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As a part  of a general  investigation  of  the  effective  thermal con- 
ductivities  of  powders,  tests  were  conducted  to  determine the cmductiv- 
ity  of  magnesium  oxide,  stainless  steel, and ur&TLIzIID. oxide  powders in 
various  gases  at  temperatures  between 120° and 1455' F. Fair agreement 
was obtained  between  conductivities  calculated  from  experimental data 
for  fine  ma@pesium  oxide  and  stainless  steel  powders and those  calcu- 
lated  from a simplified  analysis  from a prwious investigation,  although 
the  experimental d u e s  are somewhat higher. Runs.were also  made  to 
determine  the  effect of gas pres6ur.e on effective  thermal  conductivity. 

. 
In reference 1, an asalysis was made to  predict  the  effective  ther- 

m a l  conductivity of a powder  from  the  properties  of  the  solid  and gas  
which  make  up  the  powder.  The  results  of an investigation to determine 
the  thermal  conductivity of magnesium  oxide  powder in various gases artd 
the  results of previous  experimental  investigations  agreed  closely with 
the predicted  values. 

As a further  check on the  analysis, and to obtain data for  powders 
of  current  technical  interest,  tests  were  conducted  at  the NACA Lewis 
laboratory to determine  the  thermal  conductivity  of  finer  magnesium 
oxide  than was used in reference 1, as w e l l  as  stainless  steel and 
uranium  oxide  powders in various  gases.  The  test  sections  containing 
magnesium  oxide and uranium oxide  were  filled  by  the &nerd Electric 
cowany. 
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The  apparatus  used in this  investigation  is  the  same as that 
described in reference 1 with  the  exception  of  minor  alterations  to 
the  design of the  test  section  and  its  enclosing gas chamber,  which 
are  described in  the following sections. 

Test  section. - The  test  section  consisted  of  two  concentric  tubes 
separated  by  the  powder  being  tested.  The  inner  tube  was  heated  elec- 
trically and the  outer  tube  cooled by convection.  Temperatures  were 
measured by thermocouples  placed  at  various  radial  positions in  the 
powder. The test  section  is  the  same as that  fully  described in  ref- 
erence 1, wlth  the  following  exceptions:  The  central porcelain 
wlth  the  wound  heating  elements  and  the  thermocouples  stretched 
through  the  powder  to  obtain  radial  temperature  measurements  were  held 
in position  by  poured  ceramic  end  plugs  instead of machined  ceramic 
disks. A 1/4-inch-diameter  tube for adding  the  powder,  and  the  heater 
leads  to  the  power  source6,  were also brought  out  through  the  end  plugs. 

In the  test  section  containing  magnesium  oxide  powder, f o u r  groups 
( 90° apart} of five radially positioned  thermocouple  wire  junctions  were 
located in approximately  equal  increments in a plane  across  the  center 
of the  test  section.  The  thermocouple  wires  stretched  through  the  test 
section  containing  stainless  steel  powder  were  coated  with an insulating 
cement  to  electrically  insulate  the  thermocouples  from  the  stainless 
steel  powder.  Because  the  added  cement  coating  displaced a considerable 
portion of the  usable  powder volume, four groups  of four, instead of 
five,  radially  positioned  junctions  were  located in approximately  equal 
increments  across  the  center  plane. The same  test  section  was  used  to 
obtain  data  with uranium oxide  powder. 

The  power  leads  brought ouk through the  pawder  and through the 
ceramic  end  plugs  were also cement-coated  to  ellminate  short  circuiting 
through  the  powder. As a further  precaution,  the  inner  surface of the 
stainless steel tube containing the  powder was also coated  with  Fnsulat- 
ing  cement. 

