and automatic weighing of a 

thin-layer of seed of only one grain thick but with a; sample, weibht 

of between 100 and 200g, so as. to provide sufficient dried material 

for moisture content and seed analysis. This modification was, 

developed during 'the ý winter , 'of 1969-70 and, the necessary hardware ;_ 

put out for manufacture'by a-löcah firm in the spring of 1970. 
;, 
Only. 

two units were available at the'start of the-1970, harvest-but the' 

remaining 8 were commissioned, before it ended. Iiother, modification 

which was partially. completed by the second (1971) harvest'-was the 

addition on 3 units of apparatus to control humidity. Only those `.,. ° 
(75,100) 

parts of the apparatus which have not, been described previously 

are described in this thesis. 
. 

The modified drier is'illustrated in 

Fig. 3.2. 
� 

S 

- 
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Fig. 3.2. The N. I. A. E. multi-unit. drier in 1972 following 

modification for thin-layer drying. 

Fig. 3.1. The N. I. A. E. multi-unit drier in 1969. 
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3.3.1.1. Thin laver weighing units 

In principle the apparatus to be described was similar 

to that used by Greig(37 
) 

and was based upon the assumption that 

if air is blown at a constant velocity upwards through the base of 

a perforated tray containing the drying sample, then the upthrust 

of that air can be regarded as constant and the change in weight 

of the pan will be due to loss of weight of the sample. To implement 

this system it was necessary to replace the complete drying---- 

container, plenum chamber and platform balance assembly previously 

described(100) 

Each replacement unit (Fig. "-3-3) consisted of ä'circular 

drying pan, A, of 2 sq. ft. in area with an aluminium frame and 

nylon mesh base resting upon an aluminium stalk, B, 27 in long and 

rigidly attached at its bottom-end to the main beam of a Sauter-Toppan, 

top-loading balance, G. The stalk projected upwards and through an 

outer tube, D, which separated it from an insulated plenum chamber, 

E, into which air was led at the base and escaped, via a gauze, F. 

and honeycomb flow straightener, G, through the drying pan. The 

clearance between the pan and the sides of the plenum was of the order of 

in. At the base of the stalk a small platform, supported a 

removeable container, H, into which small steel weights could be 

added from an automatic dispensing mechanism, I. In 1971, an 

additional baffle of 2-21-in of Dunloprerne 9", of en pcre polyurethane 

(J) was added to the top of the flow straightener, G, and acted to 

prevent dust and dirt from fall. Lng through into the plenum chamber, 
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The capacity of each balance was 1000g, and the projected 

graticule range was 1COg, reading to 0.1g. For use with the autocratic 

weighing system the balance was fitted witL, a Photain light switch 

which was positioned so as to be activated by the gratieule projection 

when the balance was reading 10Og or less. Activation of the switch 

caused the closure of reed contacts khich replaced the steel end 

mercury contacts of the previous system 
(1 ). 

The additional electronic 

43 
circuitry is shown in FIE;. 3.4 

RV 

Fig. 3.4 Circuit for incorporating photo-switch (PS) and reef switch (RS) into automatic weighing system 

Contact closure caused the time at which it occurred to-be 

both printed and punched on to tape and the weiht 
_disper_wer 

to 

release one tiieigbt. Thee operations 'were controlled by a timing 

pulse, which occu ed at 4 second intervals. 

The system operated as follows. The drying an was placed 

on a separate balance and the sample carefully sprinkled on until the 

required sample wei0it wao reached. With. the, air already blowing - 

through the plenum chamber at a knowii speed and temperature, the pan 

was then positioned on to the stalk, and as this was dcne the printing 

counter for the indivitiX. al unit was zeroed. The balance was then 

rapidly adjusted by means of the rapid tare knob until it read 1008 

and the photo-switch circuit was connected. This caused the addition 

of a 4-g weight from the dispenser and increased the balance reading to 

100.5g. 
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In this position the light switch was inactivated and remained so 

until loss of weight by drying returned the reading to 100g when 

another weight would be added and the cycle repeated. By this 

means the system provided a list of times in units of 4 secs. for 

equal increments of weight loss. Drying was ncrmally, but not 

necessarily, terrinated at a weight addition and the final weight 

of the sample was determined on a separate static balance. 

Calibration 

Initial drying tests, at first using lawn clippings and 

then tetraploid ryegrase seeds, gave discrepancies between the 

indicated weight loss from the automatic system and the actual loss 

obtained from static weighings, carried out immediately before and 

after drying, which were greater than wool(, have been expected from 

experimental errcr alone. Further tests with the small-seeded 

ryegrass, Aberystwyth S23, showed that thecrief cause of the 

discrepancies was progressive variation in resistance of the seed 

sample causing a decrease in upthrust on the drying pan. During 

the harvest perioa of this particular grass seed the number of 

drying units was increased, first to four and then to six, and it 

was possible to carry out comparative runs usin, differ¬nt airflows 

on replicate sced samples and with additional periodic checks of 

true weight loss. 

lt was sham that the decrease in upthrust was almost 

entirely a . 
function of time. Wen the effective cringe 'as expressed 

as, a percentage of the total discrepancy (thus bringing the errors 

on to -a coL^ on scale) the Fatten. Of chi ge was similar in all cases. 
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This was of an exponential type of decay to a steady level normally 

reached after about 12,000 cycles (13.3 h) but in most cases 

reaching an insignificant level at around 5000 cycles. - The`=dätä, 

were fitted with several alternative error correction functions 

and it was found that the one developed for the high airflow 

runs could also be used for the low airflow curves since the 

discrepancies in these cases were of a much smaller order. The 

application of the error correction fur_ction is discussed further 

in Section 3.3.2. 

3.3.1.2. Temperature control 

Temperature was . controlled originally _by. _an-T. I. A. E. 

designed and huilt., systeEi. The ccrtrollers, using thernistor sensing 

heads, provided on/off control of 2 kw beaters. These were divided 

into 4 banks of 300,400,500 mid 800 watts, each of which could be 

switched on to either manual or automatic control. Although adequate 

for previous work, it wLs realised in 1970 that the control was too 

coarse, fcr the thin-layer experiments. Early in 1971 the thermistor 

units were replaced with 1Vuele6trorm TINICON type 1920 100. time based 

proportional controllers employing resistance thermometer sensors. 

The excellence of the cor. trol These provided is demonstrated by the 

figures included in Table 3.11 (Section 3.4.2.2. ). 

3.3.1.3. Humidity measurement 

With the installation of the thin-layer weighing units and 

the packed-towers, the original corrnLon duct was removed and each drier 

allowed to obtain its air from the laboratory atmosphere. The previous 

single aspirated dry- a. Pd wet- bulb thermocouple unit was therefore 

replaced by 8 similar units, one at the inlet to each drier. As the 

packed towers were completed the units in driers 7 &8 were repositioned 

at the top of the p 
(see 

towers 3 . 3.1.4" k t3rp9 cal unit is shown ýYcwn in 

Fig. 3.5. 
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The thermocouples are embedded in copper bulbs, A and B 

projecting along'2 separate airways formed. from 15 16 in square 

section Tufnol tube. Thermocouple B is enclosed in a muslin wick, 

C", fed with deionised water from a reservoir, D. Access to the 
ti 

, wick. and reservoir is gained via a sr1a11 binged lid, E. Air is 

drawn-over the bulbs and then discarded to atmosphere by a small 

centrifugal far., F. These units give results comparable with those 

given by a clockwork Assman aspirated Fsychrcmeter. 

3.3.1.4. Humidity control 

Two fcrms of control were installed. On 2 of the units, 

the air was conditioned by "means of 2 packed towers and on a third, 

a refrigeration unit was used to cool the air to approximately 50C 

(41OF). Since this was r_crmally less than. the dew point, the 

resulting condensation ensured a, reasonably stable and low humidity 

in the drying air. 

The refrigeration unit a Pre: stcold Condensing Unit Model 

AS 50-1/fl was connected to a finned heat exchanger positioned on 

the inlet side of the fan before the heater unit. Moisture, 

condensed from the aii, drained away below the unit and was 

prevented from collecting as ice in the fins by correct adjustment 

of the refrigerant pressure (änd hence temperature). 

The 2 packed towers are visible on the right hand side of 

the drier in Fig. 3.2. They are explained by the simplified diagram 

of a single unit in Fig. 3.6. The tower, A, was cor_strt cted. of, QVF- ! 

glass sectiors and had a total height of jut `över; 3', metres ; as d, " 

internal diameter of 225 Dime Over art approximate- 3ength-:. of. �2, m 

-(the'shaded area of A in Fig. 3.6. ) it was packed with 20'mm x 20 mmý 

diameter glass Raschig rings. ýý y 

ýýa R'. ý1;. ýi 1 
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4 y} 
Fig. 3.6 Schematic layout of single packed tower. 



55, 

An impeller pump, B, of 120 gall/h capacity, ' lifted deionised water 

from an 80 gallon tank, C, through a: control valve D, and Rotameter, 

E, to the top of-the tower where it was distributed'by"the spray 

section, F. A3 kw ini ersion heater, G, and a refrigerating coil, 

H,, were used to modulate water tenporature under the control of a 

Nuelectrohm TINICON prcpcrtional controller. Evaporation fröm the 

top of the tank was reduced by means of floating-plastic spheres, 

I. and normal water loss was made good frort a header tank (not shown 

in Fig. 3.6. ). Provided an excess flow of water was maintained 

through the tower, -the air passing up it wci: ld exit at the top 

saturated and at the water temperature. This'cordition was monitored 

by the aspirated hygrometer unit, J. From this point onward the 

airway was heavily lagged with fibre glass insulation and in addition 

the section, between the hygrometer unit and the heater, K, was 

wrapped with-electrical-heating tapes controlled by a Simmerstat type 

of regulator. Their fur.. ction was merely to maintain the walls of 

the airway above the air"dew-point'rind prevent 'condensation. Heating 

of the air to the required dry-bulb temperature was carried out by 

the heater unit,, K, switched as on the other driers, by a Nueleetrohm 

controller. 

3.3.1.5. Data Loggier 

A Solartrotz Compact Series 2 data logger and 2 Addo Type 5 

paper, tape pwiches were used to record weight loss and temperature 

data on separate punched paper tapes. An interface, designed and 

built by the Control and Instrumentation Department linked the logger 

with an automatic weighing system. This allowed the weicht loss data 

to be recorded as a series of scans, each consisting of a time, in 4 

second cycles, followed by a series of 8 digits, which, depending upon 

the state of the weighing units, could be any combination of noughts 

or ones. 
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Thus in the following example scan 

0045 01010C"00 

the cycle time is 45 and weight addition has occurred in that cycle 

on drier numbers 2 and 4. A scan was initiated by a change of state 

in the weighing units and thus a line of zero's only was a fault. - 

Equally a line of ones, although possible, was highly unlikely 

statistically and when such lines began to cccur rather frequently 

in the 1971 season were fcund to be caused by 'noises on the 

electrical power supply and were finally cured by the installation' 

of interference suppressors and a constant voltage regulator. The 

advantage of this system of recording weight loss is that the 8 digit 

code allowed the information from 8 driers to be recorded on one paper 

tape. 

For recording temperature, the logger incorporated a 50 

channel scanner receiving millivolt inputs from chromel-conctantan 

thermocouples "bridged" with a temperature compensated offset voltage. 

The readings were output as millivolts x 100. The scanner was 

programed to scan in 6 block; of 8 thermocouples, each block 

comprising one of 6 thermocouple locations on each drier. These 

were ambient dry-bulb, ambient wet-bulb, inlet, exbauct, eahauct dry- 

bulb and exhaust wet-bulb temperatures. Any serial combination of 

these six blocks could be selected by setting switches on the logger 

console, but in the work reported here only the first 3 blocks were used. 

Scans were controlled by, a digital clock and could be set to occur at 

any of the following intervals: - 1 min., 10 min., -: h, 1 h, or 2 h. 

3.3.2.;. DATA PROCESSING 

In 1970 the procedure for analysing the data tapes was 

necessarily cumbersome. This was because: - 
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(a) The A. R. C. computing facilities at Rothamsted Experimental 

Station (R. E. S. ) were in a state of'transition: The Orion 

computer which used the Ferranti EMA language was being 

replaced by the ICL 470 computer on which FORTRAN was to be 

the language. This change was well behind schedule and the 

A. R. C. had been forced to hire time on the IBM 360 at 

University College, London. 

(b) The author was due to spend a terra in residence at Newcastle 

University where a FORTRAN compiler was available. 

(c) The data had been punched on 5 track-tape in Ferranti code. 

The probiert of using 5-track tape with FORTRAN programmes 

on the U. C. L. computer had been solved in 1969 by P. A. Clarke of the 

Computer Department, R. E. S, A library package, ROTFAN 52 CARD was used 

in conjunction with 2 sub-routines written into the FORTRAN programme 

and called in place of the normal READ statements. Thus the first part 

of the processing of the weight loss tapes (code to cycle conversion 

see 3.3.2.1. ) was carried out at tT. C. L. and the decoded data punched 

on to cards. These cards were then used to complete the processing at 

Newcastle University on the IBM. 

The ter. iperature tapes from 1970 were not processed through 

this system. They were printed through a teleprinter and the data 

entered manually into a Wang desk computer. 

By 1971, the ICL 470 computer at R. L. S. had been installed and 

was beginning to function, under the P'Iultijob operating system. The Addo 

punches were converted to punching S track type in ISO code and both 

weight loss and temperature tapes were processed through the new computer. 
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3.3.2.1. Weight loss 

There were 3 stages in the processing of the weight loss tapes. 

1. The conversion of the 8 digit code to lists of cycle times for 

each drier and drying run on that drier. 

2. The ecnversicn of these cycle times into parallel lists of 

moisture contents and time. 

3. The fitting of the appropriate equations to determine the 

drying constants. 

Apart from minor differences necessary to adapt them to the 

different computer, the sane. FORTRMT programmes were used in both 

years for stages 1 and 2. The programmes used for stage 3 were subject 

to continuous development throughout the period of th'_s work. Full 

details and flow-charts of these prograrnes an currently implemented 

on the ICL 470 are given in Appendix 3.1 

Stage 1 Code-to cycle conversion 

In addition to the 8 digit code, thin programme requires 

information on the starting and finishing cycle of each run and the 

drier number which it occupied. Because of the large variation in 

drying times with temperature it was often possible to carry out 2 

or 3 runs on one drier whilst a single run was being completed on 

another drier. For this reason the programme can cope with a total 

of 24 runs on one tape, i. e. 3 on each drier, none of which need 

necessarily have been started at cycle 0. The printed. output from 

this programme could be compared with the printed records of cycle 

times from the Sodeco printers 
(100) 

and any other information noted 

during each run and any errors corrected. In 1970 those corrections 

were made to the punched card output and in 1971 they were nade via the 

remote terminal at N. I. A. E. to disc files copied from magnetic tape storage 

on the ICL 470 at R. E. S. 
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Stage 2 Generation of moisture content at each cycle time 

This stage is surmarised by the flow chart of Fig. 3.7" 

The main programme performed the following functions. 

(a) Reading ins and printing out, of the error correction 

function constants. 

(h) Reading in of the data for each run and the subseaucnt 

calculation and printing of süch run parameters as dry 

matter and initial moisture content. 

(c) Reading of a directive, -ID, which depending upon its value, 

would cause. 

all error correction functions to be used on a 

particular data set .. 

a single error correction function to be used on 

a particular data set 

(iii) transfer to (b) to read in. another data set 

(iv) terminate the entire programme 

The programme continued to return to read the directive ID 

until type (iv) gras encountered. 

(d) If the directive ID had indicated that a certain error 

correction function should be applied to the data, subroutine 

NOTCON was called. 

MOTCON used the appropriate error function and cycle times 

to generate an array of moisture contents. It was thor used either 

to print this information or to call one ore more of 3 subroutines, 

SINGEX, DOUBE%', SERER which fit diffusion equations or a subroutine 

SIMDIF which carries out a simple differentiation of the drying curve. 

In Fig. 3.7. MOTCONJ is shown calling both SINGEX and DOTTBEX; this was 

the form in which it was used initially in 1970. 



60 

MAIN PROGRAMME- 

STý ARfl 

error function 
constonls 

WRITE 
error function 

constants 

READ 
run dote 

Calculate dry molt., 
Initial maistur. conl. nl 
and Mfýpht dlscr. pancy 

WRITE 

" 
run poromrterta 

READ 
tim. cycles 

READ 
Directive ID 

> to TEST ,, STc 
10 ' 

0,046! 

CALLSUBROUTINE MOTCON 

'{i 

Update wror function 

SUBROUTINE MOTCON_ 

Calculate mossture content 
by appropriate 
error function 

CALL SUBROUTINE SINGER 

WRITE 
Single exponential 

constants 

CALL SUBROUTINE DOU13EX 

WRITE 
Ooubtf , pononllal 

constants 

RETURN 

Fig. 3.7 Flow chart of main programme and subroutine MOTCON used for 
the generation of moisture contents at each cycle time. 
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These subroutines represent stage 3 of the weight loss processing 

and in later programmes were used independently bf KOTCOPJ but using 

the moisture content/drying time lists produced by NO'TCON as input 

data. 

The main function of MOTCODT was the app]ication of the 

error correction function Zn generating tre moisture content values. 

In the ideal situation where no discrepancy exists between 

the weight lows and that indicated by the static weighings, then the 

intermediate moisture contents could be calculated simply by using 

the formula. 

Mi = (WI-1 _O. 51) 
x 100 d. b. ... 3.19 

DM 

where Mi = moisture content at cycle Ai, % d. b. 

Wi-1 
= wt of moisture at cycle 8-1 ,%d. b. 

DM = dry matter, g 

and 0.51 is the value of the weight added at ei-, g. 

In practice the decreasing resistance of the drying sample 

means that the actual weight lo; s between two successive weight 

addition cycles is greater than 0.51 by an amount depending upon the 

total change in resistance, i. e. . the discrepancy, and the value of 

the cycle times. 

From a consideration of the error readings, the general 

form of the error correction function was chosen as 

-Bt -Dt ER = Ae 4 Ce ... 3.20 

where t= cycle time 

and A, B, C &D= constants chosen such that ER =1 at t=0 and approaches 

0 at cycle times indicated by experiment. 
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By appropriate choice of constants, the function can be reduced 

to a single exponential and can be made to be very nearly linear 
; 

for the whole run. 

Thus at eny time, the value ER indicates the proportion 

of weight discrepancy remaining. Between any two we: _t additions 

the amount of weight lost 

0.51 (FRt(3-1)- ERt(i)) x Discrepancy 

In practice it was possible for short runs to terminate 

before the error function faded to zero so that in order that the 

recorded discrepancy was fully allocated it was necessary to calculate 

an amended discrepancy. 

Amended discrepancy = Discrepancy ... 3.21 
1- ERt(]. 

ast) 

As the sample became very dry, intervals between weight 

additions became very large and it was sometimes necessary to terminate 

the run before the balance equilibrium was restored. In this case the 

weight loot in i; he interval since the previous weight addition was taken 

to consist of the anoun.. allocated by the error function plus any end 

correction which could be made if the balance read; ng was less than 

0.5g from equilibrium. 
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Given that the asymptotic moisture value, M0 can be found or estimated, the simple single 

exponential equation ban be written in the logarithmic form 

log (M-Me) = log (M°-M0)-k0 
... 3.22 

and a value of k obtained by fitting a straight line by linear least squares. A convenient method of 
estimating Me is to use the formula 

'MI M2-M}$ 
M. = ... 3.23 MI-ý-Ala-2Mf 

where Ml, M2, Mt are values of M such that Of = 
02 

201 and the values of Of are large. 

However the values of k and M0 so determined are not necessarily the best values because (a) 
M0 is estimated from 3 observations only and (b) the least squares procedure minimizes the sum 
of the squares of the deviations of log (M-Me) rather than the true variable M. But having 
obtained initial estimates by this method an iterative correction procedure can be applied as 
suggested by Southworth and Deleeuw; 29 Guest 39 and Oliver. " 

The basic equation can be written in the form 

y=aebc+c ... 3°24 
where yM 

a=(M°-M0) 
C= Me 
b=k 
x=0 

and y=f (a, b, c) ... 3.25 
If the initial estimates of the constants a°, b° and c° then 

y =f(a°+d°, b. +db) c°+dc) "-" 3.26 

and expanding by one term in Taylor's series about the point (a°, b°, c°) 

y =i(a°, b°, c°) + d°(8a)° + 
(L Lýff 

+ d`(ac... 3.27 

where the partial derivatives are to be evaluated at (a°, b°, c°). 

bx From Eqn (3.24) as =e, ab = axe b, 
6C = 1. 

Substituting in Eqn (3.27) 
2a y =f(a°, b°, c°)+dgeb°x+dba°xeb°x+dC. ,3 

Eqn (14) is linear in da, db and dc and the method of least squares is directly applicable to, the 
calculation of these values. Given a series of N estimates of moisture, Yk against time, xk, where 
k=1, N, then the least squares function to be minimized is 

N 
-rdka = Z[Yk 

J(a°, 
b°, c. )-. de boxk-dbaOxketoxk_4C12 

... 
3.29 

k=1 

_ /1(a°, b°, c°)2 ... 3.30 
and is minimized when the partial derivatives 

8h oh Sh ' 
8d, ' 8db' ads are equal to 0. 

Thus 
ýd 

= -2 E[h(a°, b°, c°)]e °°"k =0... 3.31 

8h 
= -2 z[h(a°, b°, c°)]a�xkeb°"k =0... 3.32 

Sd baý' 

_ -21[h(a0, b°, c°)] 1=0... 3.33 6AC 
Let Dk = Yk f(a0, b0, cc) = [Yk-a,, e°""k-c, ] ... 3"34 

and expand Eqns ( 3.3,32,33 ) into simultaneous equations linear in da, Ab, and Ac., 
Febo'kDk = 4" Ee2b0k+dbao EXkezboxk+dc Zeboxk 

... 
3.35 

EXkeb"xkDk = dA Exj, e2bexk+A A Z(Xk)2e2b"xk+dc Exkeboxk 
... 

3.36 

£Dk = d, £eboxk+dbao Exke'oxk+dcN ... 
3.37 
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The solution of equations (3.35,3.36,3.37) provides 

'values of the 'adjustments A a, Ob and Ac by which the' original 

estimates a0, b0 and c0 may be modified. The process may then 

be repeated until convergence is achieved. The subroutine SINGEX 

was written to carry out these calculations and two other sub- 

routines were developed to perform similar calculations to fit 

equation 3.10, (DOUBEX) anti equations 3.4+ and 3.6 (SERER) 

in the modified form of 3.38 and 3.39. 

M_tM -M)6 
a1 

exp(-n2. k0) +Me ......... 3.38 

n-ý 

M= (tvb - Wýý ý, 
a 

L_e xP ((2 n- If. kO + Mc . ........... 3.39 
7r1-2 n-1) 

n=I 

The sets of simultaneous equations for DOUBEX and SERER are 

developed in the appendix; since there c. L"e 5 cunsLcuA; s in 

equatlon 3.10 , DOUBEX doriveä j simulLönoous equations. 

All 3 subroutines used another subroutine, MAT!, IV, for the 

solution of ih(; simultaneous equations. This was a slightly 

simplified version of that given under the same name by 

McCormack and Sälvadori 
( 63 ) 

and used Lht Gruss-Jurian 

me Lhod of solution. 

In the original versions of SIN'GEX and DOUBEX, a 

condition that all the adjustments should be less than 0.2% of 

their respective constan-ts was used as the criterion for 

convergence. This was later altered to work directly on the 

-sums of squares of the deviation (SSD) which was considered to 

be minimised if the change in SSA caused by the new adjustments 

was less than 0.2%. '" In this revised form, a method suggested' 

by Hartley' 
44 

was used'to increase the rate of convergence. 

tea. q , ti _, 
TJsing this method the original estimates of the constants were 
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not modified until the SSD they generated, had been compared with 

that which would have resulted if first one-half and then all of 

the. adjustments had been made. These 3 estimates of SSD, were 

then assumed to be on a parabola of which the minimum was 

estimated by the formula. 

VMIN = 0.5"+-0025-(SSD0 - SSD1) / (SSD1 - 2(SSD1) + SSD0) 

........... 3.38 

where VMIN was the factor by which to correct the-indicated 

adjustments. The SSD given by using this factor was evaluated. 

If it was indeed less than the original SSD then (VMMIN x adjustment) 

was used in.. the. next iteration. Otherwise the adjustment was 

halved and a new VMIN calculated. If the original starting values 

were Ireasonablo'this assisted convergence; if they were bad it 

prevented. divergence and the failure of the program. Starting 

values were-originally estimated solely by the subroutines, but 

in later versions they could be supplied from the calling programme. 

This option proved useful when the internally generated values were 

clearly leading to an erroneous solution. A maximum of 20 

iterations was allowed and if this maximum was reached the 

acceptance of the fit depended upon the size and relative degree 

of oscillation in-the constants and sums of squares and on visual 

inspection of the results. Normally however, convergence was 

achieved within 1+ or 5 iterations. With only minor modification 

the flow chart of Fig-3.8 is applicable to all three subroutines. 

Ancillary facilities 

As a means of making visual checks of the drying curves 

and fitted equations, 2 FORTRAN programmes were written to produce 

plots on an incremental graph plotter. Both operated on lists of 



Subroutine SEREX 

66 STARS' 

Set constants for sphere or slab 

Yes g- values 
supplied 

No 

Calculate starting values by ogari 
least squares 

WRITE 
Titles 

Set up simultaneous equations in adjusts 

aA b' c 
to constants ao, bo, co. 

<-ALLSUBROUTINE MATINV 

WRITE 
Sum of squares of deviations ( SD(1) 

and d calculated adjustments. 

Calculate new sums of squares based 
applying 2& all of adjustments. 

Calculate minimizing factor, VMIN, ai 
minimised sum of squares, SDMIN. 

_n 
<-Ss D( 1) 

DMIN 
? 

WRITE 
Complete convergence 

+ve 
Is 

change 
o. 2% 

C 

s 

-ye l Halve 
1 ad3ustments 

No 

Y Yes 

Calculate predicted values and residuals 

WRITE 
Actual, predicted and residual moistures 

against drying time 

:.. Fig. 3.8' 

Too 

1<20 
No. 

of iter- 
ations 

=20 
WRITE 

any iterations 

RET[TRN 

Flow 'chart for subroutine SEREX 
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values of time and moisture content output to a separate line file 

by one of the curve-fitting programmes. PPLOT plotted all the 

curves from one run on one graph and in the form of continuous 

lines. Irregularities in the data were indicated by obvious 

kinks in the lines. PLOT clotted each curve on a separate 

graph as data points and had the facility to plot the fitted 

equations 3.1,3.10,3.38 and 3.39 given the derived constants. 

The original plots of the example runs in Fig-3.16 were done in 

this way. 
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3.3.2.2. Temperature 

In 1970 the temperature data tapes were processed through a 

Wang desk computer which simply converted the readings (millivolts x 1c-0) 

into temperatures Celsius and printed the mean values on each channel. 

In 1971 and 1972 the tapes were processed through the 170 using the 

FORTRAN programme MENTEM (Appendix 3.1 ). Three thermocouple positions 

per drier were scanned by the logger. These were the dry and wet bulb 

locations in the inlet to each drier fan (or in the case, of the packed 

towers., at the air exit from the top of the towers) 
_ 
and the,, location in 

the plenum chamber immediately beneath the drying pan. The programme 

converted the readings to degrees Celsius and calculated for each time 

scan, the humidity of the air entering the drier and hence the relative 

humidity of the air entering the seed. The information from each scan 

was printed together with the means, standard deviation and maximum and 

minimum values of the principal quantities. Finally if the differential 

pressure across the orifice plate was supplied in the input data, the 

airflow during the run was calculated and printed. The programme could 

cope with up to 3 drying runs of independent length or any one channel. 

A specimen output is given in Appendix 3.1 
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3.303" Experimental details 

Thin-layer drying experiments were carried out in the 3 

seasons, 1970,1971 and 1972. Those in the first 2 years were' 

primarily concerned with the determination of the mass transfer 

I properties but they also provided some information on the effect 

of drying treatments on germination. The experiments specifically 

concerned, with determining the effect on germination and the 

preliminary attempts to determine heat transfer coefficients were 

carried out in 1972. 

3.3.3.1. Mass-transfer experiments, 1970-71 - 

The harvest periods and the method of harvest have been'defined 

in Chapter 2. In farming practice, grass seed is normally dried in the 

uncleaned condition, but, to reduce variation between samples, -the seed 

used in these tests was all cleaned on a small laboratory cleaner. 

Whenever possible the drying runs were carried out with freshly-harvested 

seed but in both years some seed was stored in sealed polythene bags at 

1,6°C (35°F) and used on wet days and-as a means of prolonging the drying 

season. Such storage did not appear to harmýthe seed physically and 

subsequent germinations were unaffected. In 1971 seed which had been 

deep frozen to (-15)-(-18)°C was also used to prolong the drying season. 

When thawed the physical appearance was unchanged but about. 8C of the. 

seeds had been killed. 

