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Thermal Properties of Soybean Oil Meal 

JOEL 0. HOUGEN’ 
Rensselaer Polytechnic Institute, Troy, N.Y. 

A nnual production of  soybeans  in the  United S t a t e s  ex- 
c e e d s  350,000,000 b u s h e l s  a year  (7), probably about one  
half (6) the  world total .  Within the  United S t a t e s  soybeans  
are grown widely in the  Middle West. Cultivation of soy- 
beans  is a major effort in  t h e  corn be l t  s t a t e s ;  over 20,000,000 
acres  (5) are  devoted to  t h i s  crop in  tha t  region, almost all 
harvested for the  beans .  

Two major raw mater ia ls  a r i s e  from the soybean:  o i l  and 
meal. Food products, pr incipal ly  margarine and shortening,  
u t i l i ze  about 80% of t h e  oil; the  remainder is used in soap,  
paint and varnish, and misce l laneous  nonfood products. 
Soybean meal i s  consumed for the most part a s  feed for 
l ivestock (about go%), smaller  amounts being used for soy- 
bean flour, plywood glue,  and paper coat ings,  and in  var ious 
industr ia l  protein-containing mater ia ls .  

Soybean o i l  meal i s  defined a s  the ground residue which 
remains after the oil  is removed from the  soybean,  regard- 
less of the process  of extract ion.  Lives tock  feed i s  the  
primary market, except  for a smal l  out le t  for industrial 
uses .  Accepted spec i f ica t ions  for soybean o i l  meal ob- 
ta ined by the  two s tandard methods of processing,  expel l ing 
and solvent  extract ion,  a re  (1): for meal from ei ther  source,  
carbohydrates  and fiber 7 % (maximum), nitrogen-free ex t rac t  
27% (minimum), and moisture 12.5 % (maximum). 

Minimum percentages  of protein and fat  differ, depending 
on the source  of the  meal. For hydraul ic  and expel ler  meals 
t h e s e  a re  41.0 and 3.5 and for extracted meals  44.0 and 0.5, 
respect ively.  

Following oil  extract ion the soybean meal is processed  
for solvent  removal and to  improve i t s  nutritional properties. 
T h i s  usual ly  involves  ra i s ing  the temperature of the meal by 
adding thermal energy through the  wal l s  of a container ,  by 
direct  s team inject ion,  or both. 

Data  useful  in  the  des ign  of apparatus  used to  p r o c e s s  
par t iculate  mater ia ls  are  not overabundant. T h i s  is particu- 
larly true for mater ia ls  which a re  biological  in origin and 
hence  suscept ib le  to  a l terat ion upon exposure to  air, moderate 
temperatures, or both. Typica l  of such material is soybean 
o i l  meal. 

‘Present address, Research and Engineering Division, Monsanto 
Chemical Co., St Louis, Mo. 

The  object ive of t h i s  work w a s  to determine experimen- 
tally the thermal propert ies  of a typical  soybean oil  meal, 
including thermal conduct ivi ty ,  thermal diffusivity, and h e a t  
capaci ty .  

PROPERTIES OF MEAL, EXPERIMENTAL 
APPARATUS, AND PROCEDURE 

T a b l e  I l i s t s  some of the  physical  and chemical propert ies  
of the soybean oil  meal used  in t h e s e  s tud ies .  T h e  meal 
w a s  extracted in conventional HansaMeuh le  type ex t rac tors  
using Skel lysolve B as the  solvent .  Fol lowing t h e  oil  ex- 
traction t h e  solvent  w a s  removed by heat  and by direct  s team 
inject ion a t  about 200 O F .  Solvent removal w a s  considered 
complete. Res idua l  o i l  content  w a s  found to b e  0.7 to  0 .8%,  
a s  shown in T a b l e  I. 

Toble I. Properties of  Soybean Oil Meal after Solvent Removal 

Size Will p a s s  48 mesh 

Moisture content, % 13.2 
Total protein, 70 
Water-soluble protein, 7’’ 
Variety of bean Lincoln (probably) 

Association, revision of Dec. 10, 1946. 

Oil content, 70 0.7-0.8 

51.55 (dry stock basis)  
39.57 of total protein* (dry stock basis)  

eDetermined by tentative procedure recommended by Soy Flour 

T h i s  meal may be  further processed before being soid. I t  
i s  frequently packaged in metal c a n s  prior to  final treat- 
ment. Meal which w a s  canned but had not received i t s  final 
(heat)  treatment was suppl ied by the  A.  E. Staley Manu- 
facturing Co., Decatur, I l l .  

