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PREFACE 

American Concrete I n s t i t u t e  Committee 547, Refractory 
Concrete, w a s  e s t a b l i s h e d  i n  1969 t o  provide a much-needed func- 
t i o n  of disseminat ing information on r e f r a c t o r y  concre tes  and re- 
l a t e d  monoli thic  r e f r a c t o r i e s  t o  those  involved i n  t h e  product ion,  
i n s t a l l a t i o n ,  and use  of t h i s  widely used class o f  r e f r a c t o r y  
materials. Since i t s  incept ion ,  the committee has  conducted a 
number of seminars/workshops around t h e  country; developed several 
s ta te-of- the-ar t  r e p o r t s ;  and, i n  1977 and 1980, organized sym- 
pos ia  which w e r e  he ld  i n  conjunct ion with AC1 annual  meetings.  

The f i r s t  symposium (San Diego, C a l i f . ,  March 1977) had the 
theme "Refractory Concretes: P a s t ,  Present ,  and Future." The 
written proceedings ( t h i r t e e n  papers) w e r e  publ ished as AC1 
Publ ica t ion  SP-57, 1978 ( t i t l e d  "Refractory Concrete"--pp. 1-307). 

The present  p u b l i c a t i o n  conta ins  t h e  w r i t t e n  proceedings (ten 
papers ,  a l l  i n v i t e d )  of t h e  second symposium he ld  i n  Las Vegas, 
Nev., March 1980 and s t r u c t u r e d  on t h e  t h e m e  "Premature F a i l u r e  i n  
Monolithic Refractory Construct ions:  P r e v e n t a t i v e  and Remedial 
Treatment. 

The symposium keynote address  was  given by Wate T. Bakker, 
who set  t h e  s t a g e  with h i s  d iscuss ion  of recent  advances i n  
r e f r a c t o r y  concre te  technology that have l e d  t o  improved perform- 
ance i n  a v a r i e t y  of a p p l i c a t i o n s .  Refractory problems (and solu- 
t i o n s )  unique t o  a number of these a p p l i c a t i o n s  ( c o a l  g a s i f i c a t i o n  
equipment, aluminum melt ing and holding opera t ions ,  r e f i n i n g  and 
petrochemical opera t ions ,  and s teel  p l a n t  operat ions)  w e r e  then 
considered i n  g r e a t e r  d e t a i l  by subsequent speakers .  Refractory 
producer and u s e r  viewpoints w e r e  both represented i n  t h e s e  
d iscuss ions .  

Timely p r e s e n t a t i o n s  w e r e  a l s o  made on t h e  t r a d i t i o n a l  and 
newly evolving procedures f o r  designing monoli thic  r e f r a c t o r y  
cons t ruc t ions  and f o r  nondes t ruc t ive ly  assess ing  t h e  in-place 
q u a l i t y  and performance of t h e s e  i n s t a l l a t i o n s .  

The information,  i n s i g h t s ,  and recommendations presented a t  
t h e  1980 symposium should be of g r e a t  va lue  t o  everyone concerned 
w i t h  the product ion,  s e l e c t i o n ,  i n s t a l l a t i o n ,  performance, and 
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Recent Advances in Refractory 
Concrete Technology 
By Wate T. Bakker 

Synopsis: 
conversion applications has provided data,  useful in other areas. I t  
i s  shown t h a t  refractory concretes, especial ly  those containing a 
calcined f i r ec l ay  aggregate, are very to l e ran t  t o  environments, 
generally considered corrosive,  such as gases containing CO, COp, H2, 
H S and steam a t  high pressures. 
afuminates are  decomposed and some of the Ca0 i s  leached o u t ,  a 
refractory with acceptable physical properties remains. In many cases 
t h e  strength of t he  material increases during service. 

developed. A computer program t o  calculate  heat losses from 
refractory concrete lined pressure vessels was developed and 
experimentally ver i f ied.  
cracks, anchor spacing and d i f f e ren t  gases i n  the  pores of t h e  
concrete. The thermo mechanical behavi or of refractory concrete was 
studied experimentally and modelled by computer. Design and materials 
select ion c r i t e r i a  were developed. To minimize cracking, shrinkage and 
creep of t he  concrete should be low, preferably l e s s  than 0.1%. 
Anchor spacing should be wide and the anchors coated w i t h  a compliant 
or  combustible material t o  avoid stress concentrations. Bond ba r r i e r s  
between the  vessel shel l  and the  refractory and between various 
refractory 1 ayers are  al so beneficial .  
i n i t i a l  heat up of t he  l i n ing  were found superfluous. 