The procedure for setting up the drying runs has already been 

described in Section 3.3.1. a. . fr 

Immediately after drying the samples, were transferred to 

airtight metal tins. The tins were sampled, usually in small batches, 

for the determination of final moisture content and were stored at 10°C 

(50°F). To avoid dormancy, effects, germination testingywaswdelayed until 

December;. iri, bothpyears. 
, 
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In 1970,180 runs were carried out, 40 of those were with 

the variety Sabrina and the remainder with 523. Runs with the Sabrina 

were necessarily limited b3cause for most of the harvest period only 

two thin-layer drying units were available. The numbers were gradually 

increased to 8 during the season. The data obtained in this year 

contained a-number of imperfections chiefly arising from the use of 

air velocities in the range 9-27 m/min (30-88 ft/min). These gave 

rise to relatively large weight loss discrepancies and worsened the 

existing poor response of the temperature controllers. Finally the 
(ß' ) 

results which were included in the analysis published in 1971 were 

taken from the 140 runs with 523. The runs were carried out at 

temperatures from 27.7°C (82°F) to 61.7°C (143°F) and at initial 

moisture contents from 40 to 117% d. b. In most cases the runs were 

allowed to continue until their weight loss had almost ceased, and run 

times varied between 4 and 50 hours. 95 runs were logged onto punched 

tape. 36 were not logged but used the automatic weighing system. 9 

were manually recorded. The first 21 runs were carried out using a 

sample size of 1508 and the remainder with 100g. 84 were carried out 

at air velocities in the range 9-11 m/min and gave an average weight loss 

discrepancy of 3.74 1 1.56g. 

In 1971, the problems of upthrust'were largely solved by the 

use of lower airflows (4.4 - 6.6 m/min (14-21.5 ft/min)) and the new 

temperature controllers. But a new problem arose. Early in 1971 the 

Institute had been connected to a new power supply line and 'noise' in 

this line began interfering with the automatic weighing system. The 

interference proved extremely difficult to trace because it occurred 

-irregularly at an average frequency of3 timesper day and a number of 

possible 'noise' generating installations within the Institute were 

suspected and had to be gradually eliminated. Towards the end of the 

drying season, the. problem was almost completely cured by the installation 
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of a high quality voltage regulator and during the winter of 1971 was 

completely cured by the addition of further suppression upon individual 

channels of the automatic weighing system. The effect of the 'spikes' 

was to cause spurious weight additions on all 8 and occasionally 

on fewer channels. In the majority of cases the error these caused 

could be rectified and the data records amended but some runs, 

particularly those in which the drying rate was low, were lost. 

The average discrepancy between-actual and indicated weight loss was 

1.2±1g. The effect of the changing upthrust was now small in 

comparison with other possible sources of error (e. g. delay in setting 

up balance, shift in balance zero during run, weight change during pan 

transfers) and was shown by the number of very small and some negative 

discrepancies. 210 runs were started in 1971 but only 192 were successfully 

analysed. The remainder were discarded either because of spurious weight 

additions or because of excessive fluctuation of temperature or humidity. 

Such fluctuations were caused either by controller malfunction or 

inexperience in operation of the packed towers. 

3.3.3.2. Germination experiment, 1972 

At each of 3 harvest dates for each variety, 1008 samples of 

seed were dried on the thin-layer drier at nominal temperatures of 550 , 

60°, 65°, 700 and 75°C and for exposure times at each temperature of 

4,2,1,2,1+ and 10 hours. Since drier temperatures can be controlled 

and recorded with considerable precision, it was felt unnecessary to 

randomise drier temperatures between each treatment and once each drier 

had been set to a particular temperature, the setting was left unchanged 

throughout the experiment. For any particular variety x moisture content 

combination, the'exposure"times were carried out serially and, to take 

account of possible short term storage effects, these treatments were 

randomised. 
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Drier temperatures were logged onto punched tape and 

analysed by MENTEM. A single mean and standard deviation was 

calculated for each series of exposure times. Differential 

pressure across the orifice plates was held constant at 0.1 in. 

which was equivalent to airflows of from 5.9 - 6.1 m/min (19.5 - 

20.1 ft/min) depending on air temperature.. 

At each variety x moisture level, the seed samples were 

taken from a sieved and aspirated bulk of ^ 5,000g, direct- 

harvested immediately before the experiment and, stored throughout 

its duration in a room controlled at 11.. 5°C (40°F). The bag was 

removed from this room and allowed to warm up in the laboratory for 

about 15 minutes before being used., At the end of each exposure, a 

sub-sample of llg was taken for moisture content determination and 

the remainder of the sample transferred to a sample drier for drying 

to be completed at ambient temperature. A control sample from each 

bulk was also dried in this way. As the experiment progressed and 

those treatments which dried, the seed below a, safe, storage moisture 

content were identified, it became unnecessary to transfer some of 

the samples to the sample drier. All the dry samples were stored 

in sealed tins at 10°C (50°F) and were later aspirated once more, as 

a preliminary to being analysed for purity, 1000 seed weight and 

germination. The germination tests, which were carried out during 

October-November, 1972, were performed in the normal way but were 

allowed to overrun the normal 14 day, limit by 7 days to ensure that 

all delayed germination was recorded. Subjective assessments, of, 

mould growth were also made at the end of these extra periods.., 

-- : -4 
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3.4. RESULTS 

3.1.1, Mass Transfer 

3.1.1.1.10 Experiments 

The analysis of the results from 1970 is based on that 

published in the Journal of Agricultural Engineering Research 

(a1 ) 
in 1971. Subsequent to this analysis, improvements were made 

to the curve fitting programmes and the subroutine SEREX was 

developed. With the exception of some once-over fits of the 

exponential series equations the data was not reanalysed. 

This was because the data was considered to be markedly inferior 

to that of 1971 and the necessary extra work involved in 

transferring the data onto the ICL 470 computer would not be 

justified. 
The results presented are derived From 117 data sets trom which the drying curves were calcu- 

lated using the following experimentally determined error correction function. 

ER = e-° 00450 3.40 

An impression of the measure of agreement between replicate curves can be gained from Figs 
3.3 and woin which are plotted curves for drying air temperatures of 28.8°C (84°F) and 61.7°C 
(143°F) respectively. The actual conditions are defined in Table3.1 

TADLE 3.1 

Details of drying curves in Figs 3.9 & 3.10 

Fig. no. Curve Symbol Temperature 
(-"C) 

Airspeed 
(m. min) 

Initial m. c. 
(% d. b. ) 

A X 28.7 9.7 46.3 
B 0 27.9 10.1 46.2 

3,9 C A 29.0 9.3 45.7 
D + 29.2 9.7 45.1 
E Q 29.4 9.2 46.0 

F X 61.7 10.4 61.9 
3.10 G 0 61.7 102 60.0 

H 61.7 10.4 61.0 

In all but one case the direct least squares fit of Eqn 3.1 by SINGEX converged, but the similar 
fits of Egn3. i0 by DOUBEX failed to do so in 12 cases. In another 8 cases DOUBEX also failed 
to find starting values for the rapidly decaying exponential term and in another 2 cases gave 
extremely bad fits. Two examples of the goodness of fit to individual curves are provided by 
Figs3. uand 3.12. Plotted in these are the experimental and fitted curves for curve A of Fig. 3.9and 
curve F of Fig. 3. 'o. The pattern they show is typical of the rest of the data. The logarithmic least- 
squares fit of Eqn 3.1 tends to fit reasonably well at the end of the curve but badly at the beginning. 
The direct least-squares fit is much better at the beginning but much worse at the end and with an 
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asymptotic value appreciably higher than the final moisture content. fyn3.10provid cs a further 
improvement and falls roughly between the 2 single exponential curves. The constants of these 
fits are given in Table 3.2 together with the variance of the observed data from the calculated 
lines. 

TAULr" 3.2 
Values of constant in fitted curses or Figs 3.11 & 3.12 

Curve Fit A k or ki B k, All Variance 

Eqn (1) 
Logarithmic 27.4 0.00308 13.7 2.197 

A Direct 27.9 000428 15.4 1.058 
Eqn (3) 25.9 0.00331 5.19 0.08613 14.3 0.153 

Eqn (I) 
Logarithmic 32.1 0.01036 3.60 347.8 

F Direct 53.7 0.05533 6.09 0.65 
Eqn (3) 23.8 0.03541 31.2 0-07516 5.28 0.51 

The k values derived from the 2 fits of Eqn 3.1 and from the more slowly decaying term of 
Eqn 3.10 were clearly a function of drying air temperature and were fitted to the relationship 

k=Ae... 3.41 
where T= temperature, °C 

and A and B are constants. The numerical values of these constants are given in Table 3.3 and the 
experimental data plotted in Fig. 3.13 & 3,14 

Tnui. r, 3.3 
Values of the constants A and B in Eqn 3.41 

Source of K A B No. of Variance 
values 

Single exponential-logarithmic 0.0003673 005326 117 0.00335 

-direct 0.0001535 0.09432 116 0.00369 
Double exponential 0.0001707 0.03754 92 0.00306 

The k values given by the more rapidly decaying term of the double exponential were not 
obviously related to either drying air temperature or initial moisture content. 

Other factors which may have influenced the values of k are the variation in purity and 1000 
seed weights of the samples. Although no attempt was made to relate these 2 parameters to the 
value of the constant, it should be noted that at the start of harvest the purity of the seed was low 
and ranged between 65 and 88 %, only rising to 90 % after the first 23 runs. Thereafter, it was 
commonly of the order of 94%. The 1000 seed weights followed a similar pattern to that of the 
controls. 

Values of the asymptotic constant, Me, were plotted 

against relative humidity in Fig. 3.15. Since variation in 
by 

relative humidity caused/variations in inlet absolute humidity 

were small in relation to those caused by the range in drying 

air temperature, the data contain a strong temperature effect 

and were fitted by the equation 

Me =a-b in T-c In (1 - rh) ............ 3.42 

where tüc -; ra-lucs of tic constants were a= 34.75, b=7.76 and 

c= 11.53. Fitted curves for 30 ')nft )00C are plotted in Fig. 3.15. 
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3.4.1.2.1971 Experiments 

The drying conditions in this series of tests are 

summarised for each variety in Table 3.1+. The main difference 

between the varieties was the range of initial moisture contents; 

for Sabel the range was wide, 23.2 - 99.9% d. b. compared to 62.1 - 

75.4% d. b. for 5.23 but the mean values, 67.8 and 69.8% 

respectively, were comparable. The range for S. 23 was less than 

it was in 1970. For the other variables the improvements made to 

the apparatus made a greater range possible. The temperature 

range was extended downwards by the use of the cooling unit on 

drier 6 and relative lhüuiidities up to 93.6% wcre achieved using 

the packed tower on drier 8. 

Table 3. ). 

Drying conditions in 1971 thin-layer experiments 

diti C Crop 
on on 

Cabal 
3.23 

Mean 
11in e Ma iill iiädl tl 

Initial moisture, 
%O d. b. 

67"b 23.2 99.9 69.8 62.1 - 75.4 

Final moisture, 
% d. b. 10.5 I+. 6 - x+5.9 10.3 3.5 - 31.1 

Temperature, °C 37.7 15.5 - 62.6 37.2 12.9 - 63.4 

Relative humidity 31.0 7.93.6 zý. -r. 4 .d 6.0 - 52.5 

I IIumidity, k ik5. O. 0 105 0.00! 4 cß-0.0235 0.0109 0.0061-0.0255 

Good Goodness of fit 

Equations 3.1,3.10,3.38,3.39 were fitted to the data 

by the improved versions of SINGER,, DOUBEX raid SE'iiE. Initial 

starting values were calculated within the subroutines but most 

of the curves were also fitted using externally supplied estimates. 

Where the original fit had been poor it was usually much improved 
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by the second attempt. In cases where the original fit had 

been good, the second attempt would normally converge to the 

sane solution. All tue subroutines worked by minimisation 

of the suns of squares of the deviationsand for comparisons 

, of goodness of fiL LhLs quantity was converted to the variance 

and lictice the mean stanuai, d dcviaLiun 3o, 
(% d. b. ) of predicted 

values ui uiOib i, Lu"e, content. 

2 
Mobserved - Mpredicted) 

..... 3.43 
No of data points 

By this measure. the fits ubtaiiiad £eu, u BA of Lilo 

2 term-exponential equation, 3slü, ýýCrc superior to the oLhors 

(Table 3.5). The mean o, 0.11, is no greater (rind or higher 

moisture contents is certainly less) thus thu error in ulve3 in 

i tcrmining moisture content in the laboratory. Tho c. 4punential 

3Z1 ie i ul .lc ühee L, gave the uexi, lowest a'1.31% followed. 

by the similar equation for a sphere, 1.81% and finally the single 

exponential equation, 2.20. The worst range in v was given 

by the fits of equation 3.38 for a sphere and this was the equation 

which -as the uLusL zeiisiti e to zbarting values. 

Table 3.5 

Standard deviations of predicted from observed values 
derived from fits of 4 alternative diffusion equations. 

Standard deviation or Equation 
Mean - Range 

Single exponential (3.1) "2.20 0.3 - 3.86 

2 term-exponential (3.10) 0.11 -0.07 - 1.40 

Plate (3.39) 1.31 0.16 = 2.59 
Sphere (3.38) 1.81 - 0.26 - 5.21 

J -- --- 
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Visual comparisons of the fits given by the 4 equations 

are provided by the 3 examples drawn in Fig-3.16 and defined by 

Table 3.6. In the first case, Run 66, the best overall fit 

(i. e. lowest o) is given by the 2-term exponential but the 

final data points are better fitted by the single exponential. 

The lines for the sphere and for the plate are approaching 

asymptotes greater than and less than respectively, the data 

points but the line for the plate has a much lower overall a 

In Run 106, the 2-term exponential is again the best fit and 

approaches a lower asymptote than the data. In this example, 

the line for the plate is better than that for the single 

exponential which now overestimates the final data values. 

So does the line for the sphere and this is the worst fit by a 

considerable margin. The final example, Run 207, a run carried 

out at high humidity, demonstrates the ability of the 2-term 

exponential to adapt to the shape of the drying curve to an 

extent the other 3 expressions cannot. Of these 3, the 

deviations are best minimized by the sphere and the single 

exponential is the worst. 

Table 3.6 

I' 

_. 

Drying conditions and standard deviations of the fitted 
curves for Runs 66,106 and 207 drawn in Fig-3.16. 

- diti C Run No 
on on 

66 106 207 
Initial moisture content, % d. b. 

-82.2 . 
73.5 _73.6 Final moisture content, 00 d. b. 5.2 6.9 19.6 

Drying air temperature, oC 62.3 40.3 32.8 
Humidity, kg/kg 0.01G3 0.0101 0.0249 
Relative humidity, % 7.6 21.0 79.5 

'No. ' of data points 84. 71 51 
, Standard deviations (% d. b. ) 

-of-fitted curves: -"°-., -- 
Single exponential 1.17 1.61 2.77 
2 term exponential 0.61 0.31 0.37 
Exponential series - plate 1.36 0.91 1.81 

- sphere 3.13 2.43 1.43 
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Comparison of drying rate constants 

In 1970 the k values generated by the fits obtained with 

SINGEX and DOUBEX were expressed as a function of temperature by 

the equation 

k=A exp (bT) 
................ 3.41 

Trial plots of the k values obtained in 1971 indicated 

that the two variables, humidity and initial moisture content were 

also influencing the results and a better fit was obtained by 

fitting the equation 

k=A exp (bT + cH + dMo) ................. 3.44 

This was done by multiple regression of In k against T. 

H and Mo using the computer statistical package GIINSTAT 
( 74 

For each set of k values the analysis was carried out on all the 

data and on the data separated into varieties. The correlations 

with the variables obtained by analysing all the data together were 

inferior to those obtained by separate analysis, of each varietal 

set and significant differences in varietal response were proven. 

Details of the regression analyses including the statistical 

comparisons of the coefficients between varieties and between 

diffusion equations are given in Appendix 3.2. The coefficients 

in equation 3. L4. obtained for each variety and'each diffusion 

equation are summarised in Table 3.7. Of the 2 sets of coeffic- 

ients given for the 2-term exponential it is the second end- 

smaller value of k, k2, which can be regarded as comparable with 

the k 'values given by, the other, 3 diffusion equations. 

'I ` 
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Table 3.7 

Values of coefficients in equation 3.41 expressing drying 
constant, k, as a function of temperature, initial 

moisture content and absolute humidity 

Coefficient Source of 
k Crop Abc d 

Single exponential Sabel 0.00049010.07971-55.07 -0,00778 
S. 23 0001193 0.06601 _23.02 . -0.00799 

2 term exponential Sabel . 0628 -10.0601 -10.75 -0.01384 
ki s. 23 . 008998 0.0609 _77.01 +0.02527 
k2 Sabel . 000322 0.0888 -73.20 -0.00709 

S. 23 . 000624 0.0758 -31.16 -0.00756 
Exp. series -sphere Sabel . 000282 0.0809 -46°40 -0. C0815 

S. 23 . 000433 0.0756 -24.80 -0.00586 
Exp. series -plate Sabel 0.000312 0.0830 -46.48 -0.00877 

S. 23 0.000682 0.0725 -25.31 -0.00742 

The k values derived from the fits of equation 3.39 

(the plate) are plotted in Fig-3.17- The fitted lines represent 

the fits of equation 3.144 evaluated at the mean H and Mo for each 

data set. Similar plots of the k values derived for equations 

3. lß 3.10 and 3.38 are given in the Appendix a2. 

The statistical comparisons of the. coefficients in 

Table 3.7 indicated that the varietal difference was most marked 

for the k2 term of the 2-term exponential equation, where the 

differences between the coefficients of T and H were both 

significant at the 0.001% level. The effect of the temperature 

difference is illustrated in Fig. 3.18. The drying rate constant 

for Sabel is less than that for S. 23 over the whole temperature 

range, but the difference decreases with increasing temperature. 

'Since this isa logarithmic difference, the'ratio kS23/kSabel is 

decreasing. 
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The effect of air humidity is illustrated in Fig. 3.19 

by plots of k values derived from drying curves in the temperature 

range 29.2-32.9°C. The fitted lines for Sabel and S. 23 were 

evaluated at the mean temperatures, 30.2 and 31.1°C and mean 

initial moisture contents, 65.9 and 70.5% d. b. respectively of 

the data subsets plotted. The value of k is reduced by increasing 

humidity and the effect is greater for Sabel than for S. 23 

(i. eo kS. 23/kSabel 
increases). 

The differences between the drying rate constants given 

by the alternative diffusion equations are less than those between 

varieties. Where they existed, significant differences were most 

frequently associated with temperature. Fig. 3.20 compares the 

regression equations obtained for the 4 sets of k values for 5.23. 

As in 1970, the values of k given by the direct iterative fit of 

the single exponential (eqn. 3.1) were larger than those from the 

2-term exponential (egn. 3.10). The plate(er3.39) gave values 

very similar to those of 3.10 whilst the lowest values were given 

by the sphere. This-order reflects the contribution to describing 

the early part of the drying curve made by the extra term in the 

equations. 

Comparison of 1971 and 1970 drying rate constants 

For several reasons statistical comparison of the k 

values obtained for S023 in 1971 with those obtained in the previous 

year could not be carried out. A visual comparison. of values for 

the 2 term exponential is made in Fig. 3.18. The agreement between 

years is very good indeed. 
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Comparison of asymptotic moisture values 

Values of Me given by the fits of equations 3.10 are 

plotted in Fig-3.21 and similar plots of the values given by the 

other three fits are in Appendix 3,2 . Equation 3,142 was 

fitted to each set of values and the constants obtained are 

tabulated. in Table 3.8. Because of significant differences 

in the residual variances, statistical comparison of the 

coefficients between varieties and in the case of S. 23, between 

years, was not valid, 

i' 

r 

r 

Table 3.8 

Values of the constants a, b, c in equation 3.!. 2 
for asymptotic moisture content classified by 

variety and source of values 

'Me =a-b 1n T-c In (1 - rh) 

Source of asymptotic Constant 
values 

Crop 
a b c 

Single exponential (Sabel 15.09 2.83 12093 
(s. 23 25.67 4.85 8.90 

2 term exponential (Sabel 7.77 1.15 9.56 
(s. 23 18.8 3.66 8.61j- 

Exponential series (Sabel 5006 0.63 13.18 
plate (S. 23 15.70 2.82 9.11, 

sphere Sabel ( 11.71 2.1! ý ' 
12.85 

S. 23 12.1+1 1.8o4 . 80 4 9.11 

Final moisture (Sabel 13.18 2.29 10.71 
(s. 23 16.50 3.05 9,02 

* 1- values deleted from data set. 
-0 

However, there is a difference of practical significance which 

is illustrated in. Fig. 3.22. The values of Me are greater for i'I 

S. 23 than Sabel; the difference is very small at 60 C but 

increases with reducing temperature and is of the order of 

several % d. b, at 10°C. The temperature effect in Sabel is 

clearly small and in the case of the values derived from fitting 
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the plate equation, the effect was not significant although the 

coefficients have been included in Table 3.8. The temperature 

effect for S. 23 also appears to be less than it was in'-the 

equivalent 1970 data-. 

Final moisture values 

With the exception of a few of the data points, a 

plot of final moisture values, Mf, against relative humidity 

(Fig. 3.23) reveals a more uniform picture than plots of the 

derived asymptotes, Me. The inclusion in Fig. 3.23 of the 

final moisture contents from the 1972 germination experiment 

illustrates the sigmoid nature of this curve . Equation 3.1}2 

was fitted to the 1971 data and values of the constants for 

Sabel and S. 23 separately are included in. Table 3.8. The fit 

to the Sabel data was made of ter 4.. of the values had been deleted. 

Fits were also made to the combined data from 1971 only and from 

both 1971 and 1972. The latter produced an equation valid up to 

78.5%with very little change in the values of the coefficients. 

(Table 3.9). Predicted values for a constant absolute humidity 

(H = 0.01 kg/kg) and over the temperature range 20-78.5°C 

(rh range = 3.5 - 68j4) are 'represented by the continuous curve 

in Fig-3.23. 

Table .9 

Constants in equation 3.1+2 for all 1971 data and 
for 1971 plus 1972 data 

., 

ý. 

Data Constant No. of data 
l 

a b c 
va ues 

1971 all 16.05 2.96 9.31+ 186 

1971 + 1972 16.25 '3.00 9.28 216 ,ý 
=. 5 ý, 
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3.1+. 2. Germination 

The germination results are divisible into 2 classes. 

(a) Those originating mainly from the thin-layer rate tests 

and representing the effect of exposure to a constant 

drying air temperature for many hours. The 10 hour 

exposure treatments in the 1972 germination experiment 

are also included in this class 

(b) The full results from the 1972 tests and representing 

the effect of exposure time over a limited range of 

high temperatures (3.4.2.2) 

3.1 02.1 Effect of low term exposure to dry± g air temperatures 

A preliminary analysis of the class (a) results obtained. 

for S. 23 seeds in 1970 was included in the paper describing that 

year's work. 
( ßI ) 

Results from 125 runs at initial moisture contents 

<84% d, b. were represented by a third-order polynomial in T 

G= 263.3 - 13.09T + 0.329ßr2 - 0.002797T3 ........... 3.45 

Excluded from this analysis were samples which were thought to have 

deteriorated during storage at m. c. 's >13% m. c. w. b. and those which 

had had initial moisture contents greater than 84% d. b. The base 

germination of the latter were clearly a function'of their initial 

moisture content and at that time the data was not sufficient to 

quantify the effect. In the plot of the data and fitted curve in 

Fig. 3.2 4 the results from these high moisture samples are 

represented by triangles. 

Separation of the r. csults from 1971 into freshly-h , rvested, cold-stored 

and deep-frozen seel did not' reveal any differences between freshly- 

harvested and cold-stored seed but all the deep-frozen seed had been 

severely dnm, aged. These results were excluded from subsequent analyses. 

/ 
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With the accumulation of 3 year's results and the 

establishment in Section 2 of a relationship between initial 

moisture content and the germination of control'samples dried 

with ambient,, air, a more rigorous analysis of the data was 

possible. The. initial moisture content effect was eliminated 

by defining the germinatior. depression, GD, as the' difference 

between the germination at ambient temperature predicted by 

equation 2.1 (Sabel) or 2.3(5.23) and the germination at 

temperature, T. A third, order polynomical. in T was then fitted 

to the depression, GD and gave the following relationships. 

For -Säbel-(ll 1971 results +2972 10 hour exposures) 

23 GD = 38.11 - 2.681T + 0.04691T - 0.0001075T ....... 3.46 

For 5.23 (all 1970, and 1971 results + 1972,10 hour exposures) 

GD = 51 . 74 = 3.808T + 0.08127T2 0.0001ý121T3°:....... 3.4 7 
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Other possible relationships investigated. included 

introducing initial moisture content asa separate factor, 

although it was, of course., used in the calculation of GD. 

The inclusion reduced the overall variance slightly because 

of the improved fit at high temperatures but at low moistures 

and temperatures the fit was unrealistic in predicting negative 

depressions which would have resulted in germination in excess 

of 100/. Small negative depressions are also predicted by 

equations 3.1+6 and 3.4,7 over the medium temperature range, 

peaking about 30°C, but these do not imply excessively high 
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germinations. Equations 3.46, and 3.47 are illustrated. in 

Fig-3.25 which shows the slight negative depressions and the 

rapid increase in depression which occurs above about 1+0°C. 

The two equations produce very similar curves and there were no 

significant differences between the coefficients (see Appendix 3.2 

That iss the response to drying air temperature of both the 

diploid and tetraploid seeds was similar. The difference 

between them`was mainly one of germination potential. 

"" The germination results are plotted in Figs. 3.26 

and 3.27. The fitted curves were obtained by subtracting the 

depression's given by equations 3.46 and 3.47 from the potential 

germination predicted by equation 2.1 and 2.3 at the mean, 

maximum and minimum initial moisture contents of the respective 

data sets. The extreme variability characteristic of the 

germination results is clear from both of these plots. 

Heat damage during drying not only caused germination 

reduction but also reduced the speed or vigour, with which the 

surviving seeds gerninated. A quantitative measure of. vigour, 
7 

the ratio of the number of seeds germinating in 7 days to the 

total germination in 14 days, is represented by the plots of 

Figs. 3.28 and 3.29. This is a crude measure, not so', much by 

definition, but because 7 day counts are very variable between 

operators. __The- 
basic purpose is to ease the counting at 14. days 

by removing obviously germinated seedlings and any critical decisions 

as to whether or not proper geraination'has taken place are deferred 

until the final count. At low germinations a difference of a single 

seedling may count for several percent vigour. Nevertheless the 

data clearly exhibit a temperature effect and were also found to 

contain a moi3ture content effect. The following equations gave a 

reasonable description of the d^ta. 
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For Sabel 

Vigour = 34.24 - 0.3329Md + 6.371T - 0. ii oT2 + 0.0006348T3 

....... 3.4 8 

For S. 23 

Vigour = 68.74- 0.21+08Md + 2.93T - 0.05 i91+T2 + 0.0002312T3 

....... 3.4 9 

3.4.2.2. Results of 1972 experiment 

3.4.2.2. a. ` Controls The dates of harvest, initial moisture contents 
.2 

potential germination and vigour of the seed used in the 1972 experiments 

are summarised in Table 3.10. The moisture range for both crops was 

similar but slightly higher for the Sabel (44.1i. - 31.8% w. b. ) than for 

the S. 23 (41.7 - 26.5% w. b, ). With the exception of the germination 

of the S. 23 seed har-rested on August 8th, which had a lovr germination, 

the germinations of the samples was in line with the more comprehensive 

control data of Section 2a Thus at these moisture contents none of 

the tetraploid seeds reached 9015 germination whereas even the 71.5% d.. b. 

control for S. 23 exceeded 9070. In all cases the vigour is over 90%. 

Table 3.10 

Dates of harvest, initial moisture contents and properties 
of control samples 

Lrnsa 
, 

Run Crop Date Initial 1000 Germination Vigour 
m. c. seed Ufo % 

% w. b. weight, 
o d. b. 

1 Sabel 18.7.72 44.4(80 .0 3.92 82 93 
2 It 20.7.72 39.1(64.1 3.92 86 94 
3 it 25.7.72 31.8(46.5 3.92 85 95 
4 S-23 3.8,72 41.7 71.5 1.53 93 92 
5 ,.. 8.8.72 -34.8 53.4 1.53 86 91 
6 } 10.8.72 26.5 31,1 1.53 96 94 
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3.4.2.2. (b) Air temperature . 

humidity 

From the temperature records (Table 3.11) it can be-seen 

that at every level the mean temperatures exceeded the nominal 

settings by 2-3°C, but that once these settings had been fixed, 

the accuracy of control was very high. Within any one series of 

exposures, the standard deviations of the mean values (usually a 

period of about 30 h) ranged between 0.1 and 0.6 with a mean of 

0. L4 degrees. From run to run the mean temperature varied very 

little and the final means at each level, 57.7,63.2,68.8,71.2 

and 78.50C had standard deviations of 0.2 degrees or less. 