Thermal conduct ivi ty  w a s  obtained by using the  concen- 
t r ic  cyl inder  technique with a material of known conduct ivi ty  
as the  reference. (Figure 1). Concentr ic  copper tubes  were 
arranged a s  indicated,  with provis ions for producing an 
atmosphere of saturated s team within the  innermost tube. 
Two  small  iron-constantan thermocouples were located a t  
points  about diametrically oppos i te  e a c h  other on e a c h  tube 
a t  the mid-point of the ver t ical  sec t ions .  

T h e  reference material used w a s  Grade 6 Spheron carbon 
black furnished by Godfrey L. Cabot ,  Inc., Boston,  Mass. 
At a mean temperature of 118’F. and a bulk densi ty  of 20.2 
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pounds per cub ic  foot, t h e  thermal conductivity of t h i s  m a  
terial  h a s  been  reported as  0.182 B.t.u., hr.-’, ft.-’, inch, 
OF.-’ (3) .  

With carbon black in one annular s p a c e  and soybean oi l  
meal i n  the  other,  t h e  system w a s  allowed to  come to thermal 
equilibrium and the var ious su r face  temperatures were 
determined. T h e  posi t ion of t h e  two mater ia ls  w a s  then re- 
versed,  using fresh material ,  and the  p rocess  w a s  repeated. 
In e a c h  c a s e  the soybean oil  meal w a s  obtained from a 
freshly opened can in  which i t  had been  preserved. Data  
a re  shown in T a b l e  11. 

A s  the  soybean oil  meal w a s  avai lable  in  sea l ed  cans ,  
t he  t ransient  method appeared to  be most sui table  for ob- 
taining thermal diffusivity data .  Iron and constantan therrnc- 
couple  wires  of small  diameter were butt-welded and passed  
through the  can  of meal on i t s  longitudinal axis .  T h e  junc- 
t ion w a s  located at  the geometric center  of the  can ,  t h e  
ho le s  were sea l ed ,  and t h e  can  w a s  properly supported in- 
s i d e  an  autoclave.  T h e  thermocouple l e a d s  were extended 
t o  a Brown Electronik self-balancing potentiometric pyrometer 
by which changes  in  temperature could b e  followed. 

T h e  heat ing medium w a s  s team admitted through a control 
valve posit ioned by a Plodel 40 Foxboro pressure controller. 

.I CONDENSER 

THERMOCOUPLE 
JUNCTIONS 

BOILER - 

-12 1 ,I CONDENSATE 
[RETURN 

Figure 1 .  Concentric tube apparatus for determination o f  
thermal conductivity 

L inear  Dimensions i n  Inches 

d, = 0.62 
d, = 1.62 
d, = 2.15 
r1 = 0.31 
rp = 0.74 
r: = 0.810 
r, = 0.995 
h = 12.07 

I ,  = 0.43 

rml = 0.496 (log mean radius) 
rmr = 0.895 (log mean r d i u s )  
A ,  = 27rr,, h = 0.260 h sq. foot 
AI = 2nrm h = 0.470 h sq. foot . 
V I  = 1 7 . l d c u .  inches (inner annulus) 
Vr = 12.68 CU. inches (outer annulus) 

I, = 0.185 

Table  I I .  Measurements for Determination o f  Thermol Conductivity 

T e s t  1 Test  2 

Inner annulus 109.6 grams of 
carbon black 

Outer annulus 129.1 grams of 
soybean meal 

Ti, ZC- 98.56 
T i ,  oC. 50.16 
T3, C. 44.78 

48.40 
 AT^ = TI - T3 5.38 
Bulk density carbon black, 

Bulk density meal, 

AT1 = T1 - TI 

lb./cu. foot 24.4 

lb./cu. foot 38.9 

171.1 grams of 

81.4 grams of 
soybean meal 

carbon black 
100.65 
62.35 

3 7.70 
13.40 

24.5 

38.1 

4 8  95 

T h e  posit ion of t h e  can  of meal within the  autoclave i s  in- 
dicated in  Figure 2. 

After ini t ia l  thermal equilibrium had been attained, s team 
w a s  quickly admitted to  t h e  autoclave,  using a manual by- 
p a s s  valve.  When the desired p res su re  had been achieved, 
t h e  bypass  w a s  closed and t h e  controller assumed operation. 
T h e  t ime required to  a t ta in  the  desired pressure level w a s  
never longer than 1 minute. A dupl icate  s e t  of da t a  w a s  ob- 
tained on a s ing le  sample and the  r e su l t s  were averaged. 
Data  taken from a smoothed curve a re  shown in Tab le  111. 

