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LAART

The Roots of certain Transcendental Equations

APPENDIX IV

TABLE 1
The first six rootls,t «,, of
atane = C,
&, oty ay oy g, oy

1] 0 31416 6-2832 9-4248 12-5864 155080
0-0G1 0-03i6 3-i419 6-2833 G-4249 12-5665 15-7080
0-002 00447 31422 62835 94250 2-5665 15:-7081
U-004 00632 3-1429 6-2338 G425 12-5667 15-7082
006 Q0574 31433 62841 44254 12.5663 15-7083
0008 | 00803 37441 6-2845 94256 12:5670 15-7085
001 0:0968 3-1448 6-2848 94253 125672 15-7086
0-02 0-1410 31479 02864 44269 12:5680 15-7002
0-04 0-1987 3-i543 G-2505 9-4250 12-3696 15-7105
G-06 0:2423 31606 $:2027 44311 125711 157118
G-08 0-2701 31668 62059 9-4333 12-5727 15-7131
o1 03111 31731 62901 94354 12-5743 15-5143
-2 04328 32030 6-3148 9-4459 12-5823 157207
3 0-5218 32341 6-3205 4-4563 12:5902 15-7270
0-4 0-5032 3-2636 63461 9-4670 12-5031 15-7334
05 -G53 3-2923 6-3G16 04775 12:60G60 157399
0-6 07051 3-3204 63770 9-4879 126139 15-7460
07 Q7506 3-34577 6-3923 9-40483 12.6218 157524
0-8 0-7010 33744 64074 9-5087 12-6206 15-7587
09 G-827 3-4003 64224 9-5100 12-6373 157650
1-0 0-8603 3-4955 64373 . 95203 12-8453 15-7713
1-5 09882 35402 63097 9-5801 12-6841 15-8026
20 1-0769 56456 65783 962005 12.7293 15-8336
30 1-1825 38088 67040 07240 12.7056 15-3945
4.0 1:204A 50532 6-8140 T-81190 12-5678 159536
5-0 1-3138 4.G336 6-0008 9-8978 19-0352 16-0107
6-0 1.3496 4:1116 69924 9-G667 129988 16-0854
7-0 1-37G6 £-1746 70640 10-6339 13-0584 18-1177
80 1:39%8 4-9204 7-1263 10-0949 13-1141 16-1675
9-0 1.4140 4-2604 7-1805 10:1502 13-1860 16-2147
10-0 1-4289 £-3038 7-5281 10-2003 13-2142 16-2594
15-0 1-4729 14253 7-3550 10-3898 134078 16-4474
200 1-4G661 4-4%15 7-40534 10-5117 13-5420 165864
35-0 1-5202 45615 76057 10:6543 13-7085 16-7691
£0-0 15325 £-5979 7-GA1% 10-7334 13-3043 16-8794
50-0 1:5400 46202 7612 10832 13-88466 15-9519
60-0 1-5451 46353 77259 10-8172 13-9094 170026
BO-0 1-5514 46543 TETR 10-BH0G 13-9644 17-0686
100-0 1.55592 4-6658 77764 10-8871 13-0081 171003
[a} 1-5708 47124 7:8540 10-9936 141372 17-2788

t The roots of this cquation are all real if ¢ > 0.



Re: COOLIXNG PROCILSS OF HEAT GEWERATING BODIES II

H.F.Th. Meffert

Sprenger Instituut, Wageningen, Netherlands

Summarz

By a small adaptation of the definitions the cooling
process of heat generating bodies can be described in analogue
terms to transient cooling without heat generation. This is
shown by thetfeatment of the problem with constant heat genera-
tion.

Experimental results with agricultural produce show
that the step from constant heat generation tc heat generation
as a funetion of temperature can be made at a small expense of
accuracy, Small with regard to the uncertainty of the physical
properties of the produce, especially the heat generation.

Further improvemenits of thetreatment ¢f this problem
have to be expected mainly from the experimental side, in the
field of determination of physical data. Refinemeni of the
theoritical treatment seems only be justified if the preceding

step is taken.



492

APPENDIX IV
TABLE II 8
The first six roots,t a,, of OZ_
acotad-C == Q.