Table 3.11 

Means and standard deviations of drying air temperatures with 
grand mean at each level and standard deviation of that mean. 

i 
i 

r 
4y} 

3/ 

I 

v 
4 

Nominal temperatures, 0C±a 

Crop Run 55 65 65 70 75 
1 57.8+0.2 63.2±0.3 68.8±0.2 74.5+0.2 78.5+0.2 

Sabel 2 5'f. 6 0.5 63.2±0.6 68.8 0.5 74.1±0.4 78.6±0.4 
3 57.3+0,4 62.8+0.4. 68.6+0.3 73.9+0.4 78.41-0.4 
4 57.7+0.4 63.1+-0.4 68.8+0,5 74.0+0.5 78.3+0.6 

S. 23 5 57.9±0.2 63.2±0.4 69.0+0.1 74.2±0.3 78.5+0.3 
6 57.9+0.3 63.4+0.6 69.0±0.3 74.4±0.5 78. /-C. 4 

Mean 57.7 63.2 68.8 74.2 78.5 
S. D. of + 0.2 - -0 

+. 2 -+O. l - 
+0.2 

-- 
+0.1 

mean 

Air humidities for the iix runs were 0,0125 0.0128,0.0093ß 

0.0107,0.0092 and 0.0083, and depending upon temperature gave values 

of relative humidity in the range 11.4 to 3. C$. 

3.1-. 2.2. (c) Final moisture contents 

Final moisture contents (% d. b. ) are presented in Table 3.12. 

For any one series of exposure times these results represent points on 

a drying curve but are inadequate for use in determining drying rate 

constants. (There are not enough observations and the errors in each 
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Table 3.12 

Final moisture contents, % d. b. 

F, 

Crop Run Initial Temp Exposure time h 
No. m. c. oC 

0.25 0.5 1 2 4 10 
o d. b. 

57.3 61.5 49.3 34.7 16.3 16.2 5.0 
62.8 54.0 40.0 20.9 8.3 6.2 4.7 

1 80.0 68.6 47.1 20.2 9.6 7.0 5.0 4.3 
73.9 39.0 18.4 7.6 5.9 5.0 4.2 
78.5 32.4 15.2 7.6 5.7 4.2 2-7 

57.6 47.0 37.0 24.7 11.7 7.5 6.4 
63.2 46.4 29.9 16.6 8.2 6.8 4.6 

Sabel 2 64.2 68.8 34.6 21.7 9.8 6.8 5.9 4.6 
74,1 29.1 14.3 7.5 5.6 5.1 4.0 
78.6 21.6 11.1 7.1 5.3 4.2 2.7 

57.7 31.9 22.9 13.3 8.0 5.8 4.8 
63.1 25.7 17.7 10.2 6.9 5.2 4.2 

3 46.6 68.8 21.0 12.4 7.3 5.4 4.9 4.0 
74.0 16.5 9.6 6.3 5.2 5.0 3.2 
78.3 14.0 8.1 5.8 4.4 3.7 2.8 

57.8 43.3 81.3 15.3 7.5 5.6 4.3 
63.2 39.4 24.2 9.2 5.8 4.0 3.7 

4 71.5 68.8 28,3 12.6 5.9 5.1 4.2 3.3 
74.5 20.3 7.2 4.6 4.2 3.8 2.5 
78.4 16.4 7.1 5.6 5.1 3.1 2.2 

57.9 29.4 22.6 11.1j. 6.4 5.3 4.2 
63.2 28.2 15.3 7.7 5.5 4.7 3.6 

S. 23 5 53.4 69.0 18.4 8.6 5.8 4.7 3.7 3.1 
74.2 15.8 8.0. 5.2 4.3 3.4 2.9 

18.5 11.2 6.3 4.6 3.? 3,1 2.4 

7.9 2 .2 16�7 9.1 0.0 4.9 4.2 
63,14. 19.0 12.1 5.6 5.1 4.4 3.6 

6 36.1 69.0 14.. 3 7. '} 5.6 4.2 3.8 3.0 
74. )- 10.5 6.9 5., 4-. 2 3.5 2.6 
78 .7 1003 6.2 4,7 3.6 3.0 2.3 
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point are greater than in a drying curve determined by weight loss 

from a single sample). An attempt was made to compare drying 

curves at any one temperature level by evaluating the relation 

(M - Me)/(Mo 00 Me) using the moisture content at 10 hours as Me. 

The results indicated that the drying rate increased in inverse 

proportion to initial moisture content and seed size (variety). 

In those curves (the majority) for which little drying took place 

in the last 8 hours, a second falling rate period was indicated.. 

Plots of the drying curves revealed one anomaly in that 

in Run 1 in the 57.5°C treatment virtually the same moisture 

content (16.2%) was recorded at 1+ hours as at 2 hours when a 

substantial fall would have been expected. There are no grounds 

for discarding either value but that at L hours looks the most 

suspect. 

With the exception of the lowest temperature, 57.5°C 

An Runs 1 and 2 all of the seed was reduced to below l deb. 

within the first 2 hours and very little drying took place in: the 

remaining 8 hours. At 78.50C in Runs 3,5 and 6, at 74.00C in 

Runs 5 and 6 and 68.80C in Run 6, the moisture contents were 

reduced below the safe storage level (15.6% d. b. ) within 15 minutes, 

the minimum exposure time. 

The final moisture contents at 10 hours were used in 

Section 3.4-"1.2 to extend the fit of the equilibrium moisture 

content equation 3.12, to lower relative humidities and higher 
ry 

temperatures. tA large scale plot of the data (Fig. 3.30) in which 

, 
the individual runs are identified suggests that the equilibrium 

moisture contents of both varieties are similar. The apparently 

lower values for S. 23 in Table 3.12 can now be seen to be associated 

with lower values of relative humidity. 
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- iF 

3.1+°2,2. (d) Germination 

Results for the 7,14 and 21 day count are all presented 

'-in the" Appendix 3.2 but only the 14 day count and the ]4 day 

vigour results are presented here. This is because very few extra 

seeds germinated after 14 days which meant that germination and 

vigour comp risons were similar and it. is the 14 day count which is 

theccmmercially important value. The results in Table 3,13 are 

based on 3 replicate 100 germinations per treatment. In view of 

the findings of Thomson 
( 117 )discussed 

in section 3 . 2.3 the standard 

, 
deviation of each of these tests was calculated and compared with the 

mean valuer, and with the drying , treatments, The standard deviations 

vari e. d between 0.58 and 11,72% and appeared to i'ollcw a random 

distribution in&cpender.. t of either men germination or the treatment 

variables:. (Appendix table 3.2.37 ). 

A defect of the experimental design is that there is no 

�replication of moisture content.. This was a deliberate omission 

for two reasons. Firstly it is `almost impossible to achieve 

=replication of moisture levels when harvesting seed from a crop 

which passes through tho whole mature mcistire range in about a 

: fortnight. Even if synchronous harvests from two eeparete crops 

, -are used, equivpient moisture levels may not be obtL+irned. Secondly 
yr 

it was known that the moisture effect wasa strong one and would prove 

significant if replication were possible. For this reason in 

analysis of variance of the results the moisti; re level interactions 

were not assiVicd to error but were tested for sienif3 rance and a 

study of the differences betwocn means was used to indicate the 

important trends in troatmont effects. These detailed comparisons 

are tabulated in Appendix 3,21 . Tables of variance for both 

gercrination counts and. vigour results are given in Table 3.14. 

Sinco the three initial moisture levels obtained for each crop 
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Table 3.13 

Mean 14 day germination counts 

Run M. C. Temp, Ex osure time h 
Crop No % oC 

. d. D. 0.25 0.5 1 2 4 10 

57.7 74.3 75.0 62.0 55.0 '58.0 58.0 
63.2 58.3 49.3 38.3 61.0 37.0 33.3 

1 80.0 68.8 21.0 22.3 21.7 14.7 20.7 20.0 
74.2 18.3 16.7 10.7 17.7 '14.7 13.3 
78.5 9.3 14.0 12.7 12.0 9.3 10.3 

57.7 81.7 80.7 77.0 80.3 71.3 75.0 
63.2 72.7 61.3 58.7 58.7 53.7 61.7 

2 64.1 68.8 40.7 33.0 33.0 33.7 38.3 33.3 
Sabel 74.2 27.0 26.7 27.7 25.3 30.0 27.0 

78.5 23.7 18.0 17.3 25.0 18.3 20.3 

57.7 87.3 83.3 91.0 85.7 80.3 81.7 
63.2 84.0 78.0 80.0 77.3 74.3 74.7 

3 46.5 68.8 60.0 '57.0 69.7 64.0 59.3 57.7 
74.2 53'"3 52.3 52-. 3 51.7 53.3 x+9.7 
78.5 42.0 39.7 44.7 49.3 46.3 51.3 

57.7 11.3 64.0 58.7 49.0 49.0 51.0 
63.2 45.3 37.3 36.3 37.7 34.7 34.0 

4 71.5 68.8 34.3 30.7 27.3 25.3 30.0 27.7 
/4.2 16.7 17.7 19.7 26.3 19.0 23.7 
78.5 16.0 20.0 17.7 16.3 =27.0 28.3 

57.7 78.0 82.3 75.3 75.7 73.0 71.3 
63.2 58.3 79.0 56.7 68.3 68.3 63.7 

5.23 5 53.4 68.8 51.0 59.3 55.0 47.0 51.3 57.3 
74.2 41.7 46.7 47.0 42.0 47.0 50.3 
78.5 46.0 40.3 40.0 42.7 40.3 44.7 

57.7 96.0 92.3 88.3 88.0 87.7 87.0 
63.2 85.7 95.3 81.0 82.0 85.0 85.3 

6 31.1 68.8 75.0 74.0 72.7 '66,0 69.7 72.0 
74.2 67.7 67.3 76.0 69.0 70.0 66.0 
78 .5 68.0 58.7 58.3 67.0 67.3 65.0 

.ýaý. _ _, .... 

y ýýý, ý . ý. ý_, _ .. ýý_ýý-, 
ý t. 

-ý.. <-.. 
ý. 

.. ýý.: . ''s. a 



Table 

Analysis of variance of 14 day germination counts (transformed 
to angles) and percent vigour of Sabel and S. 23 seeds 

Germinations 

Source of variation d. f. Sabel S. 23 

M. S. F M. S F 

Moisture (M) 2 10067.91 978.56 15951.11 1333.21 

Temperature (T) 4 9432.88 81.811. 3880.36 100.0. 
Moisture (M) xT 

(error a) 
8 115.26 6.20* 38.79 2.087 

Exposure (E) 5 88.85 2.51* 43.91 2.362 NS 

MXE 10 35.31+ 1.90 N8 18.95 1.019 NS 

TxE 20 38.61 2.08* 47,78 2.570** 

MxTxE (error b) 40 18.60 1.808 18.59 1.554 

Residual 180 10.29 11.96 

Vi our 
Source of variation d. f. Sabel 5.23 

M. S. F M. S. F 

Moi: >ture (M) 2 11652.4 130.164 5692.15 76.753 
Temperature (T) 4 6609.97 3.200 NS 2966.07 3.796 NS 

Moisture (M KT 
(error a 

8 2064.72 
*** 7.186 
, 

781.30 ***' 4.213 

Exposure time (E) 5 4.64.9.93 ý* 16.184 2292.51 12.363 
MxE 10 376.20 1.300S 1+43.21 2., 90* 

TxE 20 627.96 2.186' 359.84 1.941 
M ;xTxE (error b) 40 287.32 4.478 185.43 2.498* 
Residual 180 69.52 74.16 

i 

I. 
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could not be regarded as equivalent, a separate analysis of variance 

was carried out for each variety. The analyses of the germination 

percentages were carried out on the angular transformation of the 

values. Parallel analyses of the untransformed percentages gave 

similar results but with rather higher levels of significance. 

The results of the analyses were similar for both varieties 

but provide an interesting contrast between germination and vigour. 

For germination, the effect of temperature was highly significant 

and time of exposure relatively unimportant. In the case of 5.23, 

in particular, exposure was not a significant effect except in its 

interaction with temperature. But for germination vigour, exposure 

time had a highly significant effect whilst temperature was reis, +ively 

unimportant and, as an independant factor, was not significant fcr 

either variety. The reasons for this are explained shortly. 

Effects on germination 

Sinne the effect of exposure on germination was relatively 

weak, the main effects are illustrated. by plots of germination 

against temperature for each moisture level for the shortest 

(15 miniite ) and the longest (10h) exposure times only (Figs. 3.31 

and 3.32). The strong interaction between moisture content and 

temperature is clear. At any moisture level increasing temperature 

from 57x7 to 78.5°C causes an approximately similar depression, the 

effect being most pronounced bet' een 60 and 70°C and decreasing 

thereafter. Differences between germinaticn resulting from the 

two highest temperatures, , 71.2 and 7£3.5 C.. were seldom significant. 

The lowest temperature, 57.7°C, was the only one which failed to 

cause damage in all treatment combinations. For Sabel there was 

no reductict at 46.6% nocod. b0 after 4h exposure and reductions at 
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Fig. 3.31 Effect of temperature on germination of Sabel seeds after 
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114 

the higher moisture levels were modest. For S. 23 there was no 

reduction at 36.1% d. bo but rather greater reductions at the 2 

higher moisture levels than with the Sabel. 

For both varieties, additional reduction caused by 

further. exposure up to 10 hours were only significant at the 2 

lower temperatures and then most strongly at the highest moisture 

contents. i. e. in general those treatments for which appreciable 

moisture loss continued at exposures greater than 15 min. 

Exposure time was not significant at the three highest temperatures 

because the maximum depression had been induced within the first 15 

minutes of exposure, -A general consideration of the significant 

effects in the interaction tables suggests that critical exposures 

for S. 23 are shorter than those for Sabel. 

Because 'the use of analysis of variance to test the 

moisture content interactions was theoretically suspect, the 

moisture content/temperature interaction at each exposure-time 

was also examined by a parallel curve analysis available within 

the MLP* package on the ICL 170, To each set of 3 curves of 

germination against temperature at each exposure time, straight 

lines were fitted (a) to the individual curves, (b) to the 3 curves 

in parallel and (c) a common curve. An analysis of variance was 

then carried out in which curve displacement (intercept) and 

parallelism (slope) were tested against the within curve variance. 

With but one minor exception, significant differences were found in 

displacement but not in slope. The intercepts and slopes are 

summarised in Table 3ol5e Both intercepts and slopes decline. 

with increasing exposure reflecting the flattening of the curves 

due to the greater effect of exposure at the lower temperatures. 

ML? = zMaximum ; likelihood programme - 'a self 'contained-, system for 
,r 

fitting models %to data. Written , by G: J. S. 'Ross, ', R. D:, - Jones, 
R. A, Kempton ; and , 

F. B;, Laückner; dStatistics Depärtment Rothamsted 
Experimental Station, Harpenden, Herts. 



" Table 3.15 

Germination as a straight line function of temperature at 
each exposure time and moisture content 

M. C. 'E osuretime h 
Crop Coefficients Lb. 2 1 2 3 10 

Slope all -2.89 -2.73 -2.54 -2.38 -2.15 -2.21- 
80.0 234.1 222.4 203-0 195.1 175.1 178.3 

Sabel Intercept 64.1 247.0 230.9 216.7 207.6 189.8 194.8 

46,5 263; 2 249.0 241.3 228.6 210.2 214.3 

Slope all -1.89 -1.97 -1.55 -1.43 1.30 1.19 

71.5 165.9 168.9 137.9 124.. 1 120.6 114.4+ 
S. 23 Intercept 53.4 184.2 196.5 160.8 153.3 144+. 7 138.9 

36.1 2 07.7 210.5 181.2 172.6 161.. 6 156. ! 

Over the range investigated the germinationof Sabel declines at a 

greater rate with temperature than that of 5.23. The constants 

in Table 3.15 have been used to calculate the values in Table 3.16 

of temperatures at which 9C$$ germination is predicted. Where 
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the extrapolation goes very far outside the experimental temperature 

range, as for example the results for the high moisture S, 23 at 

exposures greater than h, the results are unrealistic but otherwise 

a good indication of safe temperatures is given. 

Table 3.16 

Drying temperatures, °C giving 9C% germination predicted 
by the linear equationlof the parallel curve analysis, 

Table 3.15 

M. C. Exposure time h 
Crop 

d. b. 2 1 2 4 10 

80.0 49.9 L8-5 44.5 44.1 39.6 40.0 
Sabel 64.1 54-3 51.6 49.9 49.4 46.3 47.4 

46.5 59.9 58.2 59.6 58.2 55,8 56,2 

71.5 40.2 40.0 30.9 27.3 23.6 20.5 
3.23 53.4 49.9 54.0 45.7 44.2 42.2 41.1 

36.1 62.4 61.1 53.9 57.6 57.6 55.9 
I 
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Effect on vigour 

As noted in section 3.1.2.1e vigour results tend to be even 

more variable than the germinations from which they are derived. 

One reflection of this is the higher residual variance of the vigour 

analysis of variance compared with those of the germinations. 

(Analysis of the germinations as percentages produced residual er 
2 

approximately twice those of the angular transformations but this 

is still only 4 of the vigour residual a 
2). 

In this analysis the 

temperature effect was weak and the exposure effect strong. 

Inspection of the data in Table 3.17. confirms that there was 

considerably more variability between temperature levels than 

between exposure levels at one temperature. Consider Run 3 for 

example. The vigour of the 68.8°C treatment for exposures up to 
a 

2h is over 9CP7 and stands out as not being part of/uniform pattern. 

There are a number of other similar examples. Hence perhaps the 

most that should be said is that the"general conclusion of the 

analysis was that continuing exposure tends to cause a continuing 

decline in vigour and this effect is strongest at the higher 

temperatures. In particular, the vigour of seed exposed for 

10 hours to 78.5°C was consistently low for both varieties at all 

moisture contents. 8 

3 
.ý _ ýý , 



Table 3,17 
iii 

Mean vigour percentages (7/14. da. y) 

Crop Run M. C. Temp Exposure time h 
No. % d. b. °C 0,25 0.5 1 2 4- 10 

5707 91.2 77.7 77.4 63.2 45.6 4.6.7 
63.2 38.0 42.6 39.8 57.9 46.7 38.6 

1 80.0 68.8 '57-0 53-C 46.9 04.0 32-3 43.1 
74.2 68.9 76,5 28.1 42.0 15,1 +0.3 
78.5 61.5 80.6 69.7 50.1 26,7 12.8 
57.7 96.7 91.0 844 82.3 79.5 78.6 
63.2 87.2 83. + 69.7 79.1 73.9 77.7 

Sabel 2 64.1 68.8 65.6 7.. 9 65.1 50.1 4-5.1+ 56.2 
74.2 85.2 88.5 88.1 68.5 61.7 47.1 

1 78.5 72.5 84.4 36.3 56.4 13.9 25.8 
57.7 86,3 85.2 82.4 80.6 86.1+ 77.6 63.2 79.6 70.6 78.7 86.3 85.9 81.7 

3 x+6.5 68.8 92.8 91.2 94.7 93.4 74.5 69.4 
74.2 76.6 83.8 64.2 64.9 57.0 56.0 
73.5 49.8 18.8 59.5 45.3 27.3 39.7 
57.7 77.1 70.5 82.1 83.1 83.9 77.2 63.2 64.2 66.8 77.8 66.8 63.1 59.4 

4 71.5 68.8 70.5 69.6 63.9 -79.7 52.3 63.5 
74.2 69.2 53.3 41.9 69.9 35.8 38.8 
78.5 39.9 61.2 70,5 61.6 54.7 22.4 
57.7 77.2 73.6 78.8 68.0 67.5 66.9 
63.2 56.0 76.3 75.9 73.2 77.2 71+, 8 

5.23 5 53.4 68.8 87.5 74.6 73.4 79.2 70.3 69.2 
74.2 93.7 83.0 76.8 79,3 76.7 60.7 
78.5 4-7.4 49.3 74.4 74.5 42.4 45.8 
57.7 81.4 88.9 93.2 84.5 79.5 75.8 63.2 90.2 91.0 89,0 87.3 82.4 64.2 

6 31.1 68.8 91.6 92.8 88.1 76.1 63.6 49.9 
74.2 97.0 95.5 75.3 66.6 64.4 69.2 
73.5 86.2 84.5 75.6 65.7 56.5 51.7 
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3.5. DISCUSSION 

3.5.1. Drying rate 

In 1971 the general improvement in operating technique, 

-which included the reduction in the weight loss discrepancies by 

the use of lower air velocities and more precise control of air 

temperature, produced drying curves which were more reliable than 

those obtained in 1970. In addition, the improvements and 

extensions in the curve-fitting routines reduced the random 

variation in the drying constants derived. Nevertheless the 

agreement between the 2 years results was very good and very few 

of the conclusions reached in 1970 
( 81 ) 

have had to be revised 

as a result of the extra insight gained in 1971. 

3.5"l. a 1970 results 

The 1970 results showed that the 2 term exponential 

fitted the curves better than the single term equation commonly 
(16, ß8,11o, 69,70,49 ) 

The original used for cereal grains 

reason for attempting to fit an extra-term to equation 3.1 as 

in equation 3.10 was as a device to approximate the higher order 

terms of the exponential series of equation 3.38. It was felt 

that this would obviate the need to make an arbitrary selection 

of the point at which these higher order terms faded on any 

particular curve and beyond which a fit of equation 3,1 would 

have given a realistic value of k for use in the series. This 
in 

approach was successful and/those cases for which DOUBEX found 

a reasonable solution, the difference between the constants of 

exponentiation was always such that the one term faded very 

rapidly compared to the other. 

The improved fits given by DOUBEX tended to occur 

over the whole length of the curve. In most cases it was 

markedly better than either of the alternative fits of Eq. 3.1 

by SINGEX as in the example of Fig, 3.11where the variance was 
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reduced to 1/10th of that from the direct least squares fit of 

equation 3.1 (see Table 3.2 ). Sometimes the improvement was 

less marked as in the example of Fig. 3.12 but some improvement 

was always gained. . 
From a comparison of Figs. 3.11 and 3.12 

with Figs. 3.9 and 3.10 it can be seen that the fits of equation 

3.10 are at least as good as if not better than, the agreement 

between replicate curves. 

Equation 3.1 would predict that plots of drying rate, 

dM against moisture content, M, would be linear but such plots dO 

for drying curves'A-E of Fig. 3.9 (Fig. 3.33) exhibit a steep 

rise away from linearity at high moisture contents. This is 

the sort of pattern to be expected from plots of the differential 

2 
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of either of the series equations 3.38 and 3.39 and in 1970 

the possible use of Eqn. 3.38 was investigated using k values 

derived from the 3 equations for k given by Table 3.3 . Drying 

curves and drying rates were generated from the exponential 

series equation for a number of initial moisture contents and 

using a number of arbitrarily chosen asymptotic values. 

Those were then compared with the experimental curves. The 

best fits were obtained when using the 'k' values derived by 

DOUBEX and example predictions are plotted in Figs. 3.9 and 

3.10. Comparing those with the experimental variation 

between replicate curves the agreement must be regarded as 

good. The predicted differential curve for the curves of 

Fig. 3.9 is plotted in Fig. 3.33 . Here again agreement is 

reasonable although for many of the data sets the increased 

variation caused by the simple differentiation precludes any 

real critical comparison. 

3.5. l. b. 1971 Results 

In 1970 the wide variation in the values of k for 

the rapidly decaying term of the 2 term exponential suggested 

that the equation did nothing more than accouht empirically 

for the initial part of the drying curve where theory and 

measurement predicted that the drying rate was not directly 

proportional to moisture content. It was expected therefore 

that comparable , or even better, fits would be obtained by 

fitting the series equations direct using SEREXO But analysis 

of the 1971 data showed that the 2 term-exponential was still 

the most satisfactory. To a certain extent this is probably 

,. because in DOUBEK., 'the two'exponent terms are adjusted 

independently of each other and therefore provide more 

flexibility than in the series where, all the component terms 

are related by the particular progression. Nevertheless,, the 
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values of kI obtained for the rapidly decaying term of eqn. 3.10 

in 1971 bore a clear relationship to temperature in a similar 

manner to the values of k2 (see Table 3.7 and Appendix Figures 

3.2.2&3) " 
This prompted a closer examination of equation 

3.10 and the realisation that it is the solution of a second 

order linear differential equation 

d---M 
+P 

dM 
= -q (M-Me) ......... 3.50 

d0'' d8 

where the constants p and q are defined by the quadratic 

equation 

k2+ Pk+q =0 ......... 3.51 

and the constants k1 and k2 in equation 3.10 are the roots of 

this quadratic. From which it follows that kI + k2 =p and 

kI k2 =q and if equation 3.50 is at all applicable then 

it would be expected that p and q would prove to be functions 

of the drying variables. The sums and products of ký and k2 

were evaluated and expressed as exponential functions of 

temperature. The coefficient of the equations are given in 

Table 3.18 and the functions and data points are plotted-in 

Fig-3.54. The correlation is sufficiently good to suggest that 

equation 3.10 is not just an empirical description of the drying 

curve. It is of interest to note that there is hardly any 

difference between varieties in the values of p and that there 

is a, difference in the logarithmic intercept of q, significant 

at the 5r level. 
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Table ý. 16 

Coefficients in the expression y=A exp (bT) where y=p or q 
of equations 3.50 or 3.51 

Sabel S2 
Constant A b A b 

p 

q 

2.480 x 10-2 

2.717x106 

0.0574 

0.1415 

2.065 x 10 2 

5.647 x 10-6 

0.06393 

0.1380 

Comparison of k values between diffusion equations and 
between strains 

For the purposes of comparison of 'k' values from the 

alternative equations and from the two different strains, the 

'k' values were expressed as exponential functions of the three 

variables, drying air temperature, initial moisture content and 

humidity. Diffusivity is commonly accepted to be related to 

temperatiüre by the Arrh. enius relation 

D= Do exp (E/(R(T + 273) ))".......... 3.52 

and since the drying constant, k, is directly proportional to 

diffusivity it would be reasonable to expect that an equation 

of this form could be used for describing k. It has been 

16,27,1.6,10 
used by several authors , some of whom have 

attempted to evaluate Do and the activation energy, E. But 

what is apparent from the attempts is that the range of 

absolute temperature covered by most data sets is very small 

and experimental variations causing what are in practice, only 

slight differences in slope, cause large differences in Do and 

the value of E. It was felt therefore that equation 3.41 

k=A exp (bT) 
.......... 3.41 

( 9G, 69, -110,49 ) 
was more convenient. There is precedent for its use 



124 

and, over the temperature range covered by_the data, differences 

in k values predicted by the two equations fitted to the same data 

.. are very small. -- 

Inclusion of the initial moisture content, Mb, and air 

humidity, H, as additional exponent terms (equation 3.44) was 

convenient because of the ease with which they be included in 

the least squares fit. Relative humidity could have been used 

instead of absolute humidity but the latter was preferred because 

of its independence from temperature. Neither of the two factors, 

Mo or H, was as important as temperature but their inclusion. did 

improve the fit 
, 
and their regression coefficients were significant. 

Although dependence of 'k' values on humidity has been doubted 

( 46,25,118 
positive evidence has also been presented 

(1 34,132 , 130 
and. T. roeger and Hukill 

( 124 )include 

dependence on initial moisture content. 

There was very little difference between the k values 

given by the 2 term exponential and those given by the equation 

for the plane sheet over the whole temperature range (Fig-3.20). 

These two equations gave the best fits and clearly represent a 

reasonable compromise between the under-compensation of initial 

drying rate given by the single exponential, with a slightly larger 

k, and the over-compensation given by the sphere equation with the 

smallest k values. Although not giving as good a fit as 2 term 

exponential, the equation for the plane sheet is easier to use 
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since it only involves the 2 constants, k and Me. This 
that the ryegrass seed is better approximated 

result also suggests/as a plane sheet than as a sphere. 

° There is-some advantage here in that for the purpose of 

calculating diffusivity, thickness is a readily definable 

quantity whereas the choice of an appropriate characteristic 

'diameter' is largely subjective (see Section 2.23). 

The comparison of varieties proved that the 

smaller seeded S. 23 dried faster than the larger seeded 

tetraploid, "Sabel, although the difference decreased with 

increasing temperature. Since in theory, k is proportional 

to the square of some characteristic dimension (see Equations 

3.6,3.7) the square roots of the ratio of the k values for 

the two varieties are compared in Table 3.19. 

Table 3.19 

Values of the quantity, (ks23%`ýSabei at 5 temperatures 

for the 4 alternative diffusion equations. 

Temperature, Diffusion equation M 
C Single 2 term Slab Single ean 

10 1.69 1.58 1.55 1.44 1.57 
20 1.58 1.! +8 1,47 1.41 1. +9 
30 1.47 1.39 1.39 1.37 1.41 
40 1.38 1.30 1.32 1.33 1.33 
50 1.29 1.22 1.25 1.30 1.27 
60 1.20 1.14 1.19 1.27 1.20 

Mean 1.44 1.35 1.36 1.35 1.38 

Clearly similar ratios are given by all 4 diffusion equations at 

any one temperature and the mean range 1057 - 1.20 from 10°C to 

60°C is representative of them all. It is of interest to note 

that the mean ratio is 1.38 which is in very good agreement with 

the ratios of dimensions, and in particular thickness, tabulated 

in Table 2.3 of Section 2.2.3. The implication here is that the 
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difference in drying rate between the varieties is due to the 

size difference rather than a difference in diffusivity. 