Recent research ön refractory concretes f o r  use in  energy 

Even when the  hydrated calcium 

Improved design methods f o r  refractory concrete were also 

This model takes in to  account the e f f ec t  of 

Long holding periods during 

Keywords: 
aluminates; clay minerals; coal gasif icat ion;  compressive strength; 
computer programs; corrosion resis tance;  cracking (fractur ing)  ; 
creep properties;  curing; dehydration; drying; feldspars;  f i r e -  
clays;  high-al umina cements; high temeprature; 1 inings; model s ;  
pressure; refractory concretes; research; shrinkage; s i l i c a ;  
s t ructural  design; thermal expansion. 

aluminum oxide; anchors ( f a s t ene r s ) ;  bonding; calcium 
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2 Bakker 

Wate T. Bakker i s  presently Program Manager f o r  Refractories and 
Ceramics a t  t h e  Electr ic  Power Research Ins t i t u t e .  Previously he was 
Branch chief ,  materials i n  the  Fossil Energy Directorate of DOE,  where 
he managed a program on Refractory Concrete fo r  Coal Gasifiers,  and 
research associate  in charge of High Alumina Refractories and 
Refractory Concrete a t  General Refractories Company 

INTRODUCTION 

U. S. Bureau of Mines S t a t i s t i c s  presented in an e a r l i e r  
paper (i)* indicate  t h a t  the production of refractory concrete i s  the 
f a s t e s t  growing segment of t he  refractory industry. Although no 
recent s t a t i s t i c s  are available,  t he re  i s  l i t t l e  doubt  t h a t  t he  rapid 
growth in refractory concrete production is  s t i l l  continuing. Several 
new developments, which were discussed a t  t he  1977 AC1 Symposium on 
Refractory Concrete have found considerable conunerci al acceptance. 
Exampl es are: 

o Fiber reinforced Refractory Concrete 

o High density,  low cement refractory concrete 

o Gun casting of refractory concrete 

Research on refractory concrete has a lso increased 
considerably. 
proprietary product development. Prospective applications of refrac- 
t o ry  concrete in emerging energy conversion processes, have spawned a 
s izable  research e f fo r t  in the public sector ,  sponsored mainly by DOE 
and, t o  a l e s se r  extent,  by EPRI. (2,3) 

resulted in  the  introduction of four new recommended practices,  cov- 
ering the  cast ing,  gunn ing  and f i r i ng  of refractory concretes and the 
abol i t ion of two obsolete standards. ( 4 )  Parallel  a c t i v i t i e s  are 
taking place overseas, especially i n  Europe, and have resulted in  
several new DIN s tandards .  

I t  appears, therefore,  t h a t  the stage i s  s e t  f o r  a continued 

Much of t h i s  increased a c t i v i t y  i s  in t he  area of 

Standards development by ASTM has also been qui te  intense and has 

rapid growth of refractory concrete usage in various areas such as 
emerging new energy technologies: coal gasif icat ion and l iquefact ion,  
f luidized bed combustion and combined cycle power plants. In t h i s  
paper, we will  discuss some of the pertinent r e s u l t s  of recent 
research in refractory concrete technology of i n t e re s t  t o  t he  refrac-  
tory community in general. F i r s t l y ,  I will  address interact ions 
between refractory concrete and the  service environment. Secondly, I 
will  discuss the design of refractory concrete l inings and t h e i r  

*Superscri pts indicate  references pages 
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Recent Advances 3 

response t o  thermo-mechanical loads. Most of  the work discussed here 
was carr ied out i n  various research i n s t i t u t e s  and univers i t ies .  
Summaries of these programs can be found in the proceedings of the 
fourth annual conference on materials f o r  coal conversion and 
uti1 ization. ( 3 )  