C a [ oy g !15 oy
—1-0 0 4-4934 77253 10-9041 14-0682 17-2208
—0995 | 01294 4045  7.7959 10-9046 14-0666 17:2210
=099 | 01730  4.4956 77265 10-2050 14-0669 17-2213
—0:98 [ 02445 44979 7-7278 10-9060 14-0676 17221y
—0.07 0-2991 15001 7-7291 10-9069 14.0683 17-2225
~0-96 0-3450  4.5023 77304 10-9078 14-0690 17-2231
—0-95 | 03854 45065 77317 10-9037 14-0897 17-2237
—0-94 04217 45068 7-7330 106096 140703 17-2243
—~003 0-4551 4-5000 77343 10-9105 140712 17-2248
~0-92 0-4860  4.5112  7.756 109115 14-0719 17-2254
—091 05150 45134 7-7360 106124 140726 17-2260
- 090 05423 45157 77382 ° 10-9133 140733 17-2266
=085 1 06609 45268  7.7447 10-9179 14-0769 17-2295
—~0-8 0-7393  4-537y 77511 10-9225 14-0804 17-2324
—07 1 09208  4.560] 7-7641 10-9316 14-0875 17-2382
—0-6 10428 45829 77770 10-9408 14-0045 17-2440
-5 11656 46042 7-7890 10-9599 141017 17-2498
—0-4 12644 4.6261 7-8028 10-9501 14-1088 17-2558
~03 18525 46479 7-8156 10-9682 14-1159 17-2614
w2 14320 1.6696 78284 10-9774 14-1230 17-2672
—01 15044 46011 78412 10-9865 111301 17-2730

0 5708 47124 - 78540 10-9936 14-1372 17-2788

0-1 16320 L7335 78667 11-0047 14-1443 17-2845

02 16887 47544 7-8794 11-0137 141513 17:2903

03 17414 47731 7-8920 11-0228 14-1584 17-2661

04 1-7906 47956 79046 11-0318 141654 17-3019

0-5 18366  4.5158 79171 11:0469 14-1724 17-3076

0-6 1-8765 48358 7-9295 11-0498 141795 17-3124

0-7 19203 4-8356 79419 11-0588 14-1863 17-3192

0-8 10586 4.8751 70542 11-0677 14-1935 17-3249

0-9 1-9947 4-8943 7-9663 11-0767 14-2005 17:2208

10 2:0283 48132 79787 11-0856 142075 17-3364

13 21746 50037 8-0385 11.1296 14-2421 17-3649

2:¢ 22280 50870 80962 111727 14-2764 17-3932

30 24557 5-2329 82046 11-2560 14:3434 17-4490

40 25704  5-3540 8:3029 11-3349 14-1080 17-5034

50 26537 54544 8-3914 11-4086 14-4699 175562

6:0 27165 55378 84703 11-4773 145288 17-6072

70 2-7654 5-6078 8-5406 11-5408 143847 17-6562

8:0 2-8044 56669 86031 11-5994 14-6374 17-7032

90 2-8363 67172 86587 116532 14-6870 17-7481

100 2-3528 57606 87083 117027 }4-7333 17-7908
15-0 20476 59080  8.38u8 11-8959 14-9251 17-9742
20-0 20030 59991 96019 12:0250 15:0625 18-1136
30-0 3-0406 60831 9-129¢ 121807 15-2380 18-3018
40-0 3-0851 31311 91987 12-2638 153417 18-4180
500 30501 51606 92420 123247 15-4000 18-4953
§0-0 3-0901 6:1805 92715 123632 154559 18:5497
80-0 31028 62053 9-3089 12-4124 15-5104 185209
100-0 31105 2211 9-3317 12-4426 15:5537 18-6650
w 31416 62832 94248 12-5664 15-7080 18-3496

t The roots of this o
in connexion with the

sphere, § 9.4,

A

qustion are all real if @ = —j_ Ti

wso negative values of € arise



THE CCOLING PROCESS OF HEAT GENERATING RODIES (PART II)

1. Introductiocn

This report contains a further processed form of the
results of report nr. 1802, at the hand of the conclusions

from report nr. 1809,

All date are deriyed from caiculations with constant heat gene-
ration.