However the comparison is affected by temperature and humidity 

to an extent which procludes combining the k values from the 

two varieties by correcting for relative size alone. From a 

practical point of view the difference is important because it 

means a difference of from 12 to 22 times in the drying rate 

depending on temperature and humidity and supports the view 

of those growers who maintain that tetraploid-ryegrass seeds 

are more difficult to dry than the diploids. 

Comparison with other seeds 

., 
Fig. 3.35 compares the drying constants for 

S, 23 and Sabel obtained from the 1971 data with published data 

69 
for barley i6 

and wheat 
( ý, 

At low temperature 

the drying rate of the grass seed is less than that of wheat or 

barley but it increases at a greater rate until, -at 
higher 

temperatures it is greater. Since wheat and barley belong to 

the Graminae it might have been expected that differences between 

them and grass seed would have resulted from differences in size, 

but. this would have meant drying rates in grass-seed 9-times 

higher than in wheat or barley. This is clearly not the case 

an! it follows that the diffusivity of grass seeds must be less 

than that of cereal , rains. Comparative diffusivities over the 

range 30-60°C are plotted in Fig-3.36. The data from Pabisý96 v;,, ) r L- 

taken direct fror his paper, that of Boyce(16 for barley and 

M' Even & 0' Callag'ian(69) for wheat were calculated fron estimated 

diameters based on equation 2.7 whilst that for the grass seeds 

is based'on'equation 3.6 using the mean values for thickness, z, 

given in'Table 2.3, Section 2.2.3. The lower diffusivi*y of 

grass sted`-isconfirmed. The most probable explanation for it 

would"seem"tu'bethe variation'in diffusivity of moisture through 

individual seed tissues and the varying ratios 
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of such tissues in cereal grains compared to grass seeds. 

3.5.2. Equilibrium moisture content 

The data were in general very well correlated by 

equation 3.4 2 and given the variation inherent in the data 

it is unlikely that a more complex expression would have given 

significantly better predicted values of Me. Equation 3.42 is 

simple, it is easily fitted to the experimental data and it has 

the correct shape over the entire practical range. This point 

requires '' amplifications Plots of the equation for constant 

temperature as in Fig. 3.22'produce sets of lines which do not 

have the sigmoid shape evident from the data plot of Fig. 3.23. 

However it Must be remembered that the variation in relative 

humidity in that plot is mainly achieved by changing the 

temperature of air of ambient absolute humidity. Thus if a 

series of predicted data points are generated using a constant 

absolute humidity, the resultant line has the same sigmoid 

shape as the data (Fig. 3.23) and fits it extremely well. The 

equation was suggested by that of Smith 

M= Mo - aln (1 -, rh) ... 3.11 

in, which Mo represents the bound water fraction and is the 

asymptote. at zero relative humidity. It was realised that 

this asymptote must be dependent on temperature and would, 

in fact, become zero at the temperature (130°C) and humidity 

(rh = 0.6% at 0.01 kg/kg absolute humidity) at which the oven 

129 

moisture test is determined. An examination of the correlation 

of the values of Me with t siiggested that this function might be 

logarithmic hence Mo was replaced by the term a-b In T. The 

various experimentally determined constants of equation 3.42 

predict somewhat higher temperatures 
(1) 

than 130°C for the 

(1) The, correlation of all 1971 and 1972 data predicts zero Mf 
at 225 0 C. 
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attainment of zero moisture, but it is reasonable to suppose that 

the logarithmic function for T is only a coarse approximation. 

The generally greater variability of the derived 

asymptotic constants, Me, compared with the actual final moisture 

contents, Mf, supports the view that the derived values are more 

specific to the individual curve fits than to the true asymptotic 

value. Because of this it could be argued that for predicting 

drying rates, the values of Me should be those derived from the 

same diffusion equation as the k values. But the use of the 

correlation of final moisture might be expected to give more 

realistic values of the moisture content to which the seed will 

tend at equilibrium. This point can only be resolved by trial 

and error within a simulation, but predicted values. of Me and Mf 

are of a similar order. 

In fact the differences between the Me values predicted 

for S23 by the correlation of the values from the 2 term exponential 

equation in 1971 and those predicted by all 216 data points for both 

varieties in 1971 and 1972 are of no-practical significance. 

Values of Me for Sabel predicted by the diffusion equations are 

generally less by the order of 1% m. c.. d. b. than those for 5.23 

although, the differences between the actual final moisture contents 

were much less than this. It seems probable that the lower 

derived Me values of Sabel reflect a slight difference in the shape 

of the drying curve for which the curve-fitting procedures 

compensate by adjustment of both the k and Me values. 

Precise comparison with data from other sources is not 

possible, but predicted values are in reasonable agreement with 

static equilibrium values given for ryegrass by other workers 
59 , 109 , 61 

Comparison with published results for other seed 

species is also difficult but there seems little doubt that the 

Me values for ryegrass_seed are lower at low humidities than those 



131 

for wheat 
( 65 ) 

or barley 
( 

"16 This accords 

with the authors experience that the ease with which the seed 

is overdried is the main problem in using heated air driers for 

grass seed. At relative humidities within and above the normal 

ambient range the differences are much less. Static equilibrium 

data for wheat and barley presented by Pixton & Warburton(97 
ý.. 

correspond at relative humidities > 3('p% with the ryegrass data 

and exhibit a temperature effect similar to that of Sabel. 
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3.5.3" Germination 

The dominant feature of the germination results was the 

amount of variation which could not be attributed to, or quantified 

by, the treatment variables. Since the drying conditions were 

. controlled within narrow limits it seems reasonable to suppose that 

the variation must be a result of other factors. It is unlikely 

that there were marked differences in mechanical damage at harvest 

since drum speed and concave setting were standardised. Storage 

prior to drying might have been expected to affect response but 

there were no apparent differences between freshly harvested and 

cold-stored seed from the 1971 tests. Frozen seed was severely 

damaged, of course, but this was excluded from the analysis. It 

seems most likely that, for the. reasons put forward by Thomson 117 

and discussed in section 3.2.4, the variation lies within the 

germination test itself. This view is supported by the wide range 

and random distribution of the standard deviations given by the 

tests in the 1972 experiment. Nevertheless the standard test is 

more repeatable than any field test yet devised, it is the important 

commercial criterion and the one by which the results of the work 

must be judged. 

The bulk of the germination results originated from the 

thin-layer rate test and, with the inclusion of the 10h data from 

1972, represented the effect of long-term exposure to temperatures 

from near-ambient up to 78.5°C. The expression of the results as 

depressions from a base level calculated from the ripening equations 

did not entirely remove the effect of initial moisture content and, 

in particular, differences in response due to maturity were greater 

at the higher temperatures. However, within the range of 

depressions which might be tolerated in practice, the effect was 

much smaller. The use of the depression values was useful because 
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it, did separate out 
tthe"temperature 

effect and showed that this 

was similar-for both varieties even though their base germinations 

were quite different-(Fig-3.25). An interesting feature of this 

response was the tendency for the depression to become negative at 

-" temperatures slightly 'above ambient i. e. germination was improved. 

-" Two explanations can be put forward for this. Drying at slightly 

elevated temperatures means that the relative humidity of the air 

to which the seeds are'exposed is below that which would encourage 

the growth of micro-organisms and ensures that the seeds reach a 

safe storage moisture content in a reasonably short period. In 

contrast, control seeds dried with ambient air may be exposed to 

comparatively high relative humidity, their moisture content may 

fluctuate about the safe storage moisture content for some days 

and-pathogenic organisms may cause some deterioration before the 

safe storage moisture content is reached. The second explanation 

for the effect may be that some dormancy is being broken; drying 

at 30°C is a recommended way of breaking seed dormancy 
ý55 ý 

Under these conditions of prolonged exposure positive 

depression of germination began to occur between 35 and 40°C and 

had reached unacceptable levels by 50°C. Thereafter, further 

depression was very rapid. Using the maturity equation 2.4 and 

the depression equation 3.47 it can be shown that S. 23 saed in the 

moisture-range 66.7 to 33.3% d. b. (40 - 25% w. b. ) will be depressed 

to 9c% germination by temperatures from 40 to 43°C0 This is 'a 

narrower range than inspection of the data would suggest, partly 

because not all the variation in response due to moisture content 

is accounted for in 3e47, and partly because of seemingly random 

variation in the data. It does, however, provide some useful 

guide lines, the values of which are in general agreement with 

results from experiments by a number of authors with different 
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ß2 ) 
types of seed , The range of 1+0-430C is also much narrower 

than that indicated by the author's previous results for 6 inch 

layers of S. 21i ryegrass seed 
(79 ). 

This is to be expected since 

in a6 inch layer being dried to an average moisture content, safe 

for storage, only a relatively small proportion of the seed ever 

reaches the inlet air temperature and that which does may not do so 

for very long. The factors which are important in this situation 

are, time-of exposure to a changing temperature regime which in turn 

reflects-a complex relation to changing moisture content. The aim 

of the. 1972 experiment was to try and quantify the effect of exposure 

under conditions of constant temperature. Drying was allowed to 

continue and since air of ambient humidity was used, the drying rates 

were at or near the maximum which would be encountered in practice at 

the temperatures used. ;. Whether this increased or decreased the 

damage to quality is difficult to say. It may be argued that the 

rapid dehydration subjects, the seed to greater stress but there is 
(129,13464 ) 

the evidence. of sealed heating experiments to show. that, where 

drying is inhibited;. as it-might be under conditions of high humidity, 

the greater heat capacity of the moist seeds may result in worse 

damage. In retrospect it is'clear that the combinations of exposure 

and temperature chcsen were not ideal since so. much of the damage was 

done within the first 15 minutes, although it should be noted that so 

great was the variation in response that for seed at-the lowest 

moisture contents and temperatures it took nearly l0h for the 

exposure effect to become significant. But shorter exposure times 

for the higher, temperature treatments would have been useful. From 

the many hours exposure needed to cause depression at 40°C (the long- 

term. exposure. results),, there is-clearly a rapid declineýin critical 

exposure times as-, temperatures are increased and above 68°C they are 

a-matter. of minutes only. 
. 

The decline is of the exponential order 
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suggested by the equations of Hutchinson and Ptitsyn 
(% 

derived from sealed heating experiments. A correlation of the 

present data in a similar manner to that of Hutchinson 54) 
or 

Ptitsyn 
(9S ) 

was not attempted mainly because it was felt that 

these equations were not-suitable for use within a computer 

simulation of the drying process of the type described in 

Section 5e For this purpose an equation is needed which can be 

used to calculate cumulative changes in germination throughout 

the bed in order to further calculate the overall mean germination 

at any point in time. '' 

A study of the results of the 19-12 experiment suggested 

a correspondence between' germination reduction and moisture reduction 

with time but a correlation between the two was not establishedo 

Germination reduction did not parallel moisture loss and maximum 

damage was normally sustained before the seed was dry. However, 

both phenomenona exhibit an exponential decay asymptotic to a 

value greater than zero. For '-germination it seemed reasonable - 

to assume that both rate of decay and the asymptotic value were 

a function of temperature. 

As a first step plots of germination against exposure- 

time for Sabel were used to draw by eye , smoothed curves from 

which a series of revised germination values, G and asymptotic 

germination%9 Gel could be read. These were then used to derive 

graphically values of kg in the equation 

G= (Go - Ge) e -kg 0+ 
Ge ................ 3.53 

which iss of-course, analogous to the drying curve equation , 3,1. 

Go is the value predicted for a given initial moisture content, 

Mo', by ripening equation, 2.1 or 2'3e For simplicity, Ge, was 

expressed as a linear function of temperature and initial moisture 

content and kg as an exponential function of temperature. 
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Ge = 331.0 - 3.24. T - 1.14M .................. 3.54 

In (kg) = 0.1475T - 12.8114 .................. 3.55 

Both these equations are gross simplifications which lead 

to unrealistic results if extrapolated too far. In particular Ge 

may exceed a sensible value of Go at low temperatures -and/or moistures 

and may become negative at high temperatures. However, in a computer 

programme an upper limit of. Go and a lower limit of say 10116 can be set 

to override predicted values. The function for kg 'ignores the 

moisture content effect which although small in relation to the effect 

of T was consistent at each value of T. The agreement between the 

experimental. and predicted values is illustrated by Fig. 3.37. For 

the three lowest temperatures, the agreement is good but at the two 

highest, predicted values are less than the observed. As mentioned 

above, the setting of a. lower limit to G. alleviates this to some 

extent and if it does result in "a weighting of the calculated results 

for a deep. bed, the weighting will produce a conservative, and hence 

'safe' estimate. A similar exercise was carried out on the S. 23 

results and gave the following equations for the constants Ge and kg 

Ge = 222.3 - 1.65T - 1.03 M ............ 3.56 

In (kg)= 0.123T - 10.531 ""o"0".... ". 3.57 

Predicted values are compared. with the observed values in Fig-3.38,, 

Agreement is slightly better than for Sabel and the overestimation 

of the depression at the highest temperatures is not so severe. 

The slopes, of the temperature and moisture content effects are less 

steep in equation 3.56 than in equation 3.54 and extrapolation to the 

extremes of these two factors does not yield such unrealistic values 

as. it does for Sabel... Nevertheless the remarks concerning. the use 

;;;;. of� limits, }inside., a computer, programme still apply. 
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It will be evident that for the prediction of Ge 

equations 3.46 or 3,1.7 derived from all the long-term exposure 

results together with the ripening equation could have been used 

but the aim of the exercise which led to equations 3.53 to 3057 

was to try and obtain a simple description of the 1972 data only. 

There is clearly scope for further analysis of the whole three 

year's results. An interesting point about the existence of an 

asymptotic value of germination, particularly when this is a 

considerable percentage as it is with S. 23, is that in a deep bed 

a considerable contribution to the mean germination of the whole 

bed may be made by layers which have sustained maximum damage. 

It also prompts the thought that resistance to drying damage has 

a wide statistical distribution within a seed population and might 

perhaps be selected for in a breeding programme. 

It should be noted, however, that continuing exposure 

did appear to reduce germination vigour or speed of germination 

so that even viable seeds had sustained some damage which may 

reduce the ability of the seed to withstand long-term storage. 

Reduction in speed of germination had been anticipated and had 

led to counts being continued up to 21 days. Although some 

extra germinations did occur between the 111th and 21st days 

they were not specifically associated with the most damaging 

treatments and made very little difference to the results. 

The estimations of mould growth which were also made during 

this period also gave inconclusive results. Undamaged diploid 

ryegrass seed normally germ-Mates with a vigour well over 9c%o 

and Kahre 
(59 ) 

has suggested that the present 14 day test period 

should be shortened. If this were done the conclusions of this 

work would need revision. 
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3.6. SUMMARY AND CONCLUSIONS 

3.6.1. Experimental 

An eight-unit experimental drier was modifed for the determination 

of weight loss during drying of thin-layers of seed exposed to an 

excess of air of controlled temperature and humidity. Weight loss and 

temperature data were automatically recorded. 

One unit of the drier was fitted with a refrigerated condensing unit - 

which enabled the use of air temperatures and humidities less than 

ambient. During the pericd of study two other units were fitted with 

packed towers through which air could be conditioned to dew points in 

the approximate range 4 to 36°C. 

Experiments to determine thin-layer drying curves were carried out 

in the 1970 and 1971 harvests. In 1970, data was analysed from 140 

runs with S. 23 obtained at air temperatures from 27.70C to 61.70C and 

initial moisture contents from 40 to 117% d. b. In 1971, data was 

analysed from 91 runs with Sabel and 102 runs with S. 23. The initial 

moisture contents varied between 23.2 and 99.9% d. b. for the Sabel 

samples and between 62.1 and 75.4% for the S. 23 samples. The drying 

season was slightly extended by the use of cold-stored and deep-frozen 

seed. Drying air temperatures from 12.90C to 63.40C were used, 

Experiments to determine the effect of time of exposure to drying 

air temperature on seed gerraination were carried out in 1972. At 3 

moisture levels for each variety, seeds of Sabel and S. 23 were exposed 

to temperatures from 57 to 790C for periods'of ä, It 1,2*4 and 10h. 

3.6.2. Data processing 

A set of computer programmes were written to analyse the weight 

loss and temperature data. These included procedures for fitting the 

drying curves to 4 alternative diffusion equations by an iterative least 

squares method. The equations were: - 
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"' =' (Llo Me). exp(-ice) + t"e 3.1. 

14 = Aexp(-k18) + Bexp(-k20) + 1-10 3.10. 

a 
Me )22. exp(-n2k9) + Me 3.38 

n=1 
n 

a 

14 = (bio bie) 
82 ZI. 

exp(-(2n-1 )2k9) + Die 3.39 
7f n=1 (2n-1 ) 

Each of these equations defines the drying curve by an exponential 

constant, k and an asymptotic value, Me. Equation 3.10 is a special 

case with 2 constants k1 and k2 determined independently of each other. 

Provided k1 is much greater than k2 it can be regarded as representing 

the higher order terms of a series such as equation 3.33 and k2 is 

then analogous to the k of the other equations. 

3.6.3. Drying rate constant: 

Similar values of k were given by the fits of all 4 equations 

but the closest agreement was obtained between those given by equations 

3.39 and k2 of 3.10. These two equations and especially 3.10 also gave 

the best fits of the drying curves. Equation 3.10 was shown to be the 

solution of a second-order differential equation. Equation 3.39 is the 

solution for a plane sheet of Pick's equation for the rate of change of 

concentration of diffusion substance with time. 

Differences between k values of Sabel and S. 23 were shown to be in 

proportion to their size although diminished by increasing temperature. 

Hence the two ryes asses have similar diffusivities. 

Differences between k values for ryegrasses and cereal seeds were 

not a function of size and indicated lower diffusivities in the former 

which are probably due to differences in tissue ratios. 
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The constant k was expressed as a function of drying air temperature 

and humidity and seed initial moisture conteilt. 

k=Aexp( bT+ell +dhio ) 
... 3.44 

Values of the coefficients A, b, c and d are given in Table 3.7, 

Page 85. 

3.6.4. Asymptotic moisture content: 

The asymptotic iroisture contents, Me and the actual final moisture 

contents, Mf were expressed as a function of drying air temperature and 

relative humidity by equation 3.42. 

Nie =a-b. lnT - c. ln(1- rh) ... 3042 

Values of the coefficients a, b and c are given in Table 3.8, Page 

91 and Table 3.9, Page 91 for Me and Mf respectively. 

Differences in Me between varieties were small. In general under 

similar conditions values for Sabel were 1% d. b. less than. those for S. 23. 

Differences between Me and Mf were less than this. 

3.6.5. Germination: 

Germination deprossion was defined as the difference between the 

potential germination predicted by the ripening equations derived in 

Section 2, and the actual value. Under conditions of prolonged exposure, 

depression began to occur between 35 and 40°C and had reached unacceptable 

levels by 50°C. It was described by cubic functions of drying air 

temperature (Fquatiors 3.46 and 3.47, Page 97). Similar depressions 

occurred in both varieties even though their potential gert: inations were 

different. For S. 23, the only variety to exceed 9 germination, the 

fitted equations predict that germination will be depressed to 9C%'by 

temperatures-from 40 to 43 0C in the initial moisture range 66.7 to 33.3% d. b. 
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The 1972 experiments showed that as temperatures are 

increased above 40°C there is a rapid decline in critical exposure 

times and above 68°C they are a matter of minutes only. An 

empirical exponential function, equation 3.53, was developed to describe 

the decline in germination with drying air temperature and exposure 

time. 

G= (Go 
-Ge) exp (-kgg) + Ge ... 3053. 

The constants kg and Ge were described as linear functions of 

temperature and of temperature and initial moisture ccntent respectively 

(equations 3.54 - 3.57, Page 136). In its differential form, equation 

3.53, which is cnol. ogous to equation 3.1. for moisture loss, is suitable 

for use within a deep bed simulation programme. 
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4. DEEP BED EXPERIMENTS 

4.1. INTRODUCTION 

This section describes experiments to record the progress 

of drying in deep layers of seed subjected to either parallel- or 

radial- airflow. The records were required to provide a yardstick 

by which to assess the accuracy or validity'of similar records 

generated artificially by means of the thin layer data of Section 3 

and the computer-programme described in Section 5. 

Compared`with'the "thin-layer experiments, the time, seed 

and labour required, to obtain results for one run w'as"very great and- 

it was not possible to carry out more than 2 or 3 runs with each 

variety in any one season. This inherent limitation of large scale 

drying experiments has a1 aay been reco, dseä as one justification 

for the thin layer/numerical integration approach to the solution 

of seed dying problems. 

The apparatus was designed and built and the measuring and 

recording equipment was scaled in Imperial units and for convenience 

these are adhered to in this chapter although SI equivalents are 

given either as supplementarics ire the teat or in Appendix tables, 

4.2c APPARATUS 

4.2.1. General description 

The drier used for the deep bed tests is described by 

reference to Fig. L.. 1 and is illustrated in Fig-4.2. 

Air was drawn in by a centrifugal fan, C., through a bank 

of heaters, As and an air control valve, B, and blown along an 

insulated pipe, D. containing an orifice plate E. It then passed 

via a flexible coupling, F, into a plenum chamber, G, from where it 

enters the drying bin, H, and exhausted to atmosphere. The plenum 

chamber and drying bin were supported by a platform, I, which formed 
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Side elevation, 

Plan view 

Fig-4.1. Apparatus for parallel- and radial-flow deep bed tests. 

part of an automatic weighing system. Since it was not possible 

to Use this system for any of the tests reported here, it is not 

described. 

4.2.2. Drying bins 

The drier was designed to cope with the drying of a wide 

range of product densities, drying air temperatures and flows and, 

for parallel flow drying, was equipped with 2 drying bins of 5 and 
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15 ft2 crop s- section respc ct, v uly. Both ý v, i't deep and, for 

lightness, were constructed. of sheet aluminium welded to aluminium 

rings with perforated aluminium base... They were insulated with 

2 inches of cxf, ai. ded polystyrene protected by a glass-fibre coat. 

The. were lifted on and off the plenum chamber by an overhead hoist 

which could also be used to support a steelyard type of weighing uni-t. 

From 1971 onward the smaller bin was used with a special 

insert which was a false floor supporting a vertical rod which acted 

-is a support for thermccoi. ple wires (Figo4.3) 

-". 
-ý 

,ý 

.s 

Fib;. 4.;. 

By attaching the 

Fuloe °loul 
-LI , ui t for smýJ 1 drying bin with therrr. ocouple 

lc, ads fastened to centi il ýalk_ at 3 in. intervals. 
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top of the rod to the overhead hoist, the, insert could be, moved up 

and down the bin in the manner of a plunger and facilitated the 

filling and emptying of the bin in layers of measured depth* 

(See Section 4.3.1.6) 

In 1972, it was felt desirable, to make, some practical 

observations of radial drying and a 
'section 

of. a commercial (Simplex) 

radial drier was made. The section (Fig. 4.4) consisted of a2 ft. 

diameter metal plenum chamber, J, discharging, air through a perforated 

° sheet, K,, into a 40 section, 214 in deep of a 12' 21' diameter bin, L. 

Air 

t 
Alt 

T- N 

L 

J 

2ý 

1" 

' L M 

ý " 5 1 

400 " 16 
17 " 
" 

123456789 10. il 12 

1164'1 
la ," IS ." 14 

L" 

Air 

M 

Fig-4-4- Section of radial bin drier. Thermocouple locations 
indicated by numbered dots. 
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The floor and side of the section were made of hardboard and the outer 

wall, M, of fine nylon mesh supported by 1" weldmesh. A continuous 

plastic sheet was fastened around the sides in such a way that it 

could be folded across the top to act as a seal beneath the hardboard 

lid, N. ' The horizontal cross-sectional area was 12.58 sq. ft and 

hence a maximum capacity of 22.8 cu. ft. The drying air was supplied 

to the top of the plenum chamber through a flexible plastic tube, 1111 

diameter, connected to the flexible coupling, F, in Fig-4-1. The 

outline diagram of the unit, P, included in Fig. 1+. 1. illuzträtes its 

relationship to the rest of the deep bed apparatus, 

1.2.3. Fan and heater bank 

A5h. p. 3 phase electric motor running at 2800 r. p'. m. 

drove the, cenLrifugal fan through a belt and variable speed pulley 

which allowed impeller speeds of 2800 to 3700 r. p. m. Maximum fan 

output was 2000 ft3/min at 12 in w. g. (see Appendix Figure4.1.2 ). 

Further control of airflow was given by the air control valve which 

was of the iris diaphragm type, variable between 0.5 and 12.75 in. 

diameter. 

The 1505 kW heater contained '5 separate banks of 0.5., 

1,2,4, and 8 kW each of which could be switched independently 

onto either manual or auf anatic control. The control circuit 

for fan and heaters is given in Appendix figure 4.1.1. . The 

therraisLor sensor for Leniperature control was positioned in the 

duct almost inmediateiy downsLýream of the fan. This gave a 

quick control response but adequate insulation of the rest of the 

duet and plenum chamber was necessary to prevent the final air 

temperature being influenced by amblenL conditions. Both were 

Insulated with 2 in. thickness of -expanded polystyrene. 

iw,: _> 
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14.2.1. Flow u&casuvemerit 

The internal diameter of the 'ducting was 11.5 in.; 

the diameters of the 3 British Standard orifices 
(19 ) 

used within 

it were 3.0j 14.1 and 7.8 in. respectively. The orifice plate 

equation simplified to 

G= A( 
Fat 1L/h 

.... 
1ý, 1 

40+-t )_ ." 

QB 460 +tT ft3/min .... 4.2 
Pat 

where A and B have the following values. 

Orifice size 

3.0" 4.411 7.811 

A 

B 

3189 

19.69 

6942 

42.85 

24432 

150.82 

Plots of equation 4 .2 for the 3 orifice sizes are given in Appendix 4.. 1. 

Linear flows for the parallel bins are obtained by dividing by the 

appropriate Gruss-sectional area. 

Calculation of linear velocities in the radial bin has to 

take account of the radial geometry and possible variations in the 

depth of seed being ventilated. It can be shown (see Appendix 4.1) 

that for the experimental rig the following rele tionships applied: - 

Velocity flow at bin wall = 1.4324 Q/DR ft/min 

Velocity flow at outer wall = 0.2355 Q/DR ft/min 

Mean velocity = 0.50878 Q/DR 

where Q= flow evaluated by equations above and DR =vertical 

depth of seed in feet. 
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4.2.5. Temperature measurement 

Temperatures were measured by means of chromel- 

constantan thermocouples connected to a multi-point Honeywell. 

Brown potentiometric recorder. In 1970 the thermocouples were 

placed in the seed and plenum chamber only. In 1971 and 1972 

the wet and dry bulb temperatures of the air at inlet to the 

fan were also recorded. In all but two of the parallel flow 

runs the vertical inLeivel between thermucouples was 3 ini; hes; 

in Runs 2 and 3 it was 6 inches. In Runs 1-3 a further 

thermocouple was placed 1 inch below the seed surface. For 

runs 1ß-3 further details of thermocouple position are given in 

the Appendix. For rums 4-12 the thermocouple positions were 

numbered as follows: - 

Thermocouple Distance from air inlet, in 

2 0 
3 3 
4 6 
5 9 
6 12 
7 15 
8 18 
9 21 

10 21+ 
11 27 
12 30 
13 33 
14 36 
15 39 

In the radial flow bin, thermocouples were inserted 

through the floor at 6 inch intervals along the centre radius and 

at 36,48 and 60 inches from the inlet on 2 other radii (fig. 4.4 ) 

The couple leads extended approximately 6 inches above the base 

of the bin. 
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lf. 3 , EXPERIMENTAL 

In the 3 seasons, 1970-72., a total of 12 parallel and 

3 radial flow runs were carried out and are defined briefly by 

Table 4.1. The smaller drying bin (5 ft2 cross-section) was 

used for all the parallel flow runs. 

Table 101 

Summary of deep bin runs 

Run Date of Seed Initial Depth Dr3Ting Nominal drying 

, No. start m. c. ft time conditions 
% d. b. (m) h Airflow Temperatur 

ft/min. 0C OF 

Paral lel flow 
(m /min 

1 10/7/70 Sabrina 82.1 2 0.61 52 40 12 32 90 
2 28/7/70 S. 23 69.5 3 0.9l) 48 43 13 32 90 
3 4/8/70 S. 23 56.0 3 0.91) 43 36 11 49 121) 
4 12/7/71 Sabel 104.5 2(0.20 23 28(9 Ambient 

*5 14/7/71 Sabel 92.7 3 0.99 115 28 9 Ambient 
*6 19/7/71 Sabel 63.1 340,99 65 26 8 Ambient 
7 22/7/7]. Sabel 49.0 3; ': (0 

- 99 212 23 7 55-4032) 
*8 26/7/71 Sabel 23.5 30.99 69 16 5 Ambient 
*9 30/7/71 8.23 72.4 3(0.95 89 23 7 Ambient 

*10 4/8/71 8.23 64.2 38 0.95 136 16(5 Ambient 
11 16/8/71 S. 23 -35.8 2(0.61 16 24(7 49(120) 
12 17/7/72 Sabel 80.2 4(1.22 46, 16(5 Ambient 

Radial flow 

13 25/7/72 Sabel 46.9 0.93(0.28 ) 71 35(11) Ambient 
*14 3/8/72 8.23 75.1 1.67 0.51 ( 1602 ) 17(5) Ambient 
*15 10/8/72 5.23 36.7 1.46 0,45 88 20(6) Ambient 

* Pressure resistance determined. 