THEORETICAL 
T h e  thermal properties of interest  in predicting hea t  trans- 

fer by conduction a re  contained i n  the thermal diffusivity 
term, x = k/c,p.  

From t h e  t ransient  s tud ie s  x may be obtained, while from 
the  s teady-state  performance k can  b e  found. T h e  bulk 
density,  p ,  may b e  obtained in any convenient manner, but  
for t h e  s a k e  of greater cons i s t ency  w a s  measured in  connec- 
t ion with the  conductivity t e s t s .  Heat  capaci ty  may b e  com- 
puted as cp = k/icp. 

Calculation of conductivity from the  s teady-state  da t a  
using the  concentr ic  tube technique i s  straightforward, ex- 
cept  that  where t h e  s p a c e  is fil led with finely divided so l id s ,  
such as carbon black,  t h e  conduction equation should be 
kAAT kAAT 
L - 2 d  L rather than - (4). 

T h u s  two s e t s  of da t a  a r e  required to  find the  unknown 
conductivity and simultaneously the  “surface r e s i s t ance”  
factor, d ,  or d may b e  found f i rs t  by using Equation 1 below 
and conductivity,  subsequent ly ,  by using Equat ion 2: 

where subsc r ip t s  1 and 2 refer to  the t e s t  data  shown in 
T a b l e  11. It i s  assumed that  conductivity is independent of 
temperature in t h e  range encountered. 

To find the  thermal diffusivity,  the equat ions descr ibing 
the  unsteady-state hea t  transfer to  a right c i rcular  f inite 
cylinder a re  employed and the  value of X i s  selected s u c h  
that t h e  theoret ical  t ransient  heating curve f i t s  t h e  experi- 
mental curve reasonably well .  T h e  theory h a s  been out- 
l ined by Olson and Schul tz  (2 )  and convenient numerical 
tables  have  been prepared from which rapid solut ions for 
t imetemperature  re la t ions for a number of geometric shapes  
may b e  obtained. 
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Figure 2. Apparatus for heating canned soybean o i l  meal at  
constant surface temperature 

T h e  e s s e n c e  of t h e  mathematical  treatment may b e  de- 
scribed a s  follows. If a “ theoret ical”  temperature b e  de- 
fined a s  

u = ( T ,  - T ) / ( T ,  - To) 
i t  may b e  shown that  t he  value of u for an infinite cyl inder  
of radius  r with T being the  temperature a t  t h e  ax i s  may b e  
found a t  any t ime t by t h e  formula u = C (xt/rz) where func- 
t ion C i s  t he  infinite s e r i e s  of the  form 

-0: 

ni exp (- R: X t / r z )  
i = l  

For infinite s l a b s  of th i ckness  a with T taken a t  t h e  mid- 
point 

u = s (xt/a’) 

T a b l e  111. Thermal Response Data  for F i n i t e  Cyl indrical  
Section o f  Soybean Oi l  Meal 

t ,  Sec. 

0 
500 

1000 
1500 
2000 
2500 
3000 
3500 
4000 
4500 
5000 

T, OF. TI - T 
65 168 
66 167 
70 163 
91 142 

118 115 
147 86 
168 65 
183 50 
192 41 
197 36 
20 2 31 

TI 233’F., To = 65’F., Ti 
r = 1.65 inches 

u (Exptl.) u (Calcd.) 

1.000 1.000 
0.994 0.998 
0.971 0.944 
0.845 0.818 
0.685 0.672 
0.511 0.538 
0.386 0.425 
0.297 0.333 
0.244 0.259 
0.214 0.202 
0.184 0.156 

- To = 168 
a = 4.25 inches 

Each  s e r i e s  represents  t he  solution of the appropriate partial  
differential  equat ion d,scribing the  physical  s i tuat ion.  

Final ly ,  for a f ini te  cylinder with T measured a t  t h e  
geometric center  i t  c an  b e  shown that  

Olson and Schul tz  present  t ab le s  where, for various va lues  
of xt/rz or Xt /az ,  t he  corresponding va lues  of C and S may 
be found. 

EXPERIMENTAL RESULTS 
In th i s  c a s e ,  from experimental  observat ions,  va lues  of u 

a s  a function of time, t ,  h a v e  been  found. r and a were ob- 
tained f r o m  t h e  dimensions of t h e  cylindrical  container.  T h e  
problem is to select, by t r ia l  and error, t he  appropriate va lue  
of x so that  t h e  product, C x S ,  gives a value of u in agree- 
ment with t h e  observed va lues  over a reasonable  portion of 
the  experimental  region. 