1.1. According to the theory (derived from a simplification of

the transcendent root equation for the transient cooling pro~.

cess) the slope of the cooling curves should be independent

from heat generation, and only a function of Bi,.

1.2. The intercept value for Fo = 0, which determines the proper
position of Lhe experimental part of the cooling curve with re-
spect to time, can be found from a formula depending on Bi and

Po, bvotn.

2. Procedure

2.1. Slope of coolinpg curves
From the computer output the values:
- & - Qe '
Ve er—
8 1 - Ge (1)
are calculated, with

- Po 2_
6 =3 (1 + 57 ) _ (2)

and pletied as lg ©'vs Fo in a semi log network.
Table 2 and fig.'s 5 to 8,
2.2. Intercept values J.

-

These were found graphically from the fig.'s 5

to 8 and corrected, if necessary by calculation:
lg 8, - ig ©
: N 1 2
l.) = ]_: (8] = - -
£ J ¢ Fo - o . 101 + 1lg Ql (323



APPENDIX 1V 493
TABLE 1IX

The first six roots, «,,, of | QyL l NDG R

ady{a)— CJy(a) = 0.

c ay oy oy a,. ag o
0 0 3-8317 7-0156 10-1735 13-3237 16-4706
o-GE 01412 3-8343 70170 101745 13-3244 16-4712
0-02 0-1495 3-8369 70184 10-1754 13-3252 16-4718
G0 0-2814 3-8421 7-0213 10-1774 13-3267 16-4731
306 0-2438 3-8473 70241 10-1764 13-3282 16-4743
0-08 0-3969 3-8525 7-0270 10-1813 13-3297 16:4755
(13 0-4417 3-8577 7-0208 10-1833 13-3312 16-4767
5 05370 3-8706 703849 10-1882 13-3349 16-4797
06170 3-8835 70440 10-1931 13-3387 16-4828

0 7465 39091 70582 10:2029 13:3462 16-488%

0:8515 3-8344 70723 10:2127 13-3537 164949

0-9408 3-9594 7-0804 10-2223 13-3611 16-5010
1-0184 3-9841 7-1004 10-2322 13-2686 16-5070

1-0873 4-0085 7-1143 10-2419 13-3781 18-5131
1-1490 4-6325 7T-1282 10-2518 13-3835 16-5191
1-2048 4-0562 71421 10-2613 £3-3210 16-5251
1-2558 4-0795 7-15658 10-2710 13-3984 16-5312

1-4589 4-1002 7-2233 13-3188 13-4353 16-5612
1-5994 4-2810 7-2884 10-3658 134719 16-5010

FEATAORLERELmSOOCOOHOC T
e Y L - L - L L

1-7887 4-4634 7-4103 10-4566 13-5434 16-6499

1-9081 4-6018 7-5201 10-5423 13-8125 16-7073

1-9898 47131 76177 16-6223 13-6786 16-7630

2:0490 4-8633 77039 iD-6964 137414 16-8168

2-0837 4-8773 7-7197 10-7646 13-8008 16-8634

2-1286 4-9384 7-8464 10-8271 13-8566 16-9179

2-15668 4-9897 7-9051 10-8842 13-9090 16-9650

10-Q 21705 5-0332 7-6569 10-9363 13-95890 17-6u90

150 2.2509 5-1773 8-1422 13-1367 14-1576 17-20:08

200 2-2880 5-2568 B-2534 11-2677 14-2083 17-3442

300 2-32461 5-3410 B-3771 114281 144748 17-5348

40-0 2:3455 5-3846 8-4432 11-5081 14-43774 17-6508

50-0 2-3572 54112 8-4840 11.53621 146433 17-7272

60-0 2-3651 54201 8-5116 11:5990 14-6889 17-7807

80-0 2-3750 54516 8-6466 11-6461 14-7475 178502

160-0 2-3809 5-4652 3-5678 11-6747 14-7834 178931

0 24048 55201 B-6537 117815 14-5309 180711
TABLE IV

The first five roots, «,, of
T Fylka) — Fofopy(ke) = 0.