Seven of the parallel-, and all of the radial-, flow runs were 

carried out at ambient temperature without the addition of any 

supplemental heat beyond that due to frictional heating through 

the fan. Runs 1 and 2 were carried out at controlled temperatures 

of 32°C, Runs 3 and 11 at 49 °C 
and Run 7 at 55.4°C. -Difficulties 

with the heater unit prevented any runs being carried out at 

temperatures higher,, than this. Eight, oi. the parallel-flow rtais 

. were carrieäLLout with a, seer: depth of the, order of. 3 ft; shortage 
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of seed limited the depth to 2 ft in Runs 1 and 11 and to only 

3 ft in Run 4-. A Seth or 4fL was used in Run 12. Drying 

times varied from 16 to 160h. 

4-3-1- Procedure for parallel flow runs 

4-3o1e (a) 1970 (Runs 1,2,3) 

Because of the heavy contaminatim of both crops with 

barley it was necessary to clean all the seed 

before loading the drier. As this job took over 6 hours on a 

small laboratory cleaner, it. was not possible to start-any, of the 

runs until the day after harvest. The seed was therefore stored 

overnight in half-filled hessian sacks which were laid out as 

thinly as possible on a cold concrete floor. This prevented any 

heating taking place. 

In order to fill the drier bin, the required depth of 

seed was divided into a convenient number of layers and the weight 

of a single layer calculated from a bulk density determination. 

Aliquots of seed of this weight were then filled into the bin, 

each layer being separated from the next by a disc of nylon mesh. 

A thermocouple was inserted between each layer, in the surface of 

the final layer, and in the plenum chamber. A cumulative . sample 

of seed was taken during this filling operation to be used for 

moisture content determination. 

The drying container and seed were weighed before and 

after drying on a steelyard type of balance. In addition in 

Run 1., the bin was weighed 3 times during drying. Weight loss 

recordings during drying were not made on Runs 2 and 3. 

In each case drying was continued until it could be seen from 

the temperature recorder chart that the drying zone had passed 

through the-bed. 

After drying had been completed, the seed in Run 1 was 

left-overnight in the drying-chamber, - By morning-some heating had 
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taken place and the fan was run for about 12 hours to cool the 

mass down. For Run 2, the heat only was switched off after 

48 hours and the fan used to cool the seed for about 22 hours. 

A6 hour cooling period was used in Run 3, At the end of these 

operations, the seed was emptied from the drying container layer 

by layer by means of an industrial vacuum cleaner. Each layer 

was weighed separately and a sample taken for determination of 

moisture content and subsequent seed analysis. 

Separate determinations of the bulk density and, porosity 

of the wet seed were made in the case of Runs 2 and 3 and of the 

dry sees i"UIIL all 3 runs e 

The temperature charts were converted into the temperature 

profile of Figs. 4+. 7,1+. 8and 410 by manual reading and plotting. 

4o3elo (b) 1971/72 (Runs 4-12) 

-In these two subsequent''yoar; _ he 'crops were auuci: cleaner 

ald it was possiblc to start the runs on the same day, as harvesting 

using the seed as-harvested by the combine-harvester. 

Significant improvements were made to the experimental 

procedure. For filling the bin, the false floor insert-described 

in Section 1.2.2. and Fig. 4.3 was raised to within 1 layer depth 

of the top of the bin, the first layer filled into it and carefully 

levelled. The floor and seed were then-lowered by the thickness 

of another layer,. which was then added. Thus as each successive 

layer was added the false floor was gradually lowered towards-the 

bottom ý of the " bin. - At appropriate iriLervals, the thermccouples, 

which were already fastened to the centre---support rod, were laid 

out radially between the layers. 
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F<; r emptyin -, the floor v, r:. I uff, 

layer by layer so that each layer in turn stocd proud of the 

tcp of the bin. A broad flat scoop ýFig., 4.5) was used to 

slice off the layer anci transfer it into a container in which 

ii, could be weighed and. then sampled� The advantages of this 

system over that of 19 il were: - 

(D. ) The elimination of the need to reach to the bottom of a 

5 ft� deep bin a Thus each layer easy 1"eauh for" 

careful levelling during f: illU ng� 

N'i-;. 4,7 Flat sqmplirig p, -c,. 
for rh' df: ep bin driar. 
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(b) The elimination of the nylon mesh layer separators together 

with the original system of laying in the thermocouples down the 

side of the bin greatly reduced air leaks resulting from shrinkage 

during drying but did not entirely eliminate them as some loss of 

air could occur from around the central rod. This was easier to 

rectify However. 

(c) Sampling the final profile was very accurate because the seed 

could be removed, if desired, in layers only 1 inch deep. 

(d) Filling and emptying were quicker and less exhausting physically. 

The temperature charts from Runs 4. and 5 were read and 

plotted manually as in 1970. The remaining charts were read by 

chart reader direct onto punched tape in the Computer Department 

of Rothamsted Experimental Station. The data was then processed 

in the ICL 1+70 computer using the FORTRAN programme, DEEP. This 

programme, which is described in detail in the Appendix 

output the data 

(a) as tables of results, including the means and standard 

deviations of the inlet conditions. 

(b) as a line file suitable for input to 

(i) a graph plotting programme, SIMPLT, which was used to 

plot temperature/time profiles. This programme is 

also listed and described in the Appendix. 

(ii) the simulation programme STATIC (see Section 5). 

1.3.2. Procedure for radial flow runs (Runs 13,14,15) 

The wet seed was simply put into the section in weighed 

amounts and carefully spread by hand. Care was taken to see that 

the thermocoupleleads were held vertically by the seed, When the 

section was full the plastic sheeting was folded back over the seed 

and the lid placed on and weighed down with iron weights. Before 

starting the run proper, the air supply was switched on for a test 
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to be made for leaks and if. necessary the lid readjusted. At 

sometime during. the run., the drier would be-stopped and samples 

for moisture content determination taken by means of a vacuum 
inserted 

tube/at appropriate intervals along-a radius. It was found 

possible to remove a thiii coltrnz of seed down to about 10 inches 

from the surface., extract a small sample and return the surplus 

back into the hole created by the original removal. In this way 

a minimum of disturbance was caused. The same method was also 

used at the end of the run after which the drier was emptied and 

the seed weighed. 

The temperature charts were read direct onto punched tape 

and processed by the programme RDEEP. This was a modified version 

of DEEP which produced similar output including a line file suitable 

for input to a graph plotting programme RA. DPLT and the radial-flow 

simulation programme RADIAL (Section 5). 

4.3.3" Pressure resistance to airflow 

Whenever possible series of measurements of pressure 

resistance in the plenum chamber were made for a series of 

airflows obtained by adjusting the iris in convenient steps. 

Differential pressures across the orifice plate were read by an 

inclined tube gauge and static pressures in the plenum chamber 

were read from the pressure recorder chart. 

For the parallel-flow bins it was assumed that the 

resistance was a linear function of depth and results were 

brought to a common-scale by dividing by bed depth. These 

values were then fitted by linear least squares to the equation 

Pp 
=a (V )n ................ 4.6. 
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If this relationship is true for parallel flow then it is 

shown in Appendix 4.1.22 that the total pressure drop through a radial 

bin is given by 

a 9., n (('ýn_l 
- 1) ............... 1E. 7. 

Rr 
-n 

(2 
7r R -1 C1 

which for the experimental rig, simplifies to 

' 
(1 

nQ 13 
l 

(0.1644n-1 
- 1) ........... 4.8. C 

Hence values of the constants a and n were determined 

from the radial flow data by linear regression of in(p) on In 

(Q/0.69813A) which has as its intercept in a (0e1641+n-1 -- 1)1 
1 »n J 

and from which a was determined by the substitutionn, of the value 

of n. 
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4.4. RESULTS AND DISCUSSION 

1.. 4.1. ing runs 

The most important variables affecting the moisture and 

temperature gradients established across a deep bed of seed are the 

initial moisture content of the seed and the temperature and flow 

of the drying air. In addition the depth of the bed and the 

required final moisture content affect the drying time and final 

moisture and temperature profiles. The interaction of all these 

factors can be seen in the results of the deep bed tests. However, 

the conditions, both chosen and met with, in each run, varied so much 

that neat comparisons between runs are not possible. The best that 

can be done is to describe briefly the effect of the most important 

variables and to indicate the main features of individual runs. 

The main characteristics of each run are summarised in 

Tables 4.2,4.3,4.4,4.5 and initial and final moisture profiles 

and temperature-time profiles are plotted in Figs. 4.6 4.30. 

The quality of the original computer plots from which the temperature 

time profile were reduced photographically was poor so that in some 

cases their legilibility is bad. However they do provide a reasonable 

visual guide to temperature changes occurring with depth during the 

runs. Where individual lines can be distinguished they have been 

numbered with the number of the thermocouple location defined in 

Section 1+. 2. The same numbers are used to classify the tabulated 

data in the Appendix 4.2 
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Table 4.4 

Summary data for radial-flow deep bed ruts, 13-15. Imperial units 

Run No 

13 
w14- 

15 

Initial conditions 

Moisture content, ö d. b. 16.9 75.1 36,7 
Grain temperature,. e 75.5 73,, 0 75.9 
V1eiGht, lb 211+., 5 335.0 305.0 
Depth, ft' 

lb/ý'tz it A B lk d 
0.93. 
- 

1.67 _ 1.. 46 
1 6 ens y, , u - 30 --1506 

B, lb/ft ' i8. '+ 16.0 16.6 

Final conditions 

Moisture content, % d�b. 15.3 25.1 10.8 
Moisture range, % d. o. 12.4.21.5 11.0-53.1+ 9.4"-15 5 
Veight, lb 168.5 239,5 21+1.0 
Depth, ft - 1. '16 1.29 
Shrinkage, %3 -ý 12.5 11,4+ 
Bulk density, lb/ft - 13.1 14.. 8 
Mean germination, % 86.. 0 93.0 9! +. 0 
Mean 1000 seed weight, ' 3.97 1,39 1,14.6 

Drying it 

Temperature , 
°F 72.0 73,6 81,3 

+ 
- 2,8 1,8 2.8 

Humidity ratio 0.00 7 t-,. 9 0.008613 0-007514 
Relative ham. dit y, % 

,, -1 ` ' 
)4.7^0 4-6.5 3301+ 

min ft Velocity, ft 
(a et bin wall 97.5 43.7-52.2 51,7^59,2 
(b meaza 34.6 16,. 2-18.5 18.4-21., (, - 
(C at p: riphery 16.0 7,5--ß. 6 8.5-9.7 

Volume flow, ft3/: nin 63.1 53.2 53.4. 
Mass flow, lb air/h 282.6 236.0 235.0 

Static presse e, in W. G. 3e1 3: 3-q.. *2 3.1»3,6 

,o ai dr,,. L1tg 
time'' h 70,9 16005 87,8 

i) Depth normal. to flaw along duct, axis. 

ý.. I 
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Run 1 (Table 4.2, Kips. 4.6 and 4. 

This was the only deep bed test to be carried out with 

Sabrina. At a depth of only 2 ft (0.61 m) and air velocity of 

40 ft/min (12,2 m/m. in) the amount of air used per unit of dry seed 

and per unit of time was high (343 ft3 min-' ton -1 ). In spite of 

additicnal heat supplied to maintain a conatant temperature of 90°F 

(32-50G)., a relatively high volume of air/unit of water removed was 

used and the temperature profile would suggest that the cliffasional 

drying rate was a severely 1ir: ting factor for at least one-third of 

the total drying time.. In addition the final moisture gradient, 

8.5 - 11.1 % d. b, is shallow and indicates that the bed was 

approaching equilibrium conditions. It should be noted that even 

at the. e lour moisture content: some heating occurred overnight in 

the üced left at 90°F (32.2°C)0 

Run 2 (Tsbls 4.2Z Figs l+06 ond 1+. 8 

The first run : dri. th S. 23 seed. Its moisture content, 

69. )+% d. b, was less than that of the Sabrina in Run 1 and the depth 

was increased to 3 ft (0.91 m). Otherwise it was a similar run 

with a slightly higncr a rflow controlled at 90OF (32.20C). Th3 run 

was shorter aid surprisingly, had a high final moisture content, 

12.1$ and a much shallower gradient. This run was blown with cool 

air for 22 h at the end. of the run and this may have resulted in 

rewetting of the seed. This may also explain the greater volume 

of air used per unit weight of water removed although the greatme_^ 

depth has improved the. ratios of air to dry seed compared with Run 1, 

A 
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Run 3 (Table 4.2, Figs . 4.9 and 4.10) 

A second. 3 ft (0.91 m) layer of S. 23 at lower moisture 

content, 56.01 d. b. than Run 2, at a higher temperature 120°F 

(49.10C ), and lower airt'low, 36 ft/mwn (11.0 m/min). The run was 

continued for 43-h by which time, the temperature-profile indicates 

that the frying zone had passed through the bed. It then received 

6 hours of cooling during which some rewetting prcbably occurred. 

Run 1j. (Table ).. 2, Figs. 4.. 9 and 4,11) 

Th3 first run in 1971 and in which the false floor axed 

thermocoap1r: stalk aere used was carried. out on only 9" (0.2 m) of 

very wet (104.5%) Sabel seed. ventilated with ambient air for ju.; t 

23 hours. The seed was nöt dry at the end of this period varying 

from 36.6`%o at the bottom to 48.6% at the top. Because of the 
of the 

shallownes/layar and in spite of the high moisture content of the 

seed, the drying rate was diffusion controlled. and much less than 

the carrying capacity of the air. Hence the volume of air used 

to evaporate one pound of water ( 7583 ft3/lb) Evas the second 

highest of all the runs. 

Run 5 (Table 4.2 , Figs, 4.12 and 4.13 ) 

The same Pir#'lov was used in this run which vat of the 

same seed but at a depth of 4 ft (0.99 m) and moisture content of 

92.7%O. The run was continued for ll14. h by which time a mean bed 

moisture content of 16.2% d,. b. had been reached although this was 

associated with a steep moisture gradient of from 10.9% to 435. ]. 5%. 

Th increase occurred mainly in the top 9" of the bed. The overall 

drying rate was about 81% of the possible rate based on adi. abatß_c 

eva-ooration 

Run 6 (Table 4.2, Figs. 1+. 12 uni 4.14) 

This was a similar ran to Rati 5 with sligcitly less air 

and an almost 3Q redu. tion in initial r+oi Str e content. Mean bed 

moisture content after 65 hours was 26.5% d. b. with a range of 13.1 
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to 50.6% d0b. 84% of the e. c1! ahct'. c pick-up was achievc3 but the 

greater humidity of the i? r meant that more of it was required per 

unit weight of water removei than ir. Ru. 6,5onverce. J. y the lower 

initinl moisture content led to better air atilt si. tion per unit 

of dry se: '"d.. 
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Run 7 (Týr+blo 4,3, Fifs., l, . 15 f: 13 4-10 

This ran yas carried out At 131.7`'F (5'). 4()C) j, t'-,, highest 

temperature of all the deep bed t«s: sts. Frem an initial moisture 

content of 4.9/ d. b, tho Sabel üeod vz dried to : mean of 15.9% d. b. 

in 21N. The final. mrnistivre geaJlicnt was ctesp (4.5 to 45.3% d. bo j 

contrasting sharply with that of Run 3 which, even if allowance is 

made for the difference in drying timer,, : cold support the conclusi, o; Z 

that there was moisture intcrchange hetneor the send and the cooling 

air at the end of Run 3. The effect of the high i: - mperature in 

Rur. 7 vra to produ(, o an aver: GEja evaporat: on rate of 0.00540 Ib/l"b 

which, although about twi. ca the pi.;:., -u-- to be obtained under ambient 

conditions repro%entcd. only 1: 5% of the possible edi. ". hatic pick-up. 

Li volume torn this war. 2739 ft 
3 

of Eir pFr lb water reraovod and. 

'93 ft3 par It of dry siccl. 

Run 8 (Table d+ 
The W el peek u3sd L1 this run ha. d tho lowez t initial 

moisture content (23.7d. b. ) of all. the ra:, ä. It was dric-d for 

67h with ambient air to a nc t: n moisture content of 13-0, "- d. b. 

The final moisture g: d. ie t wq3 very small. Comfa'ed with other rims 

the progression of temperature from wot b: jlb towards inlet temperature 

began throughout the whole bed very soon *f4.:: r the stc. rt of drying. 

Tt seems likely that a complete drying zon: era:; r_Mv"-r established, and more 

air per lb watec evaporate 3(10609 ft3/lb) was used than in any other run. 

Corwersley, but also because of the low initial moisture content, less air 

per lb of dry seed(1265 ft3/Zb) was used than in all the other runs at 

ambient temperatures. The absolute humility plotted in Fig. 4.17 is 

unnatural]. -;. uni. ferm becau., c Psti. matcd macn value-, were. uzad to replacr] 

known faulty rr: r., ordingsa 
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Run 9 (Table 4.3. Figs. 4.18 and 4.19) 

This was the first run in 1971 with S. 23 seed and consequently 

had a high initial moisture contont, 72.4%. A drying time of 89 

hours produced a mean bed moisture content of 14.6% d. b. with a 

gradient of from 12.6 to 21.4 ä. Tais was a removal "')f 58 moisture 

compared to only 10% in Run 8. Foweve: the drying tins was not 

proportionately longer becaueu the air velocity hail been increased 

by 1.4 and the wetter seed clearly released its moisture more readily 

for the temperature prcfile suggests that in the initial stages 

of drying a complete drying zone existed. The apparent evaporation 

was 73% of the possible adiabatic pick-up. 

Run 10 (Table 4. 
_x 

Figs. . 18 aid 4.20 

This was a similar rui to Ruin 9 but !, ritn slightly drier seed 

(G4. eo). The airfJow was reduced back to th Run 8 value and 136 

hours were needed to reach a final moist-are content of 17.1% d. b. 

with a gradient of from 12,1% to 33.7% d. b. More air per unit of 

water 9iaporated (7112 ft3/lb) was coed than in Run 9 but not as much 

as wit: i the drier seed of Run 8 or with the much shallower layer (9 in) 

of Run 4. The apparent evaporation was only 61% of the possible 

adiabatic pick-upo 
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Run 11 Table 4.3 , Figs. 4.21 and 4.22) 

A high t^mpe, ratvra ý 120°F (118.6°C) run with relatively 

dry seed (35.6% d. b. ) and a shallower layer, 2.08 ft (0.63 m). 

in only 16 hours at c. velocity of 24 ft/min (7,32 M/min) the seed 

had been dried to 5.5% m. c. d. b. with a shallow gradient of 4.8 to 

6, üf dob. The moisture pick-up was oni. y 14.3% of a3iebatic but this 
ab out 

rspresenfe3/twice trat p. 3ible at s bient temperatw-c: and was 

nearly as gocd as was achieved in Run 7 which had a higher 

temperature and a much higher final moisture content because of a 

steeper gradient in a deeper layer. 

Run 12 (Table 4.3, Figs. 4.21 and 1+ý2J 

This was the only parallel flow run carried out in 1972 

and at a depth of 4 ft (1.231P)was the deepest of all the beds dried 

by parallel flow. The run was of particular interest because it 

was stopped after ß62h at a very early stage of drying and provided 

some interesting insight into initial drying rate. The initial 

moisture content was 80.2% and was only reduced to a mean of 60% d. b. 

This represented a definite gradient of from 30.3 to 6yf in the 

bottom 16 inches with the remainder of the bed varying within the 

range 66.7 to 72.7% d. b, 

These top layers may be considered to be above the drying 

zone and yet they exhibit a considerable reduction in moisture 

content over the initial value. 

occurred during cooling phases. 

This is bemuse part of the drying 

When the seed bed temperature is 

above that of the incoming air the b. -v', will be coolad but in the 

process the air will be w=, iced and the no. sture carrying capacity 

of the air increased. iieitne, provi'ieed the see;. i is abov the mnisture 

content R. lil. i. hiiuTn of the air, motst'ire will be trzaisferreil to it. 

Such transfer will precode tho cooling zone throu&ront th++ entire boa. 

ý (and 
in front of the- normal drying zone which moves much more slowly � .... ,. 

L"'A 
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Because its passage is rap:: ]. the drying doles in the wet layers by 

the cooling zoae may be a small proportion of the total but is very 

important in that it cools and dries a little closer to a safe 

moisture level, that seed which is most likely to deteriorate in 

quality. Thus daily temperature fluctuations perform a useful 

function in the low temperature drying of high-moisture seeds. 

In this present Ran the groater part of the seed had lost moisture 

only in the cooling phrases and as a result this type of drying 

formed a. significant part of the total. evaporation. The overall 

ratio of moisture removed to air used was logy. times the possible 

adiabatic pick-up. It is prä)able that soºne, at least, of this 

discrepancy may be atºri. butable to Neighing errors and to error 

introduced by :; alculatiriv an average adiabatic pick-up for air of 

fl-actuating ambient humidity. If the initial and final moisture 

content determinations were correct and the final weighing of 

individual layers was more accurate than the initial weighing of 

the loaded bin, then the amount of moisture removed was not 61 lb 

but 50 lb. But it can also be shown that during the initial cooling 

phase at the start of the run when the temperature of the seed was 

cooled from 900E (32.2°C) down to 72°F (22.2°C) in just under 2 hours, 

another 5 lb of moisture could have been removed in excess of that 

possible by adiabatic pio'kwip alone. Tnus perhaps only 1+5 lb were 

removed by adiabatic evaporation alone and this would thin have formed 

about 91% of the possible pick-up; a more realistic, figure. Had 

the run been allowed to continuurantil the seed had been dry then the 

possible weighing errors would have formed a much smaller proportion 

of the total weight loss and the lower drying rate over the later 

stages of drying would have masked the effect of the cooling phases. 



33x0 
186 

32"O x 

x 
31.0 

3 

70 

o-v 

0 ö 

.. 5.0 
c 
d 

4.0 

d 
L 

80.0 
a 

70.0 

60.0 

50.0 

40.0 

3 ao 

4611 h 
º55.7 oC 
5* 0 M/ Min 

48 12 16 20 24 28 32 36 * 40 44 48 
Distance from air inlet, inches 

Fig. 4.21 Initial (x) and Final(*) Moisture Gradients 
for Parallel Flow Runs II(Top) and 12(Bottom) 

16 h 
48.6 °C 
7.3 M/mi n 

369 12 15 18 21 24 

__- X 

I 



f o 'p_ !.. 

Humidity , kg/kg&102 

0 

187 

ö 

In N 

0 

Va 

1ý 
O 

((i 

N 
H 

cV 
N 
4. 

O 
4D 

N 

O 
O o°o0 

so v' v C-2 
ýo aI 4n; uj3"al 



188 Humidity_ k9/kg*102 

I4 

3Yý 

c 

F 
" 

rig 

ýý Y W 
ILI 

" ý E 

N {f1 IO N 
IL4 

IV 
ý: 

tko 

Fr'.: ;y i. 
} 

ý 

k 
r 

iss 

nil ý"4Vti 

" h 
ý rff 
F A` 

Q 

3injoj adw3j 

. ti - 



i 189 

Ran 13 (Table 4. J Fias_ 124.25 &i . 2öý 

This was the first of the radial flow runs. Sabel seed 

at )+6. d. b. was dried to 1503. ' d. b. after 71h. Apart frora the 

change in air velocity with distance from the air inlet the run 

was similar to the parallel flow runs at ambient temperatures and 

the results present a similar picture. The mean air velocity was 
and 

3L1.. 6 ft/min (10.5 m/min)/represented 97.5 ft/min (29.7 m/mi i) at 

the inlet declining to 16.0 ft/min (1+, 9 m/min) at the outlet. 

In sympathy with this velocity pattern, the rise in temperature 

to noar that of the inlet was very rapid in the 15 inches of seed 

nearest to the inlet (Thermocouples 3,4,5 in Fig. 4.4 ). 

Rwi 11+ (Table 

This run took 16O h to reach a mean moisture content 

of 25.1% from an initial value of 75.1% d. b. Compared to the 

previous run the airflovr had been halved and there was more moisture 

to remove so that a similar volume of air was used per unit of 

mo ! sture removed. The final mean m.. c. conceals a steep gradient 

froc. i 11 to 502 in the outer 15 -ins of the section. 
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Run 15 (Table 4ý4ýFi se 44Q 4029 & 4.30) 

The initial moisture content in this run was 36.71 and a 

mean moisture content of 10.8 was achieved in 87.8h. Once again 

the rise in m. c. with increasing radius was confined to the 

extremity of the bin. The lowest moistures reached were lower 

than those in Runs 13 and 14 because of the higher mean temperature., 

81.3°F (27.4°C) and low absolute humidity, 0.00751 lb/lb. This 

greater drying capacity also reduced the volume of air used to 

evaporate unit weight of water compared with Runs 13 and 14. 

Conversely the drier seed released its moisture less readily and 

the drying rate was a smaller proportion of the possible adiabatic 

pick-up. 
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Germination means are givan in Tables 4.2,4.3,4.1+ and 

results for individual layers are tabulated in the Appendix. 

Although there were differences between layers these appeared 

to be unrelated to the pattern of drying and were not 

conspicuously greater than differences normally given between 

tests on different samples of the same population. Without 

replication of the runs nothing could be proved. Slight 

moulding was either indicated by smell or by caking of the seed 

in several of the lav- temperature runs. The worst case was in 

the second radial Sin run in which after 160-21 h drying the outer 

layers were still over 4O m. c. d. b. and were both caked and smelly. 

But after final drying in shallow layers on a sample drier, the 

germination was unaffected. 

It will be apparent from the preceding paragraphs that 

the results vary greatly from run to run and are not easily fitted 

into any simplified framework describing the interaction of the 

factors involved. It has to be admitted that a significant source 

of variation lies with the experimental method. Variation in the 

initial moisture profile, for example, was sometimes greater than 

in the final profile and furthermore was of a random nature whereas 

the final moisture profiles were clearly a result of the progression 

of the dryingzone. Tnis sort of variation could possibly have been 

avoided by using less seed but to do so for the same bed depths 

would have meant a much narrower cross section and would have 

intensified the already severe problem of air leakage around the 

perimeter of the bed. Errors in weighing were also introduced by 

the quantities of seed used (a) because the balance available for 
C ±116 

weighing the seed and drying bin together was not very accurate and 

(b) because weighing the seed in a large number of aliquots was also 

unsatisfactory. 
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Weifing errors m, ý. y also have. oontr& uted in some measure to 

the variation in bulk density. The mean bulk density for Sabel was 

23.0 lb/ft3 and ranged froni between 27.5 and 16.4 lb/ft3. For S. 23 

the mean was 18.6 lb/ft3 and ranged between 16.0 and 22.0 lb/ft3. 

So there was an apparent Jifference between varieties although with 

some overlap. Within varieties the bulk den^ity appeared to be o'i: ightly 

correlated with initial m. c. and he: Lce mate-ity- but there was considerable 

variation here. Jariat., on in shrink. agc was noro consistent and showed score 

correlation (r = 0.79) with the po: rcent: sge of moisture removed, M0 -Mf 

(Figure 30a). The data were fitted by equation 4.9 in which LSD = 

shrinkage as a peretmtage of : original depth. 

AD = 5.34 + 0.1889 (Y1c-r-1f) 
... 

(4.9) 

The exact vaiuc of the intercept is cprcifie to these data but a pooitive 

value iu consi stert with the pro'cabi lity that part of the -, hrinkare is 

due to settling which would occur even in an undr. ied bei.. 

25 

20 

15 

0 

10 

5 

Fig4.30a. Effect of moisture reduction upon shrinkage. 
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Moisture reduction ,, '1. d. b, 
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Clearly even if allowance is made for some of the experimental 

errors there still reniino a geed deal of unexplained variation_ which 

must result from the complexity of the interaction between all the factors, 

known and unknown involved in the experiments. In this respect one of 

the most important factors -vas the diurnal fluctuation in inlet corditions. 

It could be argued that more compiehensibJe information would be obtained 

from deep bed runs carried out with. ccnst: -int inlet conditions. The 

necessary . resources to do this were not available but even if they had 

been it would }gave been an unrealistic approach since the ti; hole point 

of low temperature drying on the farm is the lo, r cost of circulating 

ambient air only. And as has been seen for wet seed cyclic temperatures 

are an advantage. 