In the  test  section  containing  uranium  oxide  powder, a carbon-rod 
heating  element was substituted  for  the wound michrome  wire  main  element 
in order  to  obtain  data  at high temperatures  where  the  main  Nichrome 
heater  proved  to  be  inadequate.  The  1/4-inch-diruneter  carbon rod was 
inserted  through  the hollow ceramic  tube  core  of  the  test  section  with 
electrical  terminal  blocks  located  at  each  end  outside  the  test  section 
ends.  The Nicbrme end  heaters were used in conjunction  with the carbon 
rod. 
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Gas  chamber. - Thermocouple  and  parer  leads  were  brought  aut  from 
the  ends  of  the  test  section through the  gas  chaniber wal ls  by  means of 

wires  to  effect a high-pressure  seal.  Each  end of the gas chamber was 
sealed  with  the  use  of a rubber  O-ring  'between  the  chamber  end and its 
flange. By mems of suitable  tube  connections  to a hole  drilled in each 
flange  of the gas chamber,  the  test  section could be evacuated  by  the 
use  of a vacuum pump at  the  outlet end or  supplied with purified  and 
dried  bottled  air,  helium,  or argon at the  inlet  end. 

- fittings  employing  the  crushing  action of soapstone  cones around the 

0 4  
s! 
F 

Procedyre 

. 

The  test  sections  were  filled  through  the filler tubes  with  magne- 
sium  oxide,  type 446 stainless  steel  containing  27  percent chrdum, 
and  uranium  oxide  powders  giving  fractional  volumes  occupied by the 
solid  particles of 0.64, 0.53, and 0.63, respectively. The particle 
sizes  of  the  powders  are  given in table I. 

The  distances  between  the  junction of the  thermocouple  wires 
stretched  through  the  powder  and  their  positions  relative  to the outer 
container wall and  main  heating  element  were  obtained  from  X-ray  photo- 
graphs  taken of the  test  section  after  it  was  filled in the  case  for 
mgnesium oxide. For the  stainless  steel and uranium oxide  powders, 
the  X-ray  photographs  were  taken  before  filling  because  of  the  inter- 
ference  of  these  powders d t h  the X-ray photographing  of  the 
thermocouples. 

Data  were  obtained  for  air,  helium,  and  argon gases over a range of 
average  powder  temperatures and pressures  given in the  following  table: 

I Powder  Average  powder  Pressure, 
temperature, ?F lb/sq  in.  abs 

Magnesium  oxide 

89-164 135-1455 Uranium  oxide 
14-264 154-678 Stainless  steel 
19-261 120-825 

No data  were  obtained  for uranium oxide  powder in air because of the 
resulting  chemical  reactions at elevated  temperatmes. 

The  method of obtaining  the  data is presented in reference 1. In 
addition, runs were  made  at  elevated  temperatures with the  carbon  heat- 
ing  rod in the  test  specimen  filled with uranium oxide.  After low- 
temperature  data  had  been  obtained with the  Nichrome  wire  heating  ele- 
ment,  and  the  carbon  rod  element  had  been  installed,  comparative runs 
were  made of the  low-temperature  data.  This was done in order to 



4 NACA RM E53G03 

ccmrpare t h e  values of thermal  conductivity  obtained by using  tbe  carbon 
rod with those  obtained  by  using  the  Nichrome  heater. Only the  portion 
of  the  parer  input  to  the  carbon  rod  between  the  end-guard  heaters  was 
chmged to  the  thermal  conductivity  determination of the  powder. In 
all cases,  good  agreement  with  the  law-temperature  data was obtained. 
Data were  then  obtained  at  successively Mgher temperatures  until  fail- 
ure of thermocouples  rendered  ccanputation  of  values of thermal  conduc- 
tivity  questionable. 

Reduction of Exgerimental  Data 

The  equations  used in calculating  values of thermal  conductivity 
of the powder  and gas mixtures f r m  the  experimental  data a r e  given in 
reference 1, includhg the  correction  for  eccentricity  of  the  inner 
tube  with  respect to the  outer tde. Reference 1 gives also the  ther- 
mal conductivities of solid  magnesium  oxide and of the  various  gases 
med in the  tests. 

Figure 1 shows  the  variation of thermal  conductivity of solid 
chromium  stainless  steel  with  temperature as obtained frm reference 2. 