STABILITY OF REFRACTORY CONCRETE IN SERVICE 

In a i r ,  t he  hydraulic phases i n  refractory concrete, CAH * o r  
C3AH6 a r e  known t o  dehydrate a t  200-350°C t o  CA o r  C A . O t A h  
bonding phases such as AH, decompose t o  gamma alumina2ai the same 
temperature (Figure 1). (5) I t  i t  a lso well knwn t h a t  dehydration 
generally r e su l t s  in a drop in strength, (6 )  (Figure 2), although 
careful formulation of t he  concrete can minimize the  strength loss. 
A t  higher temperatures, t he  calcium aluminates react  with t h e  aggre- 
gate  t o  form CA2, CA6, o r  calcium aluminum s i l i c a t e s  i f  s i l i c a  i s  
present. 

For many applications,  especial ly  those a t  atmospheric pressure, 
this sequence of events i s  plausible and explains the  behavior o f  
refractory concrete i n  service adequately. However, since the matrix 
of most refractory concretes i s  extremely f ine ,  i t  reacts  quite 
readi ly  w i t h  gases which may be present in the  furnace such as CO, CO2 
and steam, especially a t  elevated pressures. T h i s  can lead t o  the 
fornation of different  compounds such as calcium carbonate o r  formate, 
Boehmite ( A H ) ,  the  high pressure hydrated calcium aluminate C4A3H3 and 
Anorthite CAS2. The h i g h  pressure gas environment of dry ash 
gas i f i e r s  i s  a good example of such a react ive service environment and 
has been extensively studied i n  the  l a s t  few years. ( 7 ,  8, 9)  
Although the service conditions in coal gas i f i e r s  are  ra ther  extreme, 
i t  is l i ke ly  tha t  s imi l a r  reactions may occur in other service 
environments i n  the chemical and s t ee l  industries.  

In a coal gasif icat ion atmosphere* a t  500-1000 psi ,  Boehmite 
(AH), c a l c i t e  and, l e s s  frequently, calcium formate a r e  formed a t  
temperatures below about 300°C. The formation of Boehmite markedly 
increases the strength of a l l  concretes regardless of the aggregate 
used (Figure 3 ) .  The strength increase i s  related t o  the amount of 
Boehmite formed, which i n  i t s  turn depends on t h e  degree of steam 
saturat ion of the gas mixture. 
out under these conditions especial ly  when t h e  CO content of t he  gas 
mixture i s  h i g h  (Figure 4 ) .  
i s  not affected. This indicates t ha t  Boehmite i s  the most e f f ec t ive  
binder phase here. 

.. 

Calcium oxide has a tendency t o  leach 

Fortunately, t h e  strength of the concrete 

*Concrete terminology C = Ca0 A = Alzo3 H = H20 S = S i O 2 .  

"Nominal 18% CO, 2% CO2, 5% CH4, 24% H 2 ,  40% H20, 1% H2S. 
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A t  temperatures above 300°C Boehmite s t a r t s  t o  decompose. 
Complete decomposition has occurred a t  500OC. 
alumina concretes, t h i s  leaves C A H and CA as  the  principal bonding 
phases and generally r e su l t s  in ! desrease i n  s t rength.  
s t rength l o s s  depends on the  heat u p  and cool down schedules used, b u t  
the  room temperature bond strength a f t e r  exposure t o  coal gas  
atmospheres a t  500°C i s  generally about 25% l e s s  than the  s t rength of 
s imi la r  samples f i r ed  in a i r .  Thus, no catastrophic  loss in s t rength 
occurs. 