These results confirm that a few high-cost large scale 

experimental runs cannot, by 1"hemoelves, pro-ride sufficient insight 

upon which to base advisory recommendations. In Section 5 it will be 

shown how the resalts can be u3ed in conjunction with a mathematical 

model of the deep bed process (a) to simulate the drying process under 

variable inlet conditions and (b) to check the validity of such 

predictions. 
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1+. 4.2. Pressure resistance to airflow 

Least squares fits of equation 4.6 were carried out on 

groups of data defined in Table 4.6 and illustrated by Figures 4.31 

and 4,32. The dotted lines in Fig-4-32 are derived from the radial 

flow readings, Fig-4.33 by the fitting of equation 4.8. 

Table 4.6 

Coefficients a and n in equation 4,6, p= aVn derived 
from various groups of data 

Crop Origin of data 
_-a n Imperial S. I. 

units units 
in w. g, kN m-3 m 
ft depth depth 

( From parallel flow Runs 5s 1,186 . 01628 . 05439 ( 6andend. ofRun8. 
Sabel 

Start of Run 8 1.184 . 0432 . 04775 

End of Run 12 1012 . 01+384 011920 

Run 9 plus start Run 10 1.137 . 02178 . 06870 

S. 23 End of Run 10 1.127 . 02771 . 08639 

Radial bin Run 14 1.211 . 02257 . 07772 

( Radial bin Run 15 1.091 . 09579 . 07707 

The groaps were selected because they were markedly 

different to other readings within the same variety. Variations 

between sets of readings obtained from ind-apendent harvests of seed 

of field purities of the order of 800-85% would be expected, but two 

sets gave noticeably higher pressures than the remainder. These 

were, for Sabel, the set of readings taken at the end of Ran 12 and, 

for S. 23, the road. ings taken at the end of Run 10. 

No definite explanation of the higher resistance encountered 

in these two runs can be given. In the case of Run 10 which after 
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136h was still above safe storage moisture content in the top 

layers, it is possible that the seed had both compacted and begun 

to be bond together by bacterial or fungal growth. 'Clotting' 

of the seed surface in this way in on-floor driers is a common 

phenomenon in grass-seed drying and is usually remedied by 

mechanical disturbance of the surface. Run 12 was a much shorter 

run and although the top 30 inches of seed were clearly damp and a 

little caked, all the indications were that this was as a result 

of compaction rather than 'clotting'. It may be that at a depth 

of 4 ft and at high moisture content the increasing compaction 
thu:. 

cauaed a more/linear increase of pressure resistance with depth. 

The results from the radial. -flow Run 15 for So23 agree 

with those from Run 9 and the start of Run 10, but those from 

Run 1/+ agree with those from the end of Run 10. Here again no 

definite explanation of these differences can be given. 

These apparent anomalies apart, the values in Table 1+. 6 

and the plots of Figs 4-31 and 432 suggest that Sabel produced a 

lower resistance to airflow than S. 23; a reflection of the smaller 

seed size of the latter and an associated larger proportion of fine 

rubbish. In general the results also support the measurements of 

Osborne 
(91 ) 

on S101 perennial ryegrass seed and the data of Ran 9 

fit his curve very closely, 

Compared with cereal grains 
(91 ) 

the resistances are high 

and the anomalous results suggest that differences in seed condition 

and compaction are more important than varietal differences of size 

in producing a wide range of resistance at any one airflow. This 

underlines the importance of obtaining an even distribution of seed 

in on-floor driers and of avoiding any form of localised compaction 

such as is caused by walking on the bed. Clearly also, by its effect 

in reducing airflow, the growth of mould is self-accelerating and results 

in a delicate balance between drying regimes which are safe and 

those which are not. 
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4.5. SMIYARY AND CONCLUSIONS. 

1. Detailed results of 12 parallel-flow and 3 radial flow 

deep bed drying runs have been given. Each run was a 

unique combination of : several variables - the main 

variables wer=: as folluws: - 

Seed 

Initial moisture content - 23.5 to 104.5`, 4 d. b. 

Final mean n: o. i. etc. 7-e content - 5.5 to 6e d. b. 

Depths, normal to flov: Parallel -9 Ia to 4 ft 

Radi al -5 ft 

Bulk density: Sabel 23.9 (18.4 
- 27.5) lb/ft3 

0.23 18.6 (16.0 - 22.0) m/ft3 

Shrinkage: 13.5 ( 5.2 - 23.0 )% 

Drying air 

Terrperaturfs: Ambient (10), 90°F (2), 121°F (2), 132°F (1) 

Flows: Parallel 16 - 43 ft/min 

Radial 16 - 35 ft/min 
2. The runs were primarily intended for the validation of a 

mathematical model of the deep led drying process. To 

this end, changes in inlet air condition with tiDLe ware 

recorded and froeecse"d to a fers: cuitarle for input to the 

model. For eventual comp i isor. AN predicted values, 

temperature-time Wrafilcs were AottFd tv computer. 

3" Partly because of the priority given to the thin-layer 

tests, the problems of working with relatively large 

quantities of seed were not completely solva3. 
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In particular there were (a) weifi. ing discrepsxiciec between 

total bin weights aid accumulated aliquot weights and (b) 

shrinkage of the seed away fron; the thermocouple leads led 

to air leakage. 

4. These expnrimer_ts confirmed that atter, its to understand the 

deep-bed drying process by purely empirical experimentation 

of this type would. k-e prohibitively (-: cstly in equipment, 

seed and labour and the results would, in : uiy case, be 

almost inpossiblo tc intorpret in morF: than very Cer. cral terms. 

5. The quortit of a *, r rncedcd to rcr,: cve 1 lb of water varied rrcrn 

10609 ft's jr- Run 8 tc 2739 ft' ir. Run 7, Run 3 had the 

lowest initial moisture content(23.5%) and a complete 

drying zone was never established within the bed. 

The good evaporation rata it Run 7 xa3 undoubtedly associated 

with use of heatf. d (132°F) air. The volume of air required 

per unit mass of dry seed was also lowest (593 ft3/lb) in Run 7. 

It was highest (4790 ft3/1b) in Run 1 in which one of the 

highest airflows wes imed with a2 ft layer and the seed was 

allowed to aiproach equilibrium throughout its depth. 

6. Run 12 was unusual in exhibiting a. dryi2: g rate greater than 

predicted by adiabatic pick -, -, P. Tri: i phencnenon was not 

cr. tirely expiaircd by extra drying during cooling phases nor by 

weicht diw crepar. ciec. 

7. The meta I-, iilk c1crsi ty of Sabel was Teeter tha i. that of 5.23 

but there was some cverlap betvesn the rnri es for each variety. 

There was no firm correlation between bulk density and moisture 

content. Shrinkage as expressed as a linear function. of 

moisture removed. 
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8. There was no detectable impairment of seed germination even 

in seed which head moulded stfficii-rt1y to be caked and smelly. 

9. Pressure resistance to airflow in the parallel flow runs was 

adequately described by the equation P= aV. Values of a 
n 

and n were also derived from meaiur¬merts tide with the 

radial flow rig using 4-E. 

(01644fl_1 ) 
"4. 

PR 
_aQn .-1 

1-n 0.69813. D 

Valucs of a and n appeared to be affected mere by 

differences in seed condition and compaction than by varietal 

differences of size but the values describing the majority of 

the dato for each variety were: - 

a in w. g. /ft depth n 

Sabel 01628 1.186 

S. 23 . 02178 1.137 



5. SIMULATION OF DRYING IN Dial' BEDS. 
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5. SIMULATION OF DRYING IN DEEP BEDS 

5.1. INTRODUCTION 

The results of the thin-layer tests represent the 

behaviour of seeds exposed throughout the duration of drying to 

constant drying conditions. In contrast the results of the deep 

bed tests represent the behaviour of seeds exposed to drying 

conditions which are continually varying with both time and depth. 

Thin-layer data can be used to predict these deep bed changes if 

the deep bed is visualised as a series of thin layers. In any 

small increment of time, each layer is subject to constant drying 

conditions and, hence during that increment, can be visualised as 

following a small section of the thin-layer drying curve. This 

is the basis of the woxkdescribed in this section, 

5.1.1. Review of previous work 

For at least a decade the application of thin-layer 

drying theory to the drying of deep beds was hindered by the 

difficulties of integrating the equations by conventional 

mathematical methods. In 1955 M'Evren and O'Callaghanmade a 

significant contribution by suggesting a graphical method of 

integration. The graphical construction was based on a 

psychrometric chart and made the basic assumption that the change 

in temperature of the air passing through the bed would follow the 

Constant heat line. Unfortunately the method was still too 

laborious for general use. At about the same time, Van Arsdel(t26) 

proposed a mathematical model which in most respects is very 

similar to contemporary models and which was based on the solution 

of a set of simultaneous heat and mass transfer equations. A 

numerical method of. integration was employed but at that time such 

techniques were beyond the resources of most interested organisations 

and the work lapsed. It is significant also that Van Arsdel had no 

experimentally determined thin-layer constants and had to invent them 



210 

in order to provide a worked example. 

In 1960, Nelson 
(33 ) 

published a dimensional analysis 

of batch-type drying and a similar exercise was recently carried out 
(for 

the drying of rice 
ýý ý. 

Morris-Thomas 
ý73 

correlated rate 

of airflow, temperature rise and drying time for a fixed moisture 

loss from shallow (4-12") beds of wheat and his equation forms the 

basis of a method for correcting evaporation rate to standard 
(20 

. None of these studies prescribed in BS 3986: 1966 20 ) 

have provided more than a limited insight into the drying process. 

The most significant advance came in 1965 when Boyce 

16.17 ) 
published a model in which the equations were solved by 

electronic digital computer. In some respects the model was less 

advanced than Van Arsdel's but it had two significant advantages. 

The first was that the publication had coincided with the growing 

availability of the electronic computer as a research and adviscry 

tool. And secondly the model had more impact because Boyce used 

real thin-layer drying data to predict the beha. viour of deep beds 

for which he had experimental results. The comparisons were not 

good but the point was made and since that time there has been 

renewed interest in the grain drying problem on both sides of the 

Atlantic. 

At Newcastle, Boyce's original model was developed 

further, first by Menzies 
(66 

-) and later by Bailey 
(3) 

and 

The basis of the applied to 14. types of heated air drier. 
(8e) 

Newcastle model is the solution of 4 heat and mass balances by the 

6 
simple Euler method of integration. Bakker-Arkema 

/ 
appears 

to have experimented with various numerical integration procedures 

for the solution of the Michigan State University model, 
(5 ) 

the 

full version of which contains an equation describing the moisture 

and temperature gradients within the kernel. Spencer 
(113) 

used 

a Runge Kutta method of integration. Baughmann et al 
(9 ) 

used 
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CSNF (continuous system modelling program) but do not state which 

of the alternative integration methods they used. Hamdy and Barre 
(41,42 

solved the equations on a hybrid digital/analogue computer. 

Bakker-Arkema 
(6) 

defines the heat and mass equations as 'stiff', 

by which he means that they contain constants with greatly different 

values. The effect is that in conventional integration procedures 

the step size has to be small for convergence and stability and this 

65 
increases computing time. Menzies 

) 
and more recently Spencer 

in association with Bailey 
(4 ) 

concluded that the saving in time 

given by the simple Euler integration far outweighed any improvement 

in accuracy achieved with the Runge Kutta method. 

Because of the computing time required, the more 

sophisticated techniques have 'been confined to models of heated 

air driers with short drying periods. A number of simpler models 

have been proposed for low temperature situations. In that of 

Thompson 
(118) 

, the moisture and temperature changes within each thin 

layer are calculated by means of a sensible heat balance which 

assumes that during each time increment the grain and air temperature 

will equalise. This model is economical in computing time and has 

been found useful in 

(a) optimisation studies 
(119 72,71 

where the optimisation 

routine may call for a number of repeat simulations to be 

carried out and 

(b) low temperature drying 
(121 

where the real time periods to 

be simulated are long. An even simpler model was proposed by 

Bloome 
(14 ) 

for the natural-air drying of maize. For this 

purpose it was assumed that the grain was always close to 

equilibrium with the air and that, in the time increments 

chosen, it would reach such equilibrium. Hence rates of 

heat and mass transfer could be neglected but diurnal 

fluctuations in inlet air became important and recorded 
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The most recent developments have been in the use of 

such models for predicting grain quality. For the high temperature 

drying of wheat and barley, Bailey 
(3- ) 

has introduced the critical 

temperature equations of Hutchinson 
(54 ) 

and Ptitsyn 9e. ) 
into the 

Newcastle model. Flood et al 
(34 ) 

used the dry matter loss curves 

of Saul 
('05) 

as a failure criterion in a study of natural-air drying 

of maize based on the model of Thompson 118). Thompson 122) 
also 

used similar data updated by Steele et al 
(115 

and Saul 
004). 

(I's) 
Bloome also used this data within an optimisation study. 

As far as the author is aware all of the models referred 

to are still regarded as being in an experimental state and are not 

yet available for general advisory work. 
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5.2. DEVELOPMENT OF A MODEL FOR GRASS SEED 

The simulation developed in this present work is very 

similar to that of the Newcastle model. It differs from it in 

being developed independently in FORTRAN as opposed to ALGOL and 

in a number of other features which are elaborated further in the 

text. 

The following notation is used. 

Symbol Definition Units 

z Depth of deep layer (thickness of L 
thin-layer dz) 

0 Elapsed drying time 0 

M Seed moisture content (db) Ratio 

H Moisture content of air (absolute humidity) Ratio 

Ta Temperature of the drying air T 

Tg Seed temperature T 

p Bulk density of dry matter M/L3 

h Heat transfer coefficient H/©. T. L, 

S Surface area/unit volume 1/L 

hS Combination of h&S to give volumetric heat 3 transfer coefficient H/A. T. L 

La Latent heat of vapourisation of water at 0°C H/M 

Lg Latent heat of vapourisation of water H/M 
from seed 

Cpa Specific heat capacity of air H/M. T 

Cpg Specific heat capacity of dry seed H/M. T 

Cpw Specific heat capacity of water vapour H/M. T 

Cpl Specific heat capacity of water liquid H/M. T 

G Mass flow of air per unit area M/0L2 
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5.2.1. Heat and mass transfer equations 

The first step in the development of the model is to 

derive a set of equations to describe the heat and mass transfer 

within a thin layer during a small time increment. Consider an 

elemental layer dz, of unit cross section and average moisture 

content M ventilated in the direction of z with a flow of air G. 

of air temperature Ta and humidity H. (Fig. 5,1) 

a. 

Fig. 5.1. Interacting variables in the thin-layer 

Assuming that the air either gains or loses heat only in 

the direction of flow, the differential rate of change in air 

temperature during an elemental time dA will be 

ATa= ß)d9 
+ 

(i! i)dz 

ra, M, p. dz ) 

......... 5.1 

However, in a short time interval the change of temperature with 

respect to depth will be much greater than with respect to time. 

Hence the change may be approximated by the partial component 

(dz 

Similarly the change in seed temperature will be greater with 

respect to time than it will be with respect to depth so that 

ATg may be approximated by 
(I)do 

Likewise the differential rates of change of seed moisture 

Air 
(Tg, H, G ) 
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content AM and air humidity AH are approximated by aM ) dG and 
69 

Cbz)dz. The relationship between these four changes of state can be 

represented by 4 equations. 

5.2.1. L Moisture balance 

The change in moisture of the seed must equal the change 

in humidity of the air 

p. dz -bM d9= G dO bH dz 
bB 

(bz 

_ 
bH dz d p. dz bM Cbz) 

G 

(b9 

which can be written in finite difference notation 

AH =-P-Az. OM .......... 5.2 
W OB 

5,2.1.2. Heat transfer equation 

Heat transferred Change in Enthalpy in Enthalpy of 
between air and = heat of + evaporated - moisture prior 

seed seed moisture to evaporation 

hS Oz (Ta +2 ATa" (T9 + '-2 ATg) A6 

p. Lz. ATg (Cpg + Cpl. M) + p. L1z(-QM)(Lg + Cpw. Ta - Cpl. Tg) 

2 (Ta - Tg) +OT a- O Tg 

= p. 2 ATg (Cpg + Cpl . M) -pL. OM (Lg + Cpw. Ta - Cp1. Tg ) 
hS A@ hS 60 

Let A=2 (Ta - Tg) B= (Cpg + Cpl. M) 

Y= (Lg + Cpw. Ta - Cpl. Tg) 

A Ta= -A + ATg (1 + p. 2. B)-p. 2. AM Y ..... 5.3 
hS AQ hS AG 
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5.2.1.3. Heat balance equation 

Change in enthalpy of air = Change in enthalpy of seed 

(a) the change in the air enthalpy is given by 

G. AG (Cpa. Ta + Cpw. H. Ta + La. H) - (Cpa (Ta + ATa) 

+ Cpw (H + AH) (Ta +A Ta) + La (H + AH)) 

Reducing and substituting for LH from equation 502 

GAA - ATa Cpa + Cpw H-p. Az- dM + p. Lz . ýM (Cpw. 
Ta + La\ 

G L1A G Q9 `I 

(b) the change in the enthalpy of the seed is given by 

pAz. Tg (Cpg + Cpl. M) - p. Az + ATg) (Cpg + Cpl (M + AM))) ((Tg / which reduces to 

- p. Az. &Tg (Cpg + Cpl (M + AM)) - p. AZ. AM. Cpl. Tg 

Equating both sides and dividing through by G. A9 and letting 

E= (Cpa + Cpw (H -p Oz. AM )) 
G AQ 

ATa . Az . AT . 
(B + Cpl. AM) + p. Az . 

AM (Cpw.. Ta + La - Cpl. T9 ) 
G. E QA G. E 40 

Let F= (Cpw. T, + La - Cpl. T ) 

AT p -Az 
(ATg (B + CplAM) -AM. F) ........... 5.4 

G. E A@ 

Combining equation 5.3 with 5.4 

-A+DT9 1+p. 2 .BP. 
2 t1M. y 

= _p. 
Az (Tg(B+Cp1GM 

-LýM. F) 
C. 0 G. E. GO 

) 

/J hS AO)- C 

gives AT9 = 

A+ p. AM 2. Y+Qz. F 
AO hS G. E 

........ 5.5 

1+Pf2. B+ Qz (13 + Cpl. AM 
Q6 hS G. E 
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5.2.1.4 Drying Rate 

The expression of the differential moisture loss AM as a 

function of the other three factors Ta, Tg and H is based on the 

relationships developed in section 3. The simplest of these, 

equation 3.1. was used by Boyce(ls'1ý and Henderson and Henderson 
(47) 

in its simple differential form. 

M- Me e-kA............ 3.1 
Mo- Me - 

becomes AM = -k (M - Me)AA ............. 5.6 

(66 ) 
Menzies modified this equation by adjusting M by the half-increment 

AM to compensate for the change in M during the time interval. 
2 

Equation 5.6 then becomes 

LAM =-k (M - Me)A6 ............ 5.7 
1+2 k. Y8 

This is a very small adjustment provided the value of (k. A A) 

remains below . 01. (Table 5.1). Above this level AM becomes 

sensitive todG 

Table 5.1 

Effect on AM of modifying equation 5.6 
to form 5.7 

k. A9 (k A0/1+- k AA) % reduction in QM 

. 001 . 0009995 99.95 

. 01 . 00995 99.5 

.1 . 09524 95.2 

.2 . 1818 90.9 

"5 . 400 80.0 

1.0 . 6667 66.7 
2.0 1.0 50 

In section 3 it was shown that the exponential series 

equations gave a better description of the drying curve than 

equation 3.1. 
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Differentiation of equations 3.38 or 3.37 give the 

general form 

, aM =-k (M - Me) E2. AA 
............... . 5.8 

E1 

a 
where E1 = 

L2 
exp(-n2. kO) 

n j=1 

and E2 = exp(-n2. kO) 
j=1 

where n=j for the exponential series for the sphere 

and n= (2j-1) for the exponential series for the plate 

Both E2 and EI are dependent on the total drying time 0. 

This has the effect of increasing the estimates of AM during the 

first few iterations while k. A remains small. (Table 5.2) 

Table 5.2 

Values of E2 , E, and E2/E, as affected by k. A 

Series equation 

k8 Plate Sphere 
E1 E2 E21E. 

1 
EI E2 E2 E1 

0.0002 1.221 31.332 25.66 1.620 62.00 38.27 
0.0004. 1.216 22.155 18.22 1.610 43.81 27.22 
0.0006 1.212 18.090 14.. 93 1.602 35.68 22o27 
0.0008 1.209 15.666 12.96 1.595 30.83 19.33 
0.0010 1.206 14.012 11.62 1.589 27.52 17.32 
0.0050 1.1/1 6.266 5.35 1.522 12.03 7.91 
0.01 1.145 4.431 3.87 1.473 8.36 5.68 
0.02 1.108 3.133 2.82 1.404 5.77 4.11 
0.03 1.080 2.558 2.37 1.353 4.62 3.41 
0.04 1.056 2.216 2.10 1.310 3.93 3.01 
0.10 0.953 1.401 1.40 1.134 2.30 2.03 
0.15 0.891 1.043 1.17 1-034 1.79 1.73 
0.20 0.837 0.991 1.18 0.952 1.482 1.56 
0.60 0.554 0.549 1.01 0.572 0.644 1.13 1.00 0.368 0.368 1.00 0,3725 0.386 1.04 
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If the correction of equation 5,7 is applied to equation 

5.8 it becomes 

-k(M-Me )E2.40 
E1 

........... 5.9 

(1 +2k 
2E 

. 
A9) 

1 

The sensitivity of AM to the size of AO at low values of 

kO is obviously greater than with equation 5.7 although the increase 

in the numerator caused by the multiplier E2/E, will still result in 

a larger value of AM. 

From Section 3 values of k can be represented by the equation 

k=a exp (bT + cMo + dH) .............. 3.44 

or alternatively by k= a exp (b/(T + 273) ) ......... 3.52 

and Me by the equation 

Me =a-b. ln(T) -c. ln(1 - rh) " ""...... 3042 
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5.2.1.5. Method of solution 

Ideally the equation35.2,5.4., 5.5" together with any one 

of the equations 5.6 to 5.9 should be solved simultaneously but this 

is extremely difficult if not impossible. The problem is simplified 

if it is assumed that dM can be evaluated at the inlet air condition 

T. rather than at the average value (Ta +l. Ta/2) for the depth 

increment,, dz. The estimated value ofAM can then be used in 

equation 5.5 to evaluateMTg and thence by substitution into 

equation 5.3, evaluate L*Ta . The change in air humidity, Li H is 

then given by equation 5.2. For the complete deep bed divided 

into a large number of thin layers of thickness Az, this process 

is repeated layer by layer for a small time interval d G. The 

quantity of air flowing in time AA is assumed to pass instantan- 

eously through the whole bed and the air exhausting from the n/th 

layer is used as input to the(] + 1) th layer. Bailey 3 has 

shown that this is a justifiable assumption. 

Clearly this is a simple integration procedure and only 

works well if the time and depth intervals produce small incremental 

changes in moisture and temperature. But for economy of computing 

time the largest intervals compatible with obtaining reliable results 

have to be used. The size of the intervals is largely determined 

by the difference between the grain and air temperatures. The 

assumption that iM can be evaluated at the air temperature, Ta, is 

a reasonable one since the thin-layer data were correlated with air 
in 

temperature rather then grain temperature. However, /the thin layer 

tests, it was assumed that the thinness of the layer and relatively 

high air velocity would cause the seed to approach air temperature 

very rapidly. In the deep bed integration, the air velocity and 

hence heat transfer may be much lower and the incremental depth 
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several times thicker than was used in the thin-layer tests. Thus 

if Ta is much greater than Tg an over-estimate of QM will be made 

and may result in the calculation of unrealistic changes in Ta and Tg. 

For a static bed these initial fluctuations are not too serious since 

they will tend to be balanced by an opposite effect in adjacent 

layers and subsequent time iterations and will tend to disappear as 

Tg approaches close to Ta. Boyce 
(18) 

experimented with evaluating 

AM at both the air and grain temperatures and found that it made 

very little overall difference. A similar conclusion was also 

reached by Bailey 
(3 ) 

for the potentially more sensitive case of 

the concurrent flow drier where fresh cold grain is mixed with hot 
(115) 

air in each time iteration. Thompson et al. introduced a sensible 

compromise of evaluatingAM at an equilibrium temperature between 

the grain and air calculated from an initial heat balance assuming 

no mass transfer. 

It seems possible that the overestimation of AM which may 

result from the use of Ta during the first two or three iterations 

in the first two or three layers is offset by an underestimation of 

(dM at small A in those simulations using the simple differential 

drying rate equations 5.6 or 5,7. 

5.2.1.6 Condensation and re-evaporation 

Using the differential drying equations, AM will normally 

be negative unless Me >M when it will become positive and moisture 

will be condensed back into the seed. This assumes that the rate 

of rewetting (and of subsequent re-evaporation) will be the same as 

the rate of drying which is not necessarily true. Flood et al 
(34) 

used a rewetting equation in a maize drying simulation. However 

the speed of rewetting is only likely to be of importance when the 

term (M-Me) is a large negative value. This is not likely to be 

the case for normal drying since (M-Me) will tend to become negative 
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as a result of small and gradual changes in inlet condition. 

It could be more important for the cooling of hot dry grain. 

The rate of re-evaporation is likely to be underestimated by the 

normal drying rate equation. 

This method of solution is only satisfactory while the 

moisture added to the air does not saturate it. Once this begins 

to occur the moisture change is no longer dependent on diffusion 

but becomes dependent on the psychrometric balance between the air 

and the now freely available water. An iterative procedure was 

developed to find this balance. 

The principle is illustrated in Fig-5.2 which represents 

a small section of a psychrometric chart. Initially the air in 

the layer is at temperature, To and humidity, HI represented by 

point 1 on the chart. Under these conditions, the predicted value 

of moisture loss may be d Mo but the use of this value in the heat 

and mass transfer equations predicts a temperature change from To 

to T1 and moves the state point to 2. Here the relative humidity 

would be in excess of saturation. A Mo may now be reduced to 0 M1 

the moisture loss which apparently would give 100f r. h. at Tý 

(state point 3). But when substituted in the heat and mass 

transfer equations, A M, produces a new temperature T2 and a 

corresponding r. h. less than saturation, represented by state point . 
By similar reasoning T2 can now be used to obtain a new estimate OM2 

(state point 5) which will predict a temperature T3, and new state 

point 6. By this path the value of4A M which gives a temperature 

change predicting 1OC saturation may be converged upon. 
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I 

II 

AM0 Ami QM2 QM3 

'111 

'i T1 T3 T4 T2 TO 

Fig. 5.2 Principle of adjusting OM to contain exhaust r. h. within the 
the feasible range( where the symbol , 6M represents 6M pýz ). [G9, 

Fig-5.2 could have been drawn such that the solution 

diverged. To ensure that the computer solution converged with a 

minimum number of iterations the required value of QM was found 

by using an interpolating polynomial, to find the zero of the funct' on 

yf (x) where y=- (maximum permissible rh - predicted exhaust r) 

and and x= moisture loss, M. Given the 2 estimates of the variable 

x given byAMoanclAIA, (state points 2 and 3 of Fig. 5.2) successive 

estimates are calculated in the following way. The x and y values 

are re-arranged and re-indexed in ascending order of y and, letting 

x11 = xi for i=1,2,3 ......... n, a triangular matrix (Table 5,3) 

of values xi3 can be calculated according to the formula 

xiJ = x3_1 
, j-1) 

(Yiý - (xi 
9 j_1 

) (Yi - 1) 
I/ 

(Yi - Yi-1 

............ 5.10 

for j=2,3 ............. n 

and i=j, j+1............. n 
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Table 5.3 

Triangular matrix of x.. derived from values of x and y 
arranged inlascending order of y. 

yx 

y1 X1 X11 

y2 X2 x21 x22 

y3 '`3 "31 x32 "33 

yi xi :::: :: 
1 

::: 

': 'n n 

x is the new estimate of x and is accepted if y=f (x 
, l)< 

0,1% r. h. 

In the first version of this routine a maximum permissible 

relative humidity of 98% was used. Some precedent for setting a 

limit at less than 100/ saturation had been established by previous 
(i 79t8,1 13) 

models in which condensation had not been attempted However 

it was also found that if a value much in excess of 9% was chosen 

it would cause the exhaust r. h. to oscillate from layer to layer. 

The reason for this oscillation was the steepness of the equilibrium 

moisture content curve in the region of 100f saturation. If the 

condensation procedure is used to ensure an exhaust r. h. close to 

100,0, then when this air is used as input to the next layer it will 

predict a very high value of the asymptotic moisture'ontent, Me 

and hence a positive value of Am. Moisture is now condensed back 

into the 2nd layer and the air exhaustsfrom it at well below 

saturations As the input to the 3rd layer it now overestimates 

the drying rate and the condensation procedure has to be entered 

to reduce the predicted r. h, back within the feasible range. 
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And so the process oscillates up through the layers. This 

oscillation can be prevented or controlled if some limit is set 

to the maximum relative humidity at which the asymptotic moisture 

content is evaluated. Later versions of the programme allowed 

the maximum permissible exhaust relative humidity and the maximum 

relative humidity for the evaluation of Me to be set independently. 