k oy -7 Ay oy ay

1-2 1571014 314126 471217 62-8302 785385
1-5 6-2702 12-5588 18-8451 25-12094 31-4133
2-0 3-1230 6-2734 9-4182 12-5614 15-7040
2.5 2-0732 4-1773 62754 8-3717 10-4672
30 }-5485 3-1291 4-7038 6-2767 7-8487
35 1-2333 25002 3-7608 5-0196 3-2776
40 1-0244 20809 31322 4-1816 52301




5=de . gy =0 (1)

je the intercept of the center temperature from the litera-

ture can be used to determine the factor

= (5)

JH Je

Table- L4

The exact solution for the intercept was found to be

Po
R (6
see report nr. 1809.
2.3.~ Maximun temperature. (%ig.'s 1 ana 2)
The value Qmax - 1 pgives the dimensionless centor

temperature in excess of the uniform starting temperature,

The figures were taken from the computer ocutput

and, if necessary, interpolated graphie 1ly.

Tables .1

2.4. Time lag. {(Fig.'s .3 and.l)

The valuesFo/9=l give the dimensionlcecss time, at
which the center temperature passcs the stating temperature

after having gone through a maximum.

fhis valuwe is of some interest in relation toe the

intercept value.

Tables .2



3. Results

3.1. Slope of the cooling curve Fig.’'s.5 to .8 show
ver clearly the uniform slope cf the temperature curves in

terms of 8' ., for constant Bi.
3.2, Intercept

fig's .9 show jH’ waienh 1s influenced
by the heat production only. These figures correspond to
some extent with those calculated from the equations (25)(29)}(30) giver
inreport nr, 1809 as shown by the clotted lines.

The pr0posed.formula;

Po 2
j _ l"' M ( 1+Bi)
H Po 2
1- 7 (1+g7 )

can serve, therefore as a first approach.

The exact solution is eq. 6:

2
(1+§? )

with p1 (Bi) from tables for the roots

of the characteristic transcendental equation for slab, cylinder,

sphere. Table L

3.3. Maximunm temperature and

3.0, Time lag

The limit for the occurance of the cooling process

can be given as:

8 = e



Po 2
A 7w (g ) (8)
if this criterium is fulfilled, there is a crossing of the line
@ = 1 and & maximum for the course of the center temperature.
The Fo - value of this erossing 1s stated in figs..3 and .h,

the maximum temperature elevation in figs. .1 and .2,
No wvalues for Po 2 were avallable.

An elevation of more than 10% and cooling still to be
expected occurs at Eg in the medium range and Bi in the
high range.

With large %2 and low Bi the cooling process cannot
start.

With low %2 and high Bi the elevation is only small.

L, Cenclusion

The cooling process of bodies with constant heat ge-
neration can be described by means of the well known concept

¢f slope and intercept value of the cooling curve.

The values for the slope can be taken from the existing

literature about the simpler problem without heat generation.

The values for the intercept cen be calculated from
the existing information and a factor containing Po and Bi
and the first root of the characteristiec transcendental
equation, A simplified first order approach.can do without
the root equation.

The limit of the application is given by a simple formule:

P 2
L2 Gr gy

which gives the criterium for the occurence of a cooling process.
To what extent this approach can be extended tc problems with
vaiable heat generation Q (T) is not yet clarified. More theoreticeal

and experimental work is needed.



E.Szmbols :

. . . T - T .
o dimensionless temperature di1fference air
o” Tair
Qe equilibrium excess temperature difference,
. . T =T .
dimensionless 8, = " e air
e Tt ko s A ik
T - T .
o air

dimensionless temperature difference in terms of

6! possible temperature drop when cooling heat
generating bodies, 8'-= T - Te
T =T
o e
qr®
Po Pomerantsev number: Po = (T -
o “air)
N shape factor
2 - sladb
4 ~ ecylinder
6 - sphere
Bi Biot number
1
. . 2
Jj intercept value = ©
jc intercept value for center temperature correction
factor for cocoling lag without heat generation.
jH intercept value for heat generation
/? (a first root of the characteristic transcendental

equation for slab, ecylinder, sphere

(tavles)



6., Literature

6.1.