RESULTS AND DISCUSSION 

Eqerimental Effective  Conductivities 

Experimental  thermal  conductivities  of  magnesium oxide, stainless 
steel, and uranium oxide  powders in v a r i o u s  gases are gresented in  fig- 
w e  2. Inasmuch as the  effective  conductfvlty of a parder-gas  mixture 
is  affected by the  pressure up to a certain pressure  level,  depend- 
ing ugon the gas ,  the  temperature, and sane  characteristic  dimension of 
the gas spsces, all the data presented were obtained  at  pressure  levels 
of sufficient  magnitude to result in no effect on the  conductivity as 
discussed in a later  section  entitled  "Effect of Pressure on 
Conductivity. I' 

Thermal  conductivities of magnesium  oxide  powder in argon, air, 
and  hellum gases for temperatures  between 120n md 825O F are  plotted 
in figure 2(a]. The  thermal  conductivity of the  powder  increases with 
temperature  for  each gas in mch the same  manner as that of the  coarser 
magneeium  oxide  powder  presented in reference I, except for helium  where 
a maximum value ie obtained  at  about 4OO0 F. Insmuch as all the  data 
for  helium  were  obtained  after  those  for  air and argon up to  about 
375' F and before  those  beyond 375O F, any error in experimental Fnstru- 
mentation  would  result i n  a discontinuity of the air and argon data, 
which  ia  not in evidence fn the  curves. 
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In figure 2(b) the  variation  of thermal conductivity  of  stainless 
steel  powder  with  temperature for a range of 150' to 680' F is presented; 
an increase  with  temperature is also obtained  with  the  same  gases. u s -  
much  as  the  thermal  conductivity  of  solid  magnesium  oxide  decreases wi$h 
temperature  (ref. 1) whereas  the  values  for  solid  stainless  steel in- 
crease  with  temperature  (fig. l), the  results  indicate  that  the  conduc- 
tivity  of  the  gas  is  more  important than the  conductivity of the  solid 
in determining  the  conductivity  of  the  powder  since  the  conductivities 
of all the  gases  increase  with  temperature. 

In figure 2( c) is plotted  the  variation  of  thermal  conductivity 
of uranium oxide  powder  with  temperature  for a range of 135' to 1455' F 
in argon  and  helium. A slight  increase in conductivity  with  tempera- 
ture  is  obtained  for argon, while  for heliumthe conductivity is approx- 
imately  constant  with  temperature  change. At the  present  time,  the 
variation  of  conductivity  of solid uranium oxide with teruperature has 
not  been  established.  However,  the  slight  vaziation  of  conductivity 
with  temperature  of  the  powder  indicates  that  the  conductivity of the 
solid  probably  decreases  very  rapidly with temperature  inanmuch as the 
conductivity of argon  and  helium  increases  with  temperature. As men- 
tioned  before,  the gas phase is more  important  than  the  solid in deter- 
mining the  powder  conductivity. 

For all the  powders,  the  conductivity in helium  is much greater 
than Fn the  other  gases  because of the  much  greater  conductivity of 
helium. 

Comparison  of  Analytical and Experimental  Results 

A simplified  analysis WEB made in reference 1 to predict the 
effective  thermal  conductivities  of a powder when the  thermal  con- 
ductivities  of  the  solid ks and  the  gas kg and the  fraction  of 
space a occupied  by  the gas are ham. The  analysis  indicated 
that  the  effective  conductivity  increases at an increasing  rate as 
the  fraction  of  space  occupied by the  gas  decreases.  The  experimental 
results  for  coarse  magnesium  ofide  powder in argon, air,  and  helium 
agreed well  with  the analysis. 