Refractory concretes containing s i l i c a  o r  s i l i c a t e s ,  such as 
calcined clay base products, generally show a s igni f icant  increase in  
s t rength a f t e r  exposure t o  coal gas environments or high pressure 
steam a t  500-1000°C, as  compared t o  s imi la r  samples f i r ed  in air. 
Depending on the type of cement used, a s t rength increase of 100-200% 
may occur. Work a t  the  NBS indicates  t ha t  t h i s  strength increase 
pe r s i s t s  a t  elevated temperatures u p  t o  a t  l ea s t  1200°C (Figure 5) .  
T h i s  increase in strength i s  a t t r ibu ted  t o  the hydrothermal formation 
of Anorthite by workers a t  the NBS. Formation of Anorthite i s  indeed 
common i n  samples exposed a t  1000°C. However, specimens exposed a t  
5OOOC generally do not contain enough Anorthite t o  be detected by X R D ,  
b u t  do increase in strength. Workers a t  the Bureau of  Mines a t t r i b u t e  
the  increase in s t rength t o  the formation of an interlocking network 
of mullite c rys t a l s  in the matrix as  shown in  Figure 6. As a fu r the r  
s u p p o r t  f o r  t h i s  hypothesis, they point o u t  t h a t  calcined c l ay / f i r e  
clay brick a l so  show a marked increase i n  s t rength when f i r e d  in  high 
pressure steam instead of a i r  (Table 1) .  

Since the  strength of refractory concrete appears s t ruc ture  
dependent, i t  may be possible t o  degrade the  s t rength of concrete by 
repeated cycling across a phase boundary. 
Missouri a t  Rolla, (8) several concretes were, therefore ,  cycled 
across t h e  Boehmite decomposition temperature. The modulus of rupture 
was measured a f t e r  each cycle a t  roan temperature. 
in  Figure 7. I t  appears t h a t  the s t rength increase provided by the  
formation of Boehmite i s  retained even a f t e r  several decomposition 
cycles in a l l  concretes except the l o w  s i l i c a  concrete. 
analysis  indicate  t h a t  not enough Boehmite fotmed in  the  l a t t e r  t o  
cause a strength increase. I n  previous t e s t s  strength increases 
s imi la r  t o  those of the other concretes were found. The other 
concretes, which a l l  contain a t  l eas t  some s i l i c a ,  appear a l i t t l e  
stronger than the same concretes, heated t o  500°C or above and then 
exposed t o  the coal g a s  atmosphere. This indicates t h a t  a favorable 
bond phase, such as Boehmite, may transform t o  another mineral species 
such as Alumina, Anorthite, or Mullite, without losing the or iginal  
microstructure which i s  responsible f o r  the increase in strength. If 
t h i s  pseudomorphic transformation mechanism i s  t rue ,  there  appears t o  
be a f r u i t f u l  area of fur ther  development here t o  optimize the 
microstructure o f  a refractory concrete a t  a low temperature in order 
t o  provide beter  properties a t  operating temperature. 

In general, i t  can be concluded tha t  refractory concretes, 
especial ly  those containing some s i l i c a ,  a r e  very to le ran t  t o  
environments generally considered corrosive. Even when the  hydrated 

In low s i l i c a ,  h i g h  

The actual 

A t  the University of 

Results a r e  given 

X R D  and TGA 
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Calcium Aluminates are  decomposed and most of t he  Caü i s  leached out, 
a refractory w i t h  acceptable physical properties remains. In many 
cases, the strength of t he  material even increases i n  service.  

DESIGN OF REFRACTORY CONCRETE LININGS 

Under ERDA/DOE sponsorship, a considerab le e f fo r t  was al so made 
t o  be t t e r  understand the behavior of refractory concrete during 
service in process vessels operating a t  h i g h  pressures and 
temperatures u p  t o  l l O O ° C .  The two main issues addressed were: 

1. Heat losses through refractory lined walls in service 
environments high in hydrogen, with pa r t i a l ly  cracked 
l inings.  

2. Thermo-mechanical s t a b i l i t y  o f  refractory concrete l inings 
during heat u p  and cool down. 

The program on thermal f lux measurements carried o u t  a t  t h e  
Ba t t e l l e  Columbus Laboratories has been completed and t h e  r e su l t i ng  
report  (10) may be considered as a key reference f o r  designers 
interested in  heat losses from refractory concrete lined furnaces. 
computer program t o  calculate  heat losses f o r  complex l ining config- 
urations has a lso been developed. The predictions of t h e  computer 
program were experimental l y  conf inned using a highly instrumented 
24 x 24" refractory concrete l ining segment. Agreement was, i n  
general, excel lent .  

The r e su l t s  of t he  Ba t t e l l e  study show t h a t  t he  t radi t ional  
method of calculating heat losses through refractory brick l inings i s  
a lso an acceptable f i r s t  approach f o r  refractory concrete l inings,  
provided tha t  they are  sound and the ki ln  atmosphere does not contain 
a high concentra€ion of hydrogen. 