It should be noted that below approximately 98% the 

exponential form of the equilibrium moisture curve is important in 

ensuring a smooth transition to condensation conditions. Both 

Bailey 
(3 ) 

and Spencer 
(114) 

have found it necessary to introduce 

empirical modifications to their equilibrium relative humidity 

relationships to achieve the same ende 

5.2.1.7. Heat transfer coefficient 

The heat transfer coefficient, h, is normally defined as 

the quantity of heat transferred per unit of time, area and 

temperature difference between the gas stream and the interface with 

the solid surface. However, it is a complex function of the 

properties of the gas stream and experimental data is normally 

correlated by means of the j-factor developed by Colburn 
(2 9) 

The dimensionless group 

2 
jh =h Cpa. µ 3 

Cpa. G k "...... """ 5.11 

is plotted against the modified Reynold. ts number for a granular 

bed, DpG 

µ 

where ih = Colburn heat transfer factor, ratio 

h= heat transfer coefficient, kJ/min m2 K 

µ= dynamic viscosity of air, kg/m min. 

k= thermal conductivity of air, kW/m K 

Dp= average particle diameter, m. 
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Heat transfer data of this kind was reviewed by Barker( 8 

and from that review, the work of Lamson, Thodos and Hougen 
(36) 

was 

selected as being most relevant to this present study. 

Spherical and cylindrical catalyst carrier pellets of 

diameters from 2.29 to 18.8 mm and cylindrical heights from 4078 

to 16.9 mm were investigated under conditions of constant drying rate 

at temperatures from 26.7 to 71.10C at mass velocities of air from 

0.54 to 3.12 kg/s m. The following equations correlated the results 
2 

(i) For Re > 350 

(aG) h=1.061+ Cpa. G Cpa µ ....... 5.12 -0.41 ýk 
which if the Prandtl No. Cpa µ is taken as constant at 0.7 for 

k 

air, simplifies to 

0.41 0.59 
h=1.064 Cpa µ 

Dp 

(-) 

(ii) For Re <L. 0 

_1 (C-12a µ3 h= 18.1 Cpa G -ý - (µ l(k 

which simplifies to 

h Dp = 16.3 
k 

............. 5.13 

.............. 5.14 

.............. 5.15 

A disadvantage of the heat transfer coefficient h, as 

defined by these equations is that its use depends upon a knowledge 

of the surface area available for the heat transfer and this is not 

readily measured or estimated for particles of irregular shape. 

A choice of specific surface areas was provided by the work described 

in Section 2 of this thesis. The smallest estimates were 3587 and 

2525 m2/m3 for 5.23 and Sabrina respectively. They were calculated 

from respective volume-surface diameters of 1.181 and 1.584 mm, 

which had been derived from sieving results. They represent the 

surface area of the particle in relation to its own volume. The 
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surface-area within an incremental layer of seeds must be related to 

the total volume they occupy i. e. the area must be adjusted for void 

space which in ryegrass is of the order of 75%. 

For comparative purposes these figures can be used by 

substituticninto equation 5.13 to obtain simplified expression for 

hS, the product of h and Sv, termed the volumetric heat transfer 

coefficient. At 300C the expressions are: - 

For S. 23 hS =1113.8 G 
0.59 

... o.. o...... 5.16 

For Sabrina hS = 741.6 G 
0.59 

............. 5.17 

specific surface 
Using the/data of Bakker-Arkema et al 

(7) 
and assuming a 

porosity of 51% , the equivalent expression for barley is 

hS = 552.7 G 
0°59 

.. °......... 5°18 

These simplified expressions have been developed to 

allow comparison with an alternative description of the heat transfer 
(18 

proposed by Boyce 18 ý 
, He avoided the difficulty of 

measuring specific surface area by determining the value of the 

volumetric coefficient hS directly. The integral of the differential 

heat transfer in a layer in which no mass transfer occurs has been 

shown to be 
(18,94 

hs -CP9 P In f Ta Tg ......... e 
5.19 

A `Ta _Tgo) 

Boyce used this relation to obtain for barley a series of values of 

hS at a series of air flows, G. The values were then fitted by least 

squares to give the equation 

r 

hS ý= 4286.5 G (Ta + 273) 
O"60ll 

1\ 
Pat 

For Ta = 30°C this simplifies to 

hS = 130.3 G 
0.6011 

kJ/min K m3 ....... 5.20 

....... 5.21 

* Bakker-Arketna appears to use specific surface area uncorrected 

for porosity in his heat transfer equation. 
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The dependence of this expression on G (and on Ta) is very similar to 

that of equation 5.13 but the size of the constant is only4 of that 

of equation 5.18, If the uncorrected specific surface area had been 

used in the calculation of equation 5.18 the comparison would have been 

worse. The increase in hS for barley given by equation 5.18 compared 

with 5.21 is greater than the increase of either ryegrass equation 5.16 

or 5.17 over equation 5.18 although these increases would clearly be 

greater if the larger estimates of S. obtained in Section 2 were used. 

In 1972 an attempt was made to use the method of Boyce to determine 

hS for ryegrass seeds. The procedure was as follows. From a bulk of seed 

which had previously been brought into approximate moisture equilibrium with 

air at 60 °C and which was kept in a sealed container, a 100 g sample 

was taken and spread in the drier pan. It was placed on the drier 

and allowed to dry for a further 30 minutes at 60°C or until there 

was no further change in weight. The pan was quickly removed and 

placed together with a thermometer and without disturbing the seed in 

a large plastic bag which was sealed with adhesive tape. After the 

seed had cooled to room temperature once more the pan was quickly 

removed from the bag and replaced on the drier. After 5 minutes, 

timed by stop-watch, the seed was rapidly tipped into an insulated 

container. This transfer was estimated to take 1 second. The 

temperature in the container was monitored by means of a thermocouple 

connected to a Honeywell Brown Potentiometric recorder and the maximum 

temperature reached was taken as the final grain temperature. The 

final moisture content of the seed was then determined. 

It soon beoame apparent that the temperature of the seed 

was approaching a maximum value in less than 5 minutes and a series 

of runs was carried out at each of 2 air flows at various intervals 

from 22 seconds to 2- minutes. This series demonstrated that 
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the final measured temperature could be seriously affected by the 

speed and efficiency of the physical transfer of the seed from the 

drying pan to the insulated container. Further the temperature- 

time curves plotted with the best of this data indicated an 

asymptotic temperature of 54 °C 
rather than the hot-air temperature 

of 60°C. This implied a relatively large heat loss in the transfer 

from pan to insulated container even allowing for the possibility 

that the air entering the pan was slightly cooler than at the point 

its temperature was sensed and controlled. Finally, and this may 

have been in large part an effect of the deficiencies already 

described, plots of 0 against In Ta -T qo 
derived from the 

Ta-Tý 

smoothed temperature time curves were not straight lines and this 

brings into question the validity of equation 5.19. At this 

point it was concluded that the deficiencies of the method were 

such that any further work should be delayed until significant 

impr wements could be made or a new method developed. However the 

work had confirmed that the rate of heat transfer was a function of 

airflow and had indicated that the value of hS for ryegrass seed was 

probably several times that for barley grain predicted by the Boyce 

equation 5.20e 

The drying model was developed using the Boyce relation, 

but later versions alloweLthis equation to be modified by a multiplier 

and provideafor the alternative use of the Lamson, Thodos and Hougen 

equation 5-13- 

5.2,2,, Solution of the equation of the wet-bulb line 

Under adiabatic drying conditions, the maximum drying rate 

which might be achieved from a bed in which a complete drying zone is 

established would be that resulting from adiabatic saturation of the 

air. This value is used as a yardstick by which to judge the drying 
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rate predicted by the model. It is found by solving the equation 

of the wet-bulb line given the temperature of the dry bulb and the 

absolute or relative humidity. 

From Brooker 
(21) 

and converting to SI units the equation 

of the wet bulb line is 

Pswb - Pv = -1.007 (Pswb - 1013.5) (Tdb - Twb)1 0.62194 *L 
L J......... 

5.22 

where 

Pswb = saturation vapour pressure at TWb, mbar (= xN/m2) 

Pv = vapour pressure at Tdb' mb' 

L= latent heat of vapourisation of water at Twb 

= 2502.535 - 2.38576 (TWb - 273) kJ/kg/C* 

Tdb = temperature of the dry bulb, °K 

Twb = temperature of the wet bulb, °K 

The expression for saturation vapour pressure, Ps at temperature T 

was taken from the I. H. V. E. guide. 
( 56 

PS = exp (a+bT+T +dlnT ) 

where a= 72.7397+ 

b=0.0057113 

c =-7235.4261 

d=-8.2 

Given ambient humidity H, then from 

H=0.622 P 

Pat-Pv 

Pv = Pat . H/ (0.622 + H) 

.......... 5.23 

........... 5.24 

........... 5.25 

* Obtained by direct conversion of the relationship given by 

Brooker (21 ) in British units. 
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Given relative humidity, rh as a decimal then Pv = rh x Psdb 

Substituting for latent heat in 5.22 and simplifying. 

Pswb = Pv - Pswb (Tdb - Twb) - 1013.5 (Tdb - Twb) 
..... 5.26 

1947-866 - 1.473485 Twb 

An approximate solution to equation 5.26 can be obtained by Newton's 

Method. 

Let p= 1947.866 'r=1.473485, s= 1013.5 

q=1+r=2.473485 

Then if f (Twb) =0 

f (Twb) = Pswb (p -q Twb + Tdb) + Twb (rPv + s) - pPv - sTdb 

" ... e .. "5027 

eeeft (Twb Pswb 
(_+(Tdb_TWb+P)(b_ 

cZ+Td))+ rP T+s 
wb wb 

........ 5.28 

and for Newton's method, the adjustment Q is given by 

=f (T; 
vb 

f0 (Twb 
". e.... " 

5.29 

Using Tab as the initial estimate of Twb, this procedure converges 

to within 0.005 degrees very rapidly. 

Substitution of Twb back into equation 5.23 gives the 

saturation vapour pressure and a further substitution back into 

equation 5.24 gives the absolute humidity at saturation. 
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5,2,3. Other properties 

5.2.3.1. Specific heat capacity: The following constants are 

written into the programme: - 

Cpa = 1.005 kJ/kg K 

Cpw = 1.88 kJ/kg K 

Cpl = 4.187 kJ/kg K 

The programme was developed on the assumption that the 

specific heat of the seed dry matter, Cpg, was the same as that of 

wheat 
(65) 

, 1.298 kJ/kg K. Provision is now made for the value to be 

read in with the input data although the author recently discoveI3j some 

data which confirmed that 1.298 is a reasonable value for ryegrass seed. 

This data had been obtained in 1966 by R. B. Sharp 
(107) 

using s. 24 ryegrass seed rewetted in the moisture range 16.3 to 

99.5% m. c. d. b. The method of determination used was that of Sharp 

and Nash 
(106) 

modified to cope with larger volumes of seed. The 

results are tabulated in Table 5.4. The specific heat of the dry 

matter, Cpg, in the final column was calculated from the measured 

TABLE 5.4 

Specific heats of Sg24 ryegrass - unpublished 
data of R. B. Sharp (101 

C. 
kJ/kg. K 

M 
ratio d. b. 

C P9 
kJ/kg. K 

1.611 0.1625 1.192 
1.754 0.2037 1.258 
1.757 0.2200 1.223 
1.872 0.2604 1.269 
1.961 0.3120 1.266 
2.212 0.3887 1.443 
2.378 0.4715 1.525 
2.336 0.545 1.290 
2.409 0.6380 1.274 
2.483 0.7838 1.148 
2.709 0.9952 1.237 
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value for the wet seed, C, from the equation. 

C(1+M) = Cpg + Cpl M ... 5.30 

where the specific heat of liquid water, Cpl wau taken to be 

4.187 kJ/kg. K. The mean of 1.284 has a standard error of 0.0327 

and therefore the validity of the value of 1.298 is confirmed. 

5.2.3.2. Latent heat: In the development of the heat and mass 

transfer equations the enthalpy of the air was approximated as the 

sum Cpa Ta+ H (CpwTa + La). Treybal(t23) shows that this is a valid 

expression if La is the latent heat of water at the reference temperature, 

0C in this case. A value of 2500.8 kJ/kg was assumed and written into ° 

the programme. The dependence of the latent heat of the moisture 

held within the seed upon the concentration of that moisture was 

described by the equation of Gallaher(35') 

Lg = La (1 + 23.0 exp (-40M)) ... 5.31 

5.2.4. The computer programme 

A simplified flow chart of the computer programme is given 
and specimen output 

in Fig 5.3 .A FORTRAN listing is given in Appendix 5. Much of the 

action of the programme has been indicated in the previous paragraphs 

and will not be repeated. Additional features are summarised below: - 
(i) Initial seed moisture and temperature profiles could be 

input as depth-dependent arrays and were interpolated 

linearly to initialise the layers. 

(ii) Inlet air temperature and humidity could be input as 

time-dependent arrays and interpolated linearly to 

initialise inlet air conditions at the start of each 

time iteration. 



tl- 

I, - 

234 

Fig. 5.3 Simplified flow chart of parallel-flow deep bed drying programme. 
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(iii) Bed depth and depth increments were of type real. The 

programme automatically adjusted the supplied depth 

increment to subdivide the total depth into an integer- 

number of lay*ers. 

(iv) The formation of a complete drying zone was recognised 

when the drying rate in a layer fell. below 0.00001 kg/hcg 

of air and was succeeded in the same time iteration by a 

layer in which the naxinum permissible relative humidity 

was exceeded. The depth, speed and time when the zone was 

first ferried was printed.. 

(v) An output file of layer temperatures and bed mean moisture 

content could be produced for input to either of the plotting 

programmes STMPLT or RADPLT. The printing interval for the 

plotting file was independent of that for the main output file. 

(vi) A simulation was normally terminated by the moan bed moisture 

content reaching a target value but could also be terminated by 

exceeding either a time limit or a maximum number of time 

iterations. Both of these limits were declared on input. 

The programme terminated when a negative depth increment was 

read from the input data file. 

(v) For simulating radial-flow drying, the airflow per unit area 

of the inner wall was reduced through each, successive annular 

layer in proportion to ßj/R, where R1 and RL are the radii at the 

bin wall and at the centre of the layer respectively. 
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5,3. SIMULATION OF EXPERITIENTAL RESULTS 

5.3.1. Preliminary tests 

The experimental results were used as specimen irput data 

during the development of the model. In the ccurse of this various' 

parameters were adjusted to determine their effect on the final . 

solution. These tests were not entirely systematic because at the 

same time other constants were being adjusted as the analyses of the 

thin layer results were completed and minor errors in the programme 

corrected as they were found. 

5.3.1.1. Sensitivity to increment size: Irrespective of whether or 

not the model was a reasonable description of the drying process, it 

was necessary first of all to establish the ranges of values of the 

increments 64) and Az which would give convergence to the sane 

solution. Clcarly the smaller the intervals chosen the greater the 

likely "accuracy" but the greater t}e computing time and quantity of 

redundant information calculated. Clearly for practical purposes the 

intervals chosen need to be in reasonable proportion to the depth of 

bed and probable total drying time. 

It was found that the model was stable over a wide range of depth 

and time increments. The results of the most systematic tests are 

presented jr. Table 5.5. Time increments from 1 to 60 minutes and depth 

increments from 0.005 to 0.24 metres had only marginal effects on 

predicted total drying times either for the low teuperature Run 9 or 

the high temperature Run 7. At the ccnstantdepth incre. ienEof 0.013 in, 

the differences in drying times for Run 9 given by increments from 1 

to 60 min. reflect the inevitable rounding caused by the use of large 

time increments. 
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0 

TABLE 5.5. 

Effect of depth and time increments on predicted drying time, 
minutes, for Run 7 (Ta = 5564°C) and Run (Ta = 26.0°C)0 

A Az, M. 
i m n. 

0.005 0.013 0.025 0.12 0.24 

5.0 900 - - - Run 7 15.0 915 900 900 - - 30.0 - 900 - 

1.0 - 4186 - - - 5.0 4195 4185 4175 - - Run 9 15.0 - 4200 - 
30.0 - 4170 - - - 60.0 4200 4140 

1.0 - - - 4020 - 
Run 9* 5.0 - 4115 4105 4020 4020 

15.0 - - - 4020 - 
Differences in time between this and the previous series 
for Run 9 are due to a change in the constants used to 
define the drying constant, h. 

IncreasingAz at constant AG caused only slight reductions in predicted 

total time, even up to 0.24 m in Run 9. In practice aAz of 0.24 m is 

too large because it fails to give sufficient information about the 

moisture profile. This is illustrated by Figure 5.4. which compares 

the final moisture profiles predicted using depth increments of 0,0127 

and 0.24 m and the experimental observations. The smaller increment 

divided the bed into 75 layers from which it was possible to plot a 

smooth curve. The larger increment divided the bed into only 4 layers 

and was clearly inadequate to fully describe the moisture profile. 

Thus the conclusion was that increments, chosen to be in reasonable 

proportion to the total drying time and bed depth, were unlikely tc 

influe, ce the predicted results to a significant extent. In the prc-ser. t 

work, increments of 5 minutes and 0.025 m were used in the majority of cases. 
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5.3.1.2. Sensitivity to heat transfer coefficient: The effect of 

varying the heat transfer coefficient, hS was investigated because 

there was some doubt as to the values which should be used (Section 

5.2.7.1. ). No firm conclusion had been reached about the specific 

surface area, S, to use in conjunction with the Gamson, Thodos and 

Hougen equation (Eqn. 5.13) and attempts to determine volumetric 

heat transfer coefficients by the method of Boyce had been inconclusive. 

The Effect of 1iS on model predictions was investigated by 

multiplying the value given by the Boyce equation (5.20) for barley 

by factors between 0.1 and 1000 for the high temperature (55.4°C) 

for Run 7. This effectively altered the heat transfer coefficient fror 

46 to 46 x 104 kJ/min K ms 

The quantity most affected by this variation was the predicted 

seed temperature. In Figure 5.5. are plotted the temperature profiles 

through the bed at the end of drying given by hS x n, for n=0.1 and 1000. 

When the heat transfer coefficient is small the seed temperature tends 

to stay several degrees below that of the air. In constrast when the 

ccefficient is large, the difference between the air and seed temperatures 

is small and in the opposite direction, i. e. the seed is warmer than the 

air. This reversal occurred at a value of hS just a little greater than 

that given by Boyce equation alone. In Figure 5.6. the seed and air 

temperatures within a single layer are plotted against hS xn for 

(a) the first layer in the first time iteration and (b) the last layer 

in the last time iteration. In both cases the pattern is similar but 

more pronounced in the starting iteration because of the much larger 

initial temperature difference and predicted moisture loss. Clear? y 

hS x 0.1 predicts much too little heat transfer and the heat for 

evaporation is taker, out of the seed (which cools to 4°C) with very 

little cooling of the air. 
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This is an unrealistic situation. Above hS x1 the opposite occurs; 

so much heat is transferred that the air is greatly cooled and the 

seed warned close to the inlet air temperature. Increases in hS of 

x50 to x 1000 have very little effect on this pattern. It is 

interesting that inspite of these differences the total drying times 

and final moisture profiles are affected only slightly (Table 5.6. ) 

TABLE 5.6. 

Effect of value of heat transfer coefficient on predicted drying 
time and final moisture profile in Run 7. ( hS £"460 1cT/min K Y) 

Multiplier 
f hS 

Drying time Final moisture content, % d. b. 
or 

Min Iteraticns Mean Range 

0.1 865 173 16.81 5.27 - 43.59 
1.0 870 174 16.84 5.27 - 44.22 
5.0 870 174 16.85 5.27 - 44.29 
50 870 174 16.86 5.27 - 44.31 
100 870 174 16.88 5.27 - 44.32 

1000 875 175 16.75 5.27 - 44.18 

This is probably because in the model the drying rate is calculated from, 

and, depends upon, the air temperature and this i. s much less affected by 

hS than is the seed temperature (Figure 5.5. ). In real life the amount 

of moisture lost is determined simultareously with the heat transfer 

and the rate of heat transfer is almost certainly more important than 

the approximate method of solution used in the model allows it to be. 

This aspect clearly requires more detailed investigation. 

Before this investigation of hS had been completed and when it was 

thought that hS for ryegrass seed would be of the order of 5 times that 

of cereals, work began on simulating all the experimental runs with 

hS x 5. In the light of the above results this was a reasonable choice. 
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5.3.2. Comparison of observed and predicted results 

5.3.2.1. Input data 

All 15 experimental runs were simulated using as much input 

data as was available for each. That is, if information, on the 

initial moisture and temperature profiles was available it was used 

and if variable input air conditions were available these were also 

used. In the. case of Runs 2 and 3 it was found necessary to extend 

the drying period to include the cooling after drying. 

The drying curve was assumed to be described by the diffusion 

equation for a plane sheet (equation 3.38) and the drying constant, k, 

was evaluated from equation 3.44 using the appropriate constants given 

in Tablo 3.7, page 85. The correction for initial moisture content, Mo, 

was applied before the constants were read into the prof-^amme so that 

the input values were as listed in Table 5.7. 

TABLE 

Simulation of experimental runs. Constants used in equation 
3.44 for evaluating the drying constart, k. 

k=A emp (bT+cE+dMo) 

Run Crop Mo A exp (dMo) b c 

1 Sabrina 62.0 0.0001661 0.00-30 46.48 
2 S23 69.4 0.0004075 0.0725 25.31 
3 56.0 0.0004500 0.0725 25.31 
6 Sabel 104.5 0.0001368 0.0830 46.48 
5 11 92.7 0.0001517 it It 
6 lo. 63.1 0.0001966 it it 
7 " 49.0 0.0002224 it 
8 to 

, 
23,5 0.0002784 it if 

9 S23 72.4 0.0003985 0.0725 25.31 
10 It 64.2 0.0004235 1+ it 
11 35.8 0.0005229 If it 
12 Sabel 80.2 0.0001692 0.0830 46,48 
13 " 46.9 0.0002266 it it 
14 S23 75.1 0.0003905 0.0725 25,31 
15 36.7 0.0005194 It 

V 
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Asymptotic moisture contents, Me, were evaluated from equation 

3.42 using the appropriate constants from Table 3.8. (page 91) and 

also, in some runs, the constants derived from the fit of equation 

3.42 to all the final moisture contents of the 1971 and 1972 thin- 

layer tests. These values are summarised in Table 5.8. 

TABLE 5.8. 

Simulation of expe mental runn. Constants used in equation 
3.42 for evaluating the asymptotic moisture content, 11e 

V a- b in T- c In (1-rh). 

S 
Constant 

ource Crop 
a b c 

Exponential series for Sabel 5.06 0.63 13.18 
plane sheet S23 15.70 2.82 9.11 

Final moisture contents, ) All 16.25 3.00 9.28 1971 + 1972 

503.2.2. Comparison of drying times and final moisture contents: 

The two simplest measures of agreement between simulated and experimental 

results are: - 

(a) The total drying time necessary to reach the mean final bed moisture 

content. 

(b) The mean final bed Moisture content at the experimental time. 

These quantities are compared in Table 5.9 and Figure 5.7. In 

general agreement is better between the final moisture contents (r=0.968) 

than between final drying times (r=0.897). This is to be expected and 

for three main reasons: - 

1. The accuracy of determination of the experimental final moisture 

contents is far less than that of drying time. 

2. Towards the end of most runs, small changes in moisture content are 

equivalent to lar&e changes in time (c. f. Run 8 in next paragraph 5.3.2.3. ). 
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3" In long runs with several diurnal cycles, differences between 

calculated and target values, which in practice might be negligible, 

may cause the target value to be reached up to 24h earlier or later 

than the experimental time. 

There is, however, a consistent tendency for the model to reach 

the target moisture content more rapidly than the experimental run. 

The particular features of individual runs are examined more fully 

in the next paragraph (5.3.2.3. ) 

TABLE 5.9. 

Simulation of experimental runs. Comparison of drying 
times and final mean bed moisture contents. 

Bed Ta, G, Moisture ccntent, % d. b. Drying time, 11 

Run Seed depth, 0c kný 2 Initial Final Pre- Experi- Pre_ m dieted i mental dieted Z 

1 Sabrina 0.61 32.5 14.08 82.0 9.32 9.34 52.5 52�7 
2 S23 0.91 32.5 15.14 69.4 12.1 15.1 65.0 55.5 
3 S23 0.91 49.7 11.99 56.0 9.6 8.9 49.0 49.8 
4 Sabel 0.20 25.2 10.21 104.5 43.1 47.5 2,3.0 26,4 
5 to 0.99 24.2 10.36 92.7 16.2 12.8 115.0 179.4 
6 0.99 24.3 9.47 63.1 26.5 21.6 65.0 52.2 
7 0.99 55.4 7.55 49.0 16.9 6.7 21.75 15.0 
8 " 0.99 26.4 5.96 23.5 13.0 13.8 69.0 99.8 
9 S23 0.95 26.0 8.36 72.4 14.6 13.4 89.0 70.0 

10 " 0.96 26.0 4.77 64.3 17.1 12.9 136.0 88.5 
11 " 0.64 48.6 8.12 35.8 5.5 5.6 16.0 14.53 
12 Sabel 1.22 25.7 5.9ý 80.2 60.0 58.6 46.5 43.8 
13 º' 1.55 22.2 35.5 4 46.9 15.3 15.4 71.0 75,5 
14 S23 1.55 24.2 18.0 4 

75.1 19.4 12.6 160.5 125.0 
15 1.55 27.4 19 .8 36.7 10.5 10.6 88.0 6E 3,, q 

1. Predicted at experimental time 

2. Predicted time to reach experimental mear m. c. 
3. Time to reach 5.53w dab* 

4. Per square metre of bin inner wall 
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5,3.203, Examinations of individual runs 

Run 1. The agreement between observed and calculated final moisture 

contents and drying times in this run is excellent. For practical 

purposes there are no differences. 

The observed and calculated final moisture profiles are compared 

in Figure 5.8. The calculated profile is steeper than the observed 

but the differences are small,. 

The dashed curves in Fig. 5.8. illustrate the importance of the 

asymptotic moisture content relationship in determining the predicted 

answer when the bed is close to equilibrium. Curves 2 and 3 were 

obtained using, in equation 3.42, the constants derived from the 

analysis of the final moisture contents, Mf, in the thin layer tests. 
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Fig. 5.8 Run 1- Observed (o) and calculated (1) final moisture 

profiles. The effect on calculated profile of using an 

alternative relation for Me is shown at the experimental 

time and at the time required to reach the final mean 

bed moisture content. 
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At the experimental time calculated profile (curve 2) has the same 

slope as that calculated originally (curve 1) but was 1'd3o above it. 

Another simulated 20 hours were necessary to reach the experimental 

mean bed moisture content and by this time the profile (curve 3) 

was much flatter than the experimental. Note that the values of 

Me at the inlet temperature and relative humidity given by the two 

sets of constants are 7.5% d. b. for curve 1 and 9.1% for curves 2 and 

3. Thus in the second case, the experimental profile could never have 

been predicted. 

Run 2. An important feature of this run, and of Run 3, was the cooling 

after drying. In presenting the experimental results in Section 4 the 

possibility of some moisture regain during cooling was speculated upon 

but cooling periods were excluded from the total drying times. The 

simulation results indicated that they ought not to be excluded and 

the simulation inputs were adjusted accordingly. 

The effect of the cooling on the mean bed moisture content is 

shown by the drying curve of Fig. 5.9. The run was similar in air 

temperature and flow to Run 1 and after 45 hours, when the heat was 

switched off, was calculated to have reached a similar mean bed 

moisture content of 9.2w. Thereafter moisture was condensed back into 

the bed until a mean of 15.11 d. b. was predicted at the experimental 

time of 65 h. Compared with the experimental final moisture content 

of 12.1% the regain appears to be excessive. This could be because the 

absolute humidity of 0.009 kg/kg used throughout the simulated run 

should have been reduced to a value nearer 0.007 kg/kg during the 

periods when the cooling temperature fell as low as 15.6°C. 
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It should also be noted that the constants f or He used for simulating 

S. 23 runs were those obtained from the analysis of Mf since these 

were virtually the same as those obtained for Me for the plane sheet 

for S. 23. It is possible that the constants for Sabel would have 

given better agreement. 

Even no the predicted result is regarded as reasonable. The 

drying curve of Fig. 5.9 puts these differences into perspective and 

shows that, in the context of the run as a whole, they were slight. 

Fig. 5.10 compares the predicted and experimental final moisture profiles. 
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Run . In contrast to Run 2 the moisture regain during the cooling 

period in this run was under rather than over estimated. However the 

discrepancy is small (0.7° and the agreement between predicted (49.8h) 

and observed (49., Oh) drying times is also good. 
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Fig. 5.10 Run 2. Calculated (1 )" and observed (o) final 

moisture contents within the bed. 
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But there is evidence to, suggest that the cooling corrects and 

also masks too rapid simulated drying. In the experimental bed, the 

wettest seed was furthest from the air inlet whereas in the simulated 

bed it was closest to the air inlet (Pig. 5.11). Also, the predicted 

drying curve (Fig. 5.12) reaches equilibrium nearly 25 h before the 

heat is switched off. Finally the predicted temperature of the air 

within the bed changes at a greater rate than the recorded temperatures. 