In figures 3(a) and 3(b) are  preeented  the  cauparison of the 
analysis with  the  experimental  results  for  fine  magnesium  oxide  and 
stainless  steel  powders in argon, air, and helium.  The  solid  curve 
shown on each  plot  indicates  the  predicted  effective  thermal pnduc- 
tivity k for a powder and gas  mixture  corresponding  to  the  fraction 
of space  occupied  by  the  gas,  which was 0.36 and 0.47 for  the  magnesium 
oxide  and  stainless  steel  powders,  respectively. For both  powders with 
dl the  gases,  the da,ta faU to  the right of the  predicted  line,  the 
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deviation  being  about 15 percent  for  the  msgnesium  oxide  powder  at  both 
high and low temperatures  and  with all gases  except  air  where  the  data 
fall  progressively  farther  away  fram  the  line  with  temperature  increase 
from 560 to 610' F. It  is  of  interest  to  note  that in reference 1 the 
data  for  coarse  magnesium  oxide w d  air  followed  the  predicted  line 
fairly  well,  while  the  data  with  helium  deviated  farther frcan the  line 
with taperature increase.  The  dsta  for  stainless  steel  deviate  about 
15 percent  at  the  lowest  ks/kg  of  about U.0 (corresponding  to  data 
with  helium  up to 678O F powder  temperature),  and  about 35 percent  at 
the  highest  k$kg  of  about IL30 (corresponding to data  with  argon  at 
about 200' F powder  temperature). The data  for  air  at  Fntermediate 
values  of ks/kg deviate  slightly  less  than  for  argon. 

The  much  greater  spread  of  the  data along the  ordinate ks/kg 
for  the  magnesium  oxide  powder  than  for  the  stainless  steel  powder  with 
ayproxFmately  the  same  temperature  range  for  each gas is a result of t h e  
opposite  variation of conductivity  with  temgerature of the  respective 
solids. 

A photograph  magnified 55.5 times  of  representative  particles  of 
the  stainless  steel  powder  used in the  experiments  is shown in  figure 
4(a). It can be  seen  that a greater  number  of  the  particles  are  spher- 
ical in shape  than  for  the  magnesium  oxide  powder sham in f igme 4(b), 
and that  the  magnesium  oxide  powder  consists of a large  percentage  of 
very small particles in contrast  to  the  stainless  steel  powder as indl- 
cated in table I. 

Inasmuch as the t h e e  conductivity  variation  with  temperature  for 
solid  uranium  oxide  is  not  presently known, no comparison with the &- 
ysis  for  that  powder-gas  mixture has been  made. 

Effect of Pressure on Conductivity 

The  effect  of  gas  pressure on the  effective  thermal  conductivity 
of  magnesium  oxide and stainless  steel  powders  is  presented  in  figure 5. 

In reference 1 it was shown  that  the  effect  of  gas  pressure on the 
effective  thermal  conductivity of a powder-gas  mixture  can  be  explained 
by  the  kinetic  theory of gases  wherein  use of the  lCnuasen  number  (the 
ratio  of  mean  free  path of the gas molecules  to a characterlstic  dimen- 
sion of  the  gas  spac.es)  enables  prediction  of  the  effect  of gas pres- 
sure on the  effective  thermal  conductivity.  Inasmuch as the  size  of 
the  gas  spaces  is  of  the  same order of  magnitude  as  the  size  of  the 
particles,  the  characteristic  dimension  is  taken  as  the  weighted  mean 
size of sieve  required  to  retain  the  particles;  from  the data given 
in table I the  dimensions  are  found to be 0.0001463, 0.000583, and 
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0.000286 feet  for  the  magnesium  oxide,  stainless  steel,  and uranium 
oxide  powders,  respectively.  From  the  Knudsen  equation,  the  predicted 

pressure  (breakaway  press-are)  is  given  by 
- pressure  at  which  the  conductivity  begins  to vary appreciably  with 

(E1 
0 
0 
P 

where 

pb breakaway  pressure,  lb/sq ft abs 

t gas  temperature, 91 

s molecular  diameter  determined from viscosity, ft 

2s weighted  mean  sieve  size  required to retain  particles, ft 

The  diameter s = 6. 23fi0-10 for  helium, 9.9x10-10 for  air,  and 
9. 45>cLO'l0 for  argon. In reference I, good agreement m s  found  between 
predicted  breakaway  pressures  and  experimental  data  for  coarse  magnesium 
oxide  powder. As a further  check on the  predicted  values,  eq?erimental 
data were  obtained  for  the  fine  magnesium  oxide  and  stainless  steel  pow- 
ders in helium,  air,  and  argon  at  various  temperatures. As can  be  seen 
in figure 5, good  agreement  was  obtained  between  predicted  values (indi- 
cated  by  solid  vertical  lines in figure)  and  experimental*data. For the 
thermal  conductivities  presented in figure 3, the  pressures  were, in all 
cases,  above  those  given by  equation (1). 