The effect  of anchors on the toa1 heat loss  was found t o  be 
surprisingly small (Figure 8). 
t o  be negligible.  
cold face has a more noticeable e f f ec t  as shown in Figure 9. 

flow both give s ignif icant  increases i n  heat loss. For the system 
Studied a t  Bat te l le ,  which i s  f a i r l y  typical (Figure l o ) ,  a 3095 
increase in heat loss  was found experimentally, when hydrogen i s  used 
instead of a i r .  The computer program predicted a heat loss  which was 
about 25% higher. I t  i s  speculated tha t  some of the hydrogen in  the  
pores may have oxidized. 
modelled and ver i f ied only f o r  s t a t i c  conditions, without natural o r  
forced convection t h r o u g h  t h e  cracks. 
2 volume percent cracks extending paral le l  t o  t he  heat flow f o r  7-1/2" 
i n to  the  refractory l i n ing  will increase t h e  hea t  loss by about 25% 
(Figure 1 2 ) .  
which assumed heat loss  by radiation along the  crack. 

A 

The e f f ec t  of gas pressure was found 
Condensed water i n  t he  insulating concrete a t  the 

Hydrogen i n  the ki ln  atmosphere and cracks parallel  t o  t he  heat 

The e f f ec t  of cracks on t h e  heat flow was 

Even without convection, 

This r e su l t  agrees well with calculated heat losses 
Table 2 shows 
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some predictions f o r  12"  cracks extending fran t h e  hot face t o  t h e  
cold face. 
pronounced as the  temperature difference between h o t  and cold face 
increases. 

Heat loss by radiation through open cracks becomes more 

The study o f  the  thermo mechanical behavior of refractory 
concrete l inings by Babcock & Wilcox Co. i s  s t i l l  in progress. 
Model l ing the  thermo mechanical behavior of refractory concrete 
l inings proved t o  be considerably more complex t h a n  modelling the heat 
flow. I t  i s ,  therefore ,  not l i ke ly  tha t  a model f o r  use as a design 
tool can be developed similar t o  t ha t  developed t o  calculate  the heat 
losses. The main reason i s  t h a t  t he  s t r e s ses  and s t r a i n s  generated in 
the concrete l ining are very dependent on small changes i n  expansion, 
shrinkage and creep. These properties are  very much dependent on the 
water/cement r a t i o  and the dehydration schedule used and therefore  
cannot be determined or predicted with the required accuracy. 
anchor/concrete interact ion are  a lso d i f f i c u l t  t o  model. 
design of refractory concrete l inings will  largely remain an 
experience based art f o r  the near future.  However, t he  very 
meticulous experiments carried o u t  by Anderson and his coworkers have 
added greatly t o  our experience base. (11, 1 2 )  
controlled heat up and cool down experiments on a 12" dual component 
refractory concrete l ining a 5' diameter pressure vessel, t he  B&W team 
managed t o  reduce cracking of the h o t  face from very obvious 
1/16 - 1/8" cracks t o  hair l ine cracks, which were only v i s ib l e  on very 
close inspection, This improvement i s  due t o  systematic changes in 
l i n ing  design and materials choice. Major contributing factors  a r e  
l i s t e d  below: 

Complex 
Thus ,  the 

In a s e r i e s ,o f  

1. Material selection--Shrinkage and creep a t  al 1 temperatures 
u p  t o  the operating temperature must be as small a s  
possible. 
than 0.1%. 
defined. 
value, as s t r e s ses  generated in a cylindrical  pressure vessel 
d u r i n g  heat u p  and cool down can eas i ly  reach 1000 psi ,  
before they are  relieved through creep. The 50% A1203 low 
cement concrete, used by B&N in t h e i r  most successful l inings 
has about 1% deformation in  a 10 hr creep t e s t  a t  1100°C 
using a 1000 psi load. The thermal expansion should also be 
low, as most of the l ining s t r e s s  i s  generated by thermal 
expansion. Thus ,  i f  shrinkage and creep are equal, alumina- 
s i l i c a  concretes crack l e s s  than tabular  alumina base 
concretes. The newly developed r e l a t ive ly  coarse grained low 
cement al umina-sil ica concretes have about the same shrinkage 
and creep of tabular  alumina concretes a t  1000°C and are ,  
therefore,  prime candidates fo r  coal gasif icat ion vessel 
1 i nings a t  temperatures bel ow 1100°C. 