Predicted and observed exhaust air temperatures are compared in Fig. 5.12. 

Within the first hour, the predicted curve drops to 220 C, about 30C below 

the wet bulb temperature of the inlet air. It then rises equally 

rapidly back to about 24°C, about 1°C below inlet wet. bulb. After 

about 15 h the drying zone is emerging from the top of the bed and the 

exhaust temperature rises to approach that of the inlet air. In 

contrast, the initial fall of the observed exhaust temperature is much 
a 

greater (ý 8°C below inlet wet bulb) and this much lower temperature is 

not disturbed by the progression of the drying zone for about 30 h, The 

implication is that the simulation underestimates the amount of heat 

transferred into the seed, 
... 
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Fig. 5.11 Run 3. Observed (o) and calculated (1) 

final moisture profile. 
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Run 4. This run differed from other runs in being a shallow 

layer (0.2m) dried to a high (43.1%) final moisture content. It 

was one of the few runs for which the calculated drying time was 

greater (in this case by 3.4h) than the observed. The final 

moisture pxofiles are compared in Figure 5.13. and show good 

agreement. 
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Fig. 5.13" Run 4. Final moisture`profiles predicted at (1) experimental 

time (=23.0 h) and (2) calculated final time (=26.3 h) 

compared with experimental data (o). 
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Run 5. This run differed from Run 4 in having a lower initial moisture 

content (92.7%) and much greater depth of seed (0.99 
m 

). The experimental 

run took 114 h to reach a mean of 16.2% d. b. The simulation predicted 

79.4 h; a shorter rather than the longer time which might have been 

expected from the result for Run 4. Comparison of the final moisture 

profile in Fig. 5.14 indicates a much narrower predicted drying zone 

than was observed in practice. In fact the top layer was calculated to 

be still at 91% m. c. and the air exhausting at 99% r. h. Thus the 

predicted drying rate was very close to the maximum possible adiabatic 

rate. 

The average drying curve in Fig. 5.15 shows that when the simulation 

was continued to the experimental time some rewetting was calculated to 

occur but, like Run 3, the experimental final moisture profile does not 

show much evidence of rewetting. 
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Fig. 5.14. Run 5. Final moisture profiles predicted at 79.4 h (1) and 

at 114 h (2) compared with experimental data (0). 
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Re-running the simulation with the exhaust r. h. limited to 944 

only slightly increased the predicted drying time (85 h) and had 

virtually no effect on the predicted moisture profile. Substitution 

of the m. c. relationship for Mf rather than Me had no effect on the 

predicted drying time and only a slight effect on the final moisture 

profile. The basic problem appears to be the narrowness of the drying 

zone and its excessive speed; this appears to result more from inadequate 

prediction of air temperature change than from an overestimate of 

incremental drying rate. 
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Run 6. A similar run to Run 5 but with a lower airflow and much lower 

initial moisture content. The simulation a]so predicted a shorter 

(52.2 h) than observed (65.0 h) drying time and displays similar symptons 

to Run 5. Thus in Pig. 5.16, the pseudo-saturation temperature preceding 

the drying zone was higher in the predicted than in the experimental 

run. Also the predicted initial cooling was much faster than the 

observed. Apart from this the predicted run was very similar to the 

experimental and the final moisture content profiles (Fig. 5.17) agree 

quite well, although the slower spread of heat through the experimental 

bed is reflected in the slightly steeper profile. 
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Run 7. This was the run with the highest inlet air temperature. 

Once again the predicted drying time (15 h) was less than the observed 

(21.8 h) and is associated with the more rapid passage of the drying 

zone through'the bed. This can be seen in the comparison of predicted 

and observed temperatures in Fig. 5.18. It is interesting to note that 

in this case, in contrast to Runs 6 and 3, the predicted and observed 

pseudo-saturation temperatures are comparable. Agreement between the 

observed and predicted final moisture profiles (Fig. 5.19) is also good. 

It was shown for this run in Section 5.3.2.1. that the, simulated result 

is very little affected by the value of the heat transfer coefficient. 
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Fig. 5.19. Run 7. Final moisture profile at predicted drying 

time (1) compared with experimental data (o). 
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"'he effect of latent heat of vapourisation from the seed, Le, was 

Investigated by adjusting the constaý. nts in Gallaherss equation, 

equation 5.31, frcm 23.0 and 40�0 to 0.4 and 11.5 respectivelye This 

rdjustment had very little effect. 

T-, 
---n, 

S. 'in run was one of the few for which the predicted drying 

time (99�8 h) was greater than the observed (69 h). However, this was 

because the equilibrium to which the model van tending ran slightly 

higher than that for the experimental bed. Prior to this being 

approached closely, the temperature time profilo (rig 5.20) suggests 

that this simulation also dried at an excessive rate. 

At 69 h the mode]ýredicts a moisture content of 13-a and the 

extra 30 h arc needed to remove just 0.8. This illustrates how small 

differences in target moisture content can cause large differences in 

predicted drying times. 

Final moisture profiles are plotted in Fig. 5e21e 
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Fig. 5.21. Run 8. Final moisture profiles predicted at experimental 
time (1) and at 99.8 h (2) compared with experimental 
data (e). 
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Run 9. This was the first run with S. 23 seed at ambient temperatures 

but in spite of the change of constants the simulated results follow 

the same general pattern as those for Sabel. The predicted drying time 

(70 h) was again less than the observed (89 h) and for the same reasons. 

This was one of the runs used in the study of increment size and the 

final moisture profile has already been presented in Fig. 5.4. There 

was good agreement between the observed and predicted values. 

so 
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Fig. 5.22. Run 10. Final moisture profile predicted at 88.5 h (1) 

compared with experimental profile at 136 h (e). 
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Run 10� A similar run-to Run 9 but with a lower airflow and 

longer drying time (136 h). Once again the model underestimated the 

drying time (88.5 h). As"in Run 5, continuing the simulation to the 

experimental time indicated some rewetting of the lower layers but 

this time the experimental profile (Fig. 5.22) with its sharp 

transition in slope could be consistent with some rewetting. There 

is good agreement between the observed and predicted pseudo-wet bulb 

temperatures (Fig. 5.23) 

Run 11. Run 11 was similar to Run 3 without the cooling. Like most 

of the other runs the predicted air temperatures suggest that it dried 

too rapidly although the bed reaelmd equilibrium without ever reaching 

the target value. The predicted time (14.5 h) was taken as that at 

which the predicted moisture content approached most closely to the 

target value (a difference of only 0.03%). The predicted moisture 

profile was thus almost completely flat whereas the experimental 

profile sloped from 4.8 to 6.82. 

Run 12. Agreement between observed and predicted drying times for 

Run 12 was much better because, for such a deep layer (1.2 m ), the 

drying time was relatively short and the final moisture content high 

(6c d. b. ). Run 12 provoked particular interest in Section 4 because 

of the evidence of considerable moisture reduction in front of the 

drying zone caused by evaporative cooling. The simulation failed to 

predict this to the same degree although it did predict some. As a 

result the calculated moisture profile. shows a greater moisture loss 

from the lower layers than does the experimental (Fig. 5.25). One 

reason why the model predicted less moisture loss from the upper layers 

than was obtained experimentally was because it predicted that the air 

in those wet layers would cool to lower temperatures and thus be 

unable to exhaust at such a high absolute humidity (Fig. 5.21+). 
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This was the only run in which the pseudo-wet bulb temperatures 

predicted by the model were significantly less than the recorded 

values. 
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Fig. 5.25. Run 12. Final moisture profile at predicted drying 
time (1) compared with experimental data ("). 

Runs 13,, 14 and 15. These three radial-flow runs are taken together 

since they are all similar. It should be noted that the target moisture 

contents represented a mean of the profile values and not a true mear. of 

the bed, The profile mean is easier to use than the true mean although 

the latest version of the programme calculates both. 
--ý ýý 
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Run 13 was one of those runs for which the model predicts a 

longer than actual drying time although comparison of predicted and 

observed temperatures suggests that like most of the parallel flow 

runs the drying was too rapid and was only slowed down towards the 

end by approaching close to equilibrium. However the error (5 h in 

70 h) is small and predicted and observed moisture profiles were 

comparable (Pi. g. 5.26). 
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Fig. 5.26. Run 13. Final moisture profile at predicted drying 
time (1) compared with experimental data ("). 

Run 14 also dried too rapidly and the temperature-time profile of 

Fig. 5.27 exhibits the familiar pattern of predicted temperatures moving 

ahead of the observed. It is interesting to note that, like Run 12, the 

predicted pseudo-wet bulb temperature is less than the observed. Run 15 

was very similar but because the final moisture content of the bed was 

close to equilibrium continuing the simulation up to the experimental time 

still gave a similar predicted final moisture content'. 
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5.4. DISCUSSION 

5.4.1. Validation. 

To be of practical use a mathematical model must be stable, 

convenient to use and accurate. The model presented here is certainly 

extremely stable and is convenient to use. For example, because increment 

size can be altered over a wide range, it is possible to reduce the 

computing time, even for simulations of several days real time, to 

within the bounds required for normal day-time running on a multi- 

access computer. This quality will also make it possible to use the 

model within larger programmes of the optimising type. 

The third attribute, that it should be accurate, is far more 

difficult to assess because of the difficulty of defining suitable 

objective criteria by which to compare experimental and predicted 

results. No one single criterion is likely to be adequate because the 

model output is multi-valued and good agrecment of one quantity may 

be associated with poor agreement of another. Good agreement would 

normally be expected with those quantities for which the model is 

inherently convergent. The model is concerned with predicting changes 

associated with proceeding from the equilibrium state of the unventilated 

seed to a new equilibrium with the ventilating air. Thus the solution 

will ultimately be convergent provided the equilibrium properties are 

known, but in the process small errors may propagate considerable 

divergence in the imtermediate conditions. Such propagated divergence 

is most clearly demonstrated by the temperature profiles of Run 7, Fig. 

5.18. Clearly the deeper the drying bed and hence the longer this transient 

period, the fore serious will be such divergence. 

The main cause of such systematic errors will be the crude simplification 

of the real life process made in setting up the equations and their method 

of solution. 
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To a lesser extent they may be due to bias in the experimental results 

either for the seed properties or for the deep bed runs. Since the 

seed properties used in this study are based on a large number of 

experimental data, the defining equations are thought to be reliable 

but an examination of the standard errors of the coefficients of these 

equations indicates considerable random or unexplained variation in 

properties. For example, if the standard errors of the coefficients 

of equation 3.42, the equilibrium moisture content equation, are applied 

to act in the same direction, they can cause differences of several 

per cent in the predicted value of Me. Now if such variation is typical 

of the thin-layer data, it will also be typical of the measurements of 

the deep bed runs but here it was only possible to carry out a few runs 

and each of these was a unique combination of several variables. 

O'Callaghan et al(88), for example, state that even under the most 

stringent testing conditions for deep beds, errors of 10% of total 

evaporation may occur and they use this 10116 as a measure of the acceptability 

of the simulation results, i. e. -they make no allowance for error in model 

formulation of in seed properties. Clearly this is somewhat optimistic 

and their own static bed simulations had a mean error from 24 separate 

tests of +13.7%. The mean of the 15 tests reported in this present work 

was +9.6% but this figure conceals a greater variation in error (Table 5.10) 

than obtained by O'Callaghan et al. Indeed, the fact that the mean value 

falls below 10f is fortuitous and owes much to the large negative (slow 

drying) error of Run 8. This run was a special case in which the slow 

drying was entirely associated with discrepancy between observed and 

predicted equilibrium moisture values. Excluding this the general 

tendency is for the model to be over-optimistic in its prediction by up 

to 35% (see also Fig. 5.7). 

* Appendix tables 3.2.18. - 3.2.20. pages'393-395. 

v 
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TABLE 5.10 

Differences between experimental and predicted 
drying times and moan bed moisture contents in 
relation to total drying time and percentage 
moisture removed 
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Relative errors1 
i t Mo p ure 

Run content in time in final moisture 
removed, content 
f d. be 

experimental h/% moisture % m. c. /% moisture 
time removed removed 

1. 72.7 -0.4 -0.0028 -0.0003 
2 57.3 14.6 0.166 -0.052 
3 46.4 -1.6 0.0172 0.015 
4 61.4 -14.8 -0.0554 -0.072 
5 76.5 31.0 0.465 0.044 
6 36.6 19.7 0.3497 0.134 
7 32.1 31.0 0.2103 0.38 
8 10.5 -44.6 -2.933 -0.076 
9 57.8 21,3 0.3287 0.021 

10 47.2 34.9 1.006 0.089 
11 30.3 9.4 0.0495 0.0033 
12 20.2 5.8 0.1337 0.069 
13 31.6 -6.33 -0.1424 -0.0032 
14 5105 22.1 0.689 0.132 
15 26.2 21,7 0.729 -0.0038 

Mean 43.9 +9.6 +0.0674 +0.0454 

Mean m. c. error - 43.9 x 0.0454 = 1.99% M. C. 
Mean time error - 43.9 x 0.0674 = 2.96 h 

h= Negative if-elryin, p- too s1n - 

At first sight this may seem poor but it has to be considered against 

the other criteria of agreement given in Table 5.10. These are differences 

in drying times and final moisture contents as decimal fractions of the 

total percentage of moisture removed. Some of these indices are very small 

and illustrate that the model must be very good indeed if substantial 

errors are not to accumulate. 

Furthermore the effect of such errors can be minimised if predicted 

drying times are modified by the equation of the line of best fit given in 

Fig. 5.7. 

e=1.51 BPred -21.0 ... 5.32 
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Prediction of mean moisture content requires no such correction. 

Correspondence between. predicted and observed moisturo contents at given 

experimental times was excellent. 

Mexp = 1.85 + 0.99 Mpred. """ 5.33 

This is because mean bed moisture content changes very slowly with time, 

i. e. the simulation tends to be convergent for moisture content. Thus 

the model is sufficiently accurate for general use and may be preferred 

in those applications, e. g. within a system model, in which computing 

speed is an essential requirement. 

It has to be recognised, however, that the model has a systematic 

error which is typically associated with the too rapid passage of 

heating or cooling fronts through the bed. The temperature profiles of 

Fib. 5.28, which is taken from the paper of O'Callaghan et al, show that the 

Newcastle model has the same characteristic. 
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Fig. 5.28. Example of predicted (-)and experimental (--------) 

deep bed profiles given in reference 88. Depths from 

surface: - 1=0.28 m, 2=0.23 m, 3=0.15 in, 4--0.075 in, 
5= surface. 

Sý;. nee the only common features of the two models are the basic heat 

and mass balances and the method of integration it would seem that it 

is in these that improvement should be sought. However, it is only 

likely to he achieved at a considerable cost in computing time. 
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As formulated the equations are solved in a single pass at each 

step and are extremely insensitive to step size. This stability is 

inconsistent with the initial assumptions that the layer and time 

steps Pre sufficiently small for the least importalt partial derivatives 

to be neglected. If this is a reasonable assumption and the equations 

are formulated in correct differential terms, the half-incremental terms 

included in the heat transfer terse of equation 5.3. are unnecessary. 

hS. adz. 
((Tý + +ATa)-(Tg + JATg) )A 0 

If these incremental terms are removed, then the model does only 

become stable for extremely small depth and time steps. An examination 

of the simpler equations which result, suggest that they would probably 

also be more sensitive to the heat transfer coefficient but does not 

suggest that the overall effect on the results will be very great. A small 

improvement may be all that is required, however, for the divergence is 

accumulating over large times for large depths and for large moisture 

reductions. Advanced numerical integration procedures, which have 

safeguards against truncation and induced-instability errors, are now 

becoming available. Bakker-Arkema(6) has found these to give "excellent 

and fast" results in drying simulations, including cases where the more 

conventional Runge-Kutta method either failed or was prohibitively slow. 

These advanced procedures are not expected to be available on the ICL 4/70 

computer until April 1974. If the use of the revised equations and those 

new method, still fail to increase appreciably the accuracy of the model, 

then it is clear that some moans of including the neglected partial 

differential terms should be sought. Such an exercise is beyond the scope 

of the present work. 

It seemed possible that another factor which might have made 

some contribution towards the optimistic model predictions could be 

the neglect of lateral heat losses to the walls of the experimental 
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bin. To test thi. s a conductive heat transfer tern was introduced 

of the form 

q=U. Ss. (Ts Tamb) 

where U= rate of heat transfer through edges of laver, i. e. conductance 

of the bin wall, KJ/m2 min K 

As = surface area of layer edge 

Ts = temperature of surface of seed, and air at layer edge (assumed T 
a 

Tamb = ambient temperature 

and tested for the highest temperature run, Run 7. The effect was extremely 

small turd the original assumption that it could be neglected was confirmed. 

5.4.2. Application 

The aim in developing the model was to provide a convenient means of 

calculating moisture and temperature changes within deep beds of seeds. 

It was intended also that this information would be used to predict the 

effect of drying on seed quality with the ultimate intention of studying 

the technical and economic interactions of such factors as depth, moisture 

content, drying conditions and prossure resistance to provide a basis for 

making recommendation.. 

There are a number of situations for which the model could be used in 

its existing form to determine the course of subsequent experimentation. 

For other applications it still remains to introduce biological restraints. 

Predicticn of the effect of drying temperatures on germination$ can be 

incorporated using equation 3.53 of Section 3.5.3. in differential form 

and integrating in parallel with moisture content. Prediction, of 

deterioration in quality at low to medium teraperatures an_ high humidity 

will be more difficult. There are two problems. 

The first is to define the deterioration that is unacceptable, 

the second is to measure and express the rate of deterioration in 

mathematical terms. When this work was begun it was thought that 

damage could be measured in terms of germination depression. It was 

found, however, that seed could show considerable visible moulding 

but still germinate quite well after drying and cleaning. Mouldy 
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seed could be a health hazard and is commercially unacceptable so that 

any advisory recommendations would have to ensure that visible mould 

did not develop. Experience suggests that the first indication of the 

presence of fungal mycelium in the seed bed may be an increase in the 

pressure resistance to airflow. It may be that a series of small-scale 

experiments to monitor pressure resistance changes in seeds subjected to 

constant temperatures and humidities would allow limiting moulding 

times to be expressed as a function of temperature and interstitial 

relative humidity, 

5.5" SUMMARY AND CONCLUSIONS 

1. A mathematical model of the deep bed drying process in parallel 

and radial flow was developed and programmed in FORTRAN 1V. The model 

is based on the simple stepwise solution in time and distance of a set 

of differential equations describing the heat and mass changes within a 

small element of the bed. The equations used are similar to those of the 

Newcastle University model but there are differences in subsidiary 

procedures and in equations used for defining seed properties. 

2. The chief differences are: - 

(a) The condensation procedure 

(b) Optional use of exponential series equations for evaluating 

the drying rate 

(c) Optional use of the Gamson, Thodos and Hougen equation for 

the heat transfer coefficient 

(d) Facility for initialising seed moisture and temperature 

profiles 

(o) Facility for interpolating experimental records of varying 

inlet air temperature and humidity 

(f) Facility for plotting predicted temperature profiles in 

comparison with observede 
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3. The model was developed and validated by simulation of the 

experimental runs in Section 4. It was found to be stable and tolerant 

of a wide range of increments of time and distance so that ccmputing times 

could be kept short. 

4. It was found to be insensitive to the value of the heat transfer 

coefficient. 

5. In general the model gave a realistic description of the progress 

of the drying of deep beds of ryegrass seed. The use of alternative seed 

properties produced minor variations in results but did not affect 

the basic tendency for predicted drying times to be over-optimistic. 

Predicted and observed drying times and moisture contents were related by 

the equations 

pred = 14.0 - 0.663 Qexp(r=0.897) 
... 5.32 

F`pred = 1.01 Mew 
- 1.87 (r=0.968) 

... 5.33 

where 0 is in hours and M is in % d. b. 

6. The extreme stability of the model stems from the inclusion of 

incremental terms in the expression for the heat transferred between the air 

. end seed. These included terms also gave the model its insensitivity to the 

beat transfer coefficient. Solution of the very much less stable equations, 

obtained when the term, are omitted, was not possible because conventional 

methods are too slow for deep bed runs of the depths, moisture contents and 

drying times of this study. More advanced and faster integration procedures 

are not available yet on the A. R. C. computer. It may be that to achieve a 

marked improvement in accuracy partial differential terms at present neglected 

will have to be introduced. 

7ý Incorporation of biological restraints into the model was not 

attempted. In low temperature drying, germination is not a satisfactory 

index of deterioration in quality. 



6. CONCLUSIONS. 
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6. CONCLUSIONS 

The objective of this study was to develop a mathematical simulation 

of the drying of ryegrass seeds in deep layers, to provide a means of 

extrapolating a limited number of experimental observations to a wide 

range of conditions. The work was carried out under four main headings. 

6.1. RYE GRASS SEED - RELEVANT PROPERTIES 

6.1.1. The experimental work was carried out with 2 types of ryegrass 

seed, Aberystwyth 5.23, a small-seeded diploid cultivar of Lolium perenne, 

and Aberystwyth Sabrina and Sabel, both large-seeded tetrapleid hybrid 

crosses of Lolium perenne with Lolium multiflorum. 

Structurally the seeds are similar to cereal grains although there 

are differences of shape, size and proportions of various tissues. The 

grain or kernel is contained within a pair of bracts which do not become 

fused to the grain as they do in barley but are nevertheless firmly 

attached and are not readily removed at threshing as they are in wheat 

or rye. Naked grains are a sign of excessive threshing damage. 

6.1.2. The seeds are normally harvested before fully ripe and hence 

seed moisture content and potential germination are functions of maturity. 

The following equations related the germination and initial moisture 

contents of control samples taken during 3 harvest years and dried with 

ambient air only. 

For Sabel and Sabrina. 

Go = 94.9 - 3.336 exp (0.173 MD) ... 2.1. 

For S. 23 

Go = 96.0 - 0.1588 exp (0.0445 MD) ... 2.3. 

Thus 901 germination, the normal commercial minimum is reached by 

S. 23 at 45%*w. b. (822 d. b. ) and by the tetraploid hybrids at 18J w. b. 

(22w d. b. ). This important difference in sensitivity to premature 

harvesting was not known at the start of this study, 
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6.1.3. The diploid and tetraploid types were used because of the 

contrast in size albeit apparent similarity of shape. Measurements 

on individual seeds confirmed the common shape. The average ratio 

of length and width to thickness was 6.68: 1.5: 1 and the mean dimensions 

cf Sabrina seeds were 1.3 times those of 5.23 seeds. Mean 1000 seed 

weights were 4.124 g and 1.744 g respectively. There was a wide 

distribution in size within each type so that there was some overlap 

between them. 

Volume - surface mean diameters derived from sieving tests were 

1.181 and 14584 mm for 8.23 and Sabrina respectively. These indicated 

specific surface areas in the range 3587-5081 m2/m3 for 8.23 and 

2525-3787 m2/m3 for Sabrina. Much higher values (11,000 - 19.000 m2/m3) 

were obtained by an air permeability method. 

6.2. DETERMINATION OF DRYING PROPERTIES - THIN-LAYER EXPERIMENTS 

6.2.1, An iterative least-squares procedure was developed to fit 4 

alternative diffusion equation to thin-layer drying curves for Sabel 

and S. 23 seeds. Each equation contained an exponentional rate constant 

k and an asymptotic value, Me. Similar values of k were given by the 
, 

fits of all 4 equations but the closest agreement was obtained between 

those given by equations 3.39 and k2 of 3.10. 

M=A. ex p(-k, O)+8. cx p(-k26)+Me ......... 3.10 

M=(Iv, -Nv) 
7«I 

_.. exp(-(2n-I)f. kO+NM ......... 3.39 
dpn-12. 

n_I 

These two equations and especially 3.10 also gave the best fits of the 

drying curves. Equation 3.10 was shovm to be the solution of a second- 

order differential equation. 
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Equation 3.39 is the solution for a plane sheet of Pick's equation 

for the rate of change of concerntration of diffusing substance with 

time. Since it has only 2 constants it is more convenient to use 

than equation 3.10. It may be argued also that although the fit is 

not quite as good as that of equation 3.10 the more inflexible 

shape of 3.39 smooths out experimental errors which 3.10 attempts to 

follow. 

6.2.2. Differences between the rate constants of Sabel and S. 23 

were shown to be in proportion to their size although diminished by 

increasing tepperature. Hence the two ryegrasses have similar 

diffusivities. 

Differences between the rate constants for ryegrasses and cereal 

seeds were not a function. of size and indicated lower diffusivities 

in the former. These differences probably reflect differences in tissue 

ratios. 

The rate constant, k, was expressed as a function of drying air 

temperature and humidity and seed initial moisture content. 

k=A exp (bT + cH + dMo) 3.44 

6.2.3. The asymptotic moisture contents, Me, and the final 

moisture contents, Mf were expressed as a function of drying air 

temperature and relative humidity by equation 3.42. 

Me =a-b. lnT -c In (1-rh) 
.. 3.42 

Differences in Me between varieties were small. In general under 

similar conditions values for Sabel were 1% d. b. less than those for 

5.23. Differences between Me and Mf were less than this. 

6.2.4. Under conditions of prolonged exposure, depression in 

germination began to occur at drying air temperatures between 35 and 400C 

and reached unacceptable levels at 500 C. Similar depressions occurred 

in both varieties even though their potential germinatiors were different. 
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Experiments in which time of exposure was varied, showed that as 

temperatures Ore increased above 40°C there is a rapid decline in 

critical exposure times and above 680C they are a matter of minutes 

only. An empirical exponential function was developed to describe 

the decline in germination with drying air temperature and exposure 

time. 

(G0-Ge) exp (-kg A) + Ge .. 3.53 

The constants kg and Ge were described as linear functions of temperature 

and of temperature and initial moisture content respectively. 

6.3. DEEP BED EXPERIMENTS 

6.3.1. Experimental data were recorded for 15 deep bed drying runs. 

Each run was a unique combination of several variables. 12 were carried 

out with parallel airflow at bed depths from 0.2 to 1.23 m(x=0.87 m) 

and the remaining 3 employed radial flow at a common radial depth of 1.5 in. 

Drying air temperatures varied from ambient fer two-thirds of the runs 

to between 32.2 and 55.6°C for the remaining third. Drying times varied 

from 16 to 1602- h(x 69.6h) and seed initial moisture contents from 

23.5 to 104.5% d. b. Inlet air conditions were recorded as a function of 

time and saved in a form suitable for input to the simulation model. For 

eventual comparison with predicted values, temperature-tine profiles, at 

each depth recorded, were plotted by computer. The experiments 

confirmed that attempts to understand the deep-bed drying process by 

purely empirical experimentation would be prohibitively costly in 

equipment, seed and labour and the results would, in any case, be 

almost impossible to interpret in more than very general terms. 

6.3.2. The most air per unit of water removed (662m3/kg) was used in 

Run 8 which had the lowest initial moisture content (23.5% d. b. ) and for 

which a complete drying zone was not established within the bed. 
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The least air (171m3/kg) was used in Run 7 where the highest 

drying air temperature (55.4°C) was combined wi. th termination of the 

run shortly after the drying zone began to emerge from the top of the 

bed. 

6.3.3. No reduction in germination was detected even in seed which 

had moulded sufficiently to be caked and smelly. 

6.3.5. Pressure resistance to airflow in parallel flow was adequately 

described by the equation P=a Vf. Values of a and n were 

obtained from measurements made in both parallel and radial flow. 

They appeared to be affected more by differences in seed condition 

and compaction than by varietal differences of size. 

6.4. SIMULATION OF DRYING IN DEEP LAYERS 

6.4.1. A mathematical model of the deep bed drying process was 

developed based upon the simple stepwise solution in time and distance 

of a set of differential equations describing the heat and mass changes 

within a small element of bed. The equations used are similar to those 

of Newcastle University model but are programmed in FORTRAN IV and are 

associated with different subsidiary procedures. These procedures 

include a condensation routine, alternative options for drying rate and 

heat transfer equations, and input/output routines adapted for studying 

drying runs of several days real time under fluctuating air inlet 

conditions. 

6.4.2. The model was developed and validated by simulation of the 

experimental runs of Section 4. It was fcund to be stable and tolerant 

of a wide range of increments of time and distance so that computing times 

could be kept short. This extreme stability, and an associated 

insensitivity to the heat transfer coefficient, stems from the inclusion 

of incremental terms in the expression for the heat transferred between 

the air and seed. 
0 
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It was thought that these terms account for some at least of the 

cumulative over-optimism of the drying time predictions but this 

cannot be tested until more advanced and faster integration procedures 

become available on the A. R. C. computer. It may be that to achieve a 

marked improvement in accuracy, partial differential terms at present 

neglected will have to be introduced. 

6.4.3. In general the model gave a realistic description of the progress 

of the drying of deep beds of ryegrass seed. Prediction of mean moisture 

contents and moisture profiles was more accurate than the prediction of 

drying times. Predicted and observed drying times for the 15 experimental 

runs of Section 4 were related by the equations 

0pred 14.0 - 0.663. Aexp ... 5.32 

Mpred ` 1.01 Mexp - 1.87 ... 5.33 

where 0= time in hours and M is in % d. b. 

4 
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