J. Eelkman Rooda, H.F.Th., Meffert and J.W, Rudolphy.
Heat transfer during the heating or cooling process of

heat generéting produce Sprenger Institute, report nr.
1802, 19T71.

H.F.Th, Meffert.
The relation between cooling rate and equilibrium excess
temperature of unit loads of agricultiral produce.

Sprenger Institute, reportsnr. 1809, 1972,

further literature, see under nr. 2.

Wageningen, 24 april 1972.
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%40 Joq7dse] eigud | o3e f0.886sul 0,933 [ onb |eoei535] 0, %éE
¢, 5o o‘(qulg 0,383 o, 4o C, "JJS-I.J: CaaY c AL C’,&Hﬁ.{)(: &Sy
ok cooqbyaf @193 | o,u¥ | o f1esk oo | oy o.3e48] o 52,
©. 3o | oyes €9 ‘ ©, 3¢ o.?:ﬂn? O:&c?—
' <36 c;lyti-,(-g €, 11
B~ Po= 5 8= Po= 5 } 87 Po= 5 = ©, 835 Poz- 5
‘ ' o, 152 1 1 "
J
20 {9eff31) 5,928
0,20 losbuti o9ty
' o1b lo ;:‘-Jl"{ Syt o :;Ao
’ o, 4¢ o,a::;fo%cl . 353
©, Yo -0,3qrcr|é 1y
o, 43 Jo.Bthl o
B.= Po= 8= - Po= B.= Po= = 8.z - Po=
8= Po= Be= Pox 0= Pa= 8= oz

s Rt e P o A A L L IR R B b e S VT YR R




if

; 8- B¢
1 = (Fo=0)
© 1-6e
Po Bi= 2 5 10 100
g 1,18 125 127 126
000 2 c 115 120 126 120
g 1,21 128 130 137
0’2 c 120 1,23 129 135
g 135 135 137 143
stab 0’ 3 c 132 135 1,35 145
1 9T~ 175 1b2 151
c 174 162 151
2 T~ T~ —~
g 147 10 1,80 1,89
QU 02 C 1,48 174 185 182
02 g 151 4,78 189 101
7 c 151 138 1,40 186
g 157 1,03 142 141
s phe re U, 5 c 155 182 1495 195
1 g 166 1,89 2,02 199
c 162 1,66 204 214
9 g 216 243 240 237
1€ 204 200 235 ° 2,40
¢ 132 147 154 156
O’OO 2 c 132 145 1,51 158
02 g 138 144 1,56 1,69
4 ¢ 135 144 154 162
- g 142 156 164 166
Cy linder QS c 145 151 162 166
1 9 1,62 171 173 17
c 150 . 165 1734 174
2 g ~ 248 244 203
c 246 2.1q 2,04
g graphicelly deterinn eol o°
¢ calculated 8"
Table 3: 6" (graphical and calculated)
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Table 4 : Comparison of ‘jH’ determined in several ways

(see Fig. .¢)

Po Biz 1 . 2 3 [ 5 10 100
je 0 1.1 G A0 3 1, a6 REXE
1 1,163 5,28 1, 184
P, G 2
VS].Gb b 1 e '1,}‘3‘{;;1 1, 33c A, A3
o C 1 ™ 4.1l eq 1,9022 ) 2,27 9¢ 1 e
Je 0 11337 1,570 3y 1.8 E g v boy
a 1 1,184 T, Qo 1,11 ¢ 1o 87
: 2 1 &3y 1. du V)
. ; / . ) -E’ by e 7
cyllnder 1 1, 65¢ 1, 345 qLoavd 1Al 1,eg
Pl
b 2 s Y 1. £11 4,338
C 1 AL ACC A 1,998 | 4 imgn G134 38 1, e 5T
2 0 2, a4 AL sy T Ay by Ty 1, 3100
.jf.‘ D 1..497F '-"J.'} 1. J& e n, f_l kN “i‘ 1, :}(%Lc.
a 1 A, oo 1 ey 1,ebe 127
2 1.4 1. AR q, A% 1.2¢1
L
S]:)I'\err:eb i
R -
H‘.

b
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