In T a b l e  I11 experimental  va lues  of T are  given along with 
the  calculated values  of u with a value of thermal diffusivity 
taken a s  0.0048 square foot per hour  and in F igu re  3 re su l t s  
a r e  compared graphically.  A reasonable  tit is obtained. 

T a b l e  IV. Thermal  Properties o f  Soybean O i l  Mea l  Tested 

Thermal diffusivity, CC, sq. f t  {hr. 0.0048 
Thermal conductivity, k, B.t.u. /hr.-sq. ft. (OF./ft.) 0.040 
Heat capacity, cp ,  B.t.u./hr.-OF. 0.215 
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NOMENCLATURE 
a = height of cylinder 

A ,  A I ,  A2 = area for heat flow 
A i  = coefficients in Bessel-Fourier expansion 
b ,  = exponents in series  for .S(‘&t/a’) 
Bi = coefficients in series for S ( a t / a ?  
cp = h e a t  capacity 

d = “surface resistance” 
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k,  k s b ,  k ,b  = thermal conductivity 
k s b  for soybean oil meal 
k,b for carbon black 

a = thermal diffusivity 

r = radius of cylinder 
t = time 

L, L1, L, = length of path for heat transfer 

T = temperature at geometric center of finite cylinder 
except a s  noted 

To = initial temperature of cylinder 
TI = surface temperature of cylinder at time 8 (forcing 

temperature) 
u = 6'theoretical" temperature, Tl - T / T I  - To 
p = density 
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Thermal Conductivity of Some Organic Liquids 
High Temperature Measurements 

0. B. CECIL, W. E. KOERNER, AND R. H. MUNCH 
Organic Chemicals Division, Monsanto Chemical Co., St. Louis 4, Mo. 

A lthough thermal conductivity va lues  a r e  becoming more 
numerous i n  t h e  l i terature ,  they represent for t h e  most part  
va lues  determined a t  relatively low temperatures-i.e., 
below 100" C. Engineers  desiring to  u s e  t h e s e  data  for 
high temperature problems must extrapolate  low temperature 
va lues  to  t h e  desired temperature. In  many cases, only one 
va lue  e x i s t s  and t h i s  must b e  used for a l l  calculat ions.  
Such extrapolat ions a r e  obviously questionable.  

T h i s  report d e a l s  with t h e  extension of a technique for 
determining abso lu te  va lues  of thermal conductivity (1) t o  
temperatures a s  high a s  200" to  250' C. T h i s  work does  
not represent a l imit  for thermal conductivity measurements 
but serves t o  i l l u s t r a t e  how va lues  a t  higher temperatures 
can b e  determined. 

EXPERIMENTAL 
T h e  method used  [descr ibed in detai l  e lsewhere (I)] is a 

highly refined modification of t h e  hot-wire technique. T h e  
thermal conductivity cell proper employs a four-lead ar- 
rangement analogous t o  a four-lead platinum res i s t ance  
thermometer, thereby eliminating end effects.  A l l  con- 
s t a n t s  necessa ry  for thermal conductivity measurements  
a r e  determined from t h e  dimensions of t h e  cell. T h e  
determined thermal conductivity va lues  a r e  thus  absolute.  

Of prime importance i n  t h e  s u c c e s s  of t h i s  method is t h e  
constancy of t h e  temperature of t h e  thermostated bath. In 
t h e  previous low temperature work, s imple on-off control of 
t h e  thermostated bath provided a temperature which w a s  
constant  t o  within about k 0.003" C. Duplicate  measure- 
ments a t  30' C. had shown a n  average deviation f rom the  
mean of *0.3%, and th i s  deviation had increased to  +0.5% 
a t  80' C. T h e s e  da t a  demonstrate one  of t h e  inherent 
f au l t s  of on-off control-namely, that  progressively l e s s  
sat isfactory performance is obtained a s  t h e  desired operat- 
ing temperature differs  more widely from ambient tempera- 
ture. For t h i s  reason other t ypes  of controls  and thermo- 
s ta t ing were considered. T h e  final cho ice  for t h e  high 

Conden iser 

3 
241 

FTO Cartesian Monostot 
II". 

Figure 1. Thermal conductivity cell  and 
condensing vapor thermostat 

A. Sil icone o i l  reservoir 
B .  Condensing vapor iacket  
C. 1%-inch thick magnesia insulation 
D. 1-liter pot heated with 

E. Transite top and cel l  holder 
F. Gloss wool insulation 

spheri ea I mantle 
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