The l i nea r  shrinkage should preferably be l e s s  

Standard data using a 25 psi load a r e  of l i t t l e  
Desired maximum creep r a t e s  a r e  l e s s  well 

Finally,  the use of s t e e l  f i b e r s  appears t o  have a beneficial 
effect  on crack propagation, probably because of t h e i r  
a b i l i t y  t o  d i s t r ibu te  the  thermal and mechanical loads more 
evenly. 
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Anchors and anchor spaci ng--Interact ion between anchors and 
refractory concrete a re  a prime cause of cracking. There- 
fore ,  the widest possible anchor spacing should be used. A t  
B&W a 36" anchor spacing de f in i t e ly  produced l e s s  cracking. 
Even wider spacings may be possible. Additional independent 
short anchors fo r  t he  insulat ing layer resulted only i n  a 
more severely cracked insulator.  A 100-250 mil coating on 
the anchors is needed t o  prevent anchor-refractory 
interactions and appears t o  reduce cracking. Without the 
coating, compressive s t r e s ses  in the  anchors exceed the  yield 
strength of s t a in l e s s  s teel  (Figure 13). 

Bond barriers--The use of bond ba r r i e r s  a t  the s teel  shel l  
and the interface between the  dense and the insulating layer 
i s  a lso beneficial .  The ba r r i e r  a t  t he  interface prevents 
cracks, i n i t i a t e d  a t  the hot face, t o  propagate into the 
insulator  and also allows the dense layer  t o  expand and 
contract  more freely,  especial ly  i f  coated anchors are  used. 

Heat u p  schedule--A slow steady heat u p  r a t e  of 50-100 F / h r  
without holds f o r  dry out and dehydration gave l e s s  cracking 
than more conventional heat up schedules. 
did not occur and only modest steam pressures were generated 
inside the lining. 

Explosive spal l ing 

All t h e  above improvements were obtained while using very well 
controlled cast ing and in s t a l l a t ion  procedures, u s i n g  always t h e  
lowest water content needed t o  vibrate  t h e  material i n  place. 

between the  l ining and the  she l l .  S t i f f  l inings without coated 
anchors and bond ba r r i e r s  using a 95% Al O3 concrete with a r e l a t ive ly  
high thermal expansion can induce hoop sSresses u p  t o  11000 psi in the 
pressure vessel shel l  (Figure 14) a t  12OOOF. The use of bond 
ba r r i e r s ,  coated anchors and a 50% Al O concrete a t  the h o t  face 
reduced the hoop s t r e s ses  t o  4000 psi2a$ 1 7 O O O F  and about 7000 psi a t  
1850OF (Figure 14). 

possible t o  design and i n s t a l l  refractory concrete l inings which will  
not crack d u r i n g  service,  However, i t  i s  possible t o  reduce cracking 
t o  the point t ha t  i s  safe  t o  assume t h a t  a l l  cracks will be closed 
t i g h t  a t  operating temperature. The key materials properties t o  
achieve t h i s  a r e  shrinkage, creep and thermal expansion. All should 
be as low as  possible. Of a i l  presently available products, high 
density 50% A l  O3 concretes with a low cement content appear t o  cane 
closest  t o  meeging these requirements. I t  i s  reasuring t h a t  t he  raw 
materials f o r  these products a r e  available domestically and i n  great 
abundance. 

Another interest ing r e su l t  of t he  B&W study i s  the interact ion 

T h u s  she1 1 s t r e s ses  a re  reduced considerably. 

In general, i t  can be concluded t h a t  i t  will probably not be 
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Table 1. Effect of high pressure steam on strength and mineral composition of refractories. 

Calcined clay 
plus raw kaolin 

50% A1203 
concrete 

Cold Crushing 
Strength (psi) 

1,930 

3,310 

S t e a N  

7,720 

11,180 

Mineralogy (X. R. O.) 