The  data in the  curve  for  helium  in  figure 5(b) were  obtained  at 
higher  pressures in order  to  detect any effect  of  free  convection on 
the effective  thermal  conductivity. From the  curve  it  can  be  seen  that, 
for  the  pressure  range shown, free  convection is not an important  factor 
in determining  the  effective  thermal  conductivity. If there  were  appre- 
ciable  free  convection in the  powder,  the  conductivity would  continue 
to  increase  inasmuch as  free  convection is a function  of the density of 
the gas. 

SllMWIE OF RESULTS 

The  following  results  were  obtained  from an investigation  of  effec- 
tive  thermal  conductivities of magnesium  oxide,  type 446 stainless  steel 
containing 27 percent  chromium,  and  uranium  oxide  powders: 

1. Effective  thermal  conductivities  increased  with  texnperature 
except  for  the  uranium  oxide - helium  mixture  and masesium 
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oxide - helium  mixture,  where no variation  with  temperature  and a maxi- 
mum value  with  temperature  were  obtained,  respectively. 

2. Fair  agreement  was  obtained  between  conductivities  calculated 
f r m  elcperimental data for fine magnesium  oxide and stainless  steel 
powders  and  those  calculated  from a simplified analysis fram a previous 
investigation,  although  the  experimental  values  were  somewhat  higher. 

3. Good  agreement was obtained  between  calculated value of Khudsen 
number  at  which  the  conductivity  begins  to  vary  appreciably  with  pres- 
sure  and  the  experimental  data f o r  magnesium  oxide and stainless  steel 
powder in helium,  air,  and  argon. 

Lewis Flight  Propulsion  Laboratory 
National Advisory Committee  for  Aeronautics 

Cleveland, Ohio, July 7, 1953 
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2. Hogan, C. L., and Sawyer, R. B.: The  Thermsl  Conductivity of Metals 
at High Temperature. Jour. Appl. Phys., vol. 23, no. 2, Feb. 1952, 
pp. 177-180. 
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ICABLF: I. - PARTICLF: SIZE aF POWDWS 

[ c a l m t i o n  of e vden t  diameter of a representa- 
t ive number (100 particles as determined by a 
microphotograph of the  particles of type 446 stain- 
less steel  containing 27 percent chromium i s  
0.0070 inch. A l l  powder in the  test  section 
passed  through 60 mesh sieve but w a s  retained on 
100 mesh s ievg 

Mesh 

60 
80 
100 
150 
200 
270 
325 

Sieve o p e n h g  Line Average  amount 
a12s, nunibera, of powder 
in. n retained on 

sieve, 

percent 
a100 f, 

Magnesium oxide 

0.0098 
.0070 
.0059 
. O M 1  
.0029 
.0021 
.0017 

Ilhrough 325 IAssupled .OW3937 

0.0 
-32 

1 

3 .54 
2 

4.85 4 
12.73 5 
21.83 6 
14.93 

8 44.60 
7 

U r a n i u m  oxide 

100 0.0059 

3 34.0 Assumed .0003937 Ilhrough 325 
2 66.0 . O M 1  150 
1 0.0 

aSee reference 1. 
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pigure 1. - ! b e d  conductivity of solid type 446 stainless steel containing 27 percent chrcmium (rei. 2). 
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Figure 2. - Experlsntal thermal conductivities of pov&ers in various gasea;'Gae pressures i n  range 
where pressure change does not affect  corductlvlty of powder. 
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(b)  Type 446 stainless steel  powder containing 27 percent c ~ o m i ~ .  

Figure 2. - Continued. Experimental thermal conductivities of powders in 
various gases. Gas pressures in range where pressure  change  aoes not affect 
conductivity of powder. 
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(a) 446 Chromium slxtinless steel  p d e r  containing 27 percent chramlum. Maflied 55.5 times. 

Figure 4 .  - Enlarged photographe of' powder particlee. 
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