Air(1) 

Mullite, 
Cristobalite, 
Rutile 

Mullite, 
Cristobalite, 
CzAS, CA, CA2 

Mullite, 
Cristobalife, 
Tridymite, 
Rutile 
Mullite, 
Anorthite 
Cristobalite, 
aN203 

(1) 98O'C, 250 hr. 1 atm 
(2) 980% 1,OM) psi, 250 hr 

Table 2. Effect of through-cracks on heat flow-air and hydrogen cornDarison. 

No cracks 
No cracks 
No cracks 
No cracks 
12 in. through-crack 
12 in. through-crack 
12 in. through-crack 
12 in. through-crack 

1500 
2000 
1500 
2000 
1500 
2000 
1500 
20M) 

Gas 

Air 
Air 
H2 
H2 

H2 
H2 

Air 
Air 

Total Heat Flux 
(Btuíhr ff2) 

468 
62 1 
795 

1 o44 
791 

1248 
998 

1502 

Increase in Heal 
Flux Relative to 
Standard Gase 

(BWhr fi2) 

O 
O 
O 
O 

323 
621 
203 
458 

Ca0 
(percent. 

0.1 

7.7 

Increase in Heat 
Flux Relative to 
Standard Case 

(percent) 

O 
O 
O 
O 

69 
101 
26 
44 

Full document details: ACI SP-74-82

http://www.avadocuments.com/doc/aci-sp-74-82
http://www.avadocuments.com/doc/aci-sp-74-82


A C 1  S P - 7 4  ô 2  a Obb27g9 0000333 5 m 
1 0  Bakker 

24 h cure, > 90% R.H. 
C A  CA2C12A7 

H 

100 
200-350 

600-1 O00 

1000-1 300 

L 

Unhydrated 
cement 

Fig. 1--Hydration and dehydration o f  calcium aluminate cement 
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F i g .  2--Strength of 50 percent A1203 concrete a s  a function 
of temperature 
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High-Alumina Intermediate-Alumina Calcined Clay 
Concrete Concret e plus Fireclay 

1,000 hr 

DSi 

F i g .  6 - - M u l l i t e  f o r m a t i o n  d u r i n g  e x p o s u r e  t o  h i g h  p r e s s u r e  
s t e a m  
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Fig. 9--Increase in heat flux t h r o u g h  a refractory l i n ing  
caused by condensed water a t  the cold face ( h o t  face tem- 
perature 815 C) 
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Fig. 10--Experimental material system A 
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Fig. 11-- Effect of gas composition on heat f lux t h r o u g h  
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Castable Refractory Design 
Requirements 
By S.A. Bortz, R.F. Firestone, and M. J. Greaves 

Synopsis: Refractory i s  a cons t ruc t ion  material which i s  used in  
hot ,  h o s t i l e  environments where p l a i n  concre te  f a i l s .  Although 
concre te  p r a c t i c e  can be  used as a guide,  t h e r e  are many s p e c i a l  
f a c t o r s  which must be taken i n t o  account t o  develop an optimum de- 
s ign .  A thorough understanding of t hese  f a c t o r s  i s  e s s e n t i a l  f o r  
successfu l  r e f r a c t o r y  c a s t a b l e  app l i ca t ion .  

Keywords: a’luminate cements and concretes; chemical a t tack ;  coal 
gas i f ica t ion ;  compressive s t rength;  corrosion; corrosion r e s i s t -  
ance; creep propert ies ;  densi ty  (mass/volume); erosion; f a i l u r e  
mechanisms; h i g h  temperature; 1 i n i n g s ;  modulus of e l a s t i c i t y ;  
refractory concretes; spa11 i n g ;  s t r e s ses ;  s t ruc tura l  design; 
thermal conductivity, 
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t u t e  i n  Chicago, I l l i n o i s .  H e  is  a l s o  a Program Manager f o r  a 
Refractory T e s t  F a c i l i t y .  

R. F. F i r e s t o n e  is  a Senior S c i e n t i s t  a t  I I T  Research I n s t i t u t e  i n  
Chicago, I l l i n o i s ,  and is  a l s o  involved i n  research f o r  r e f r a c t o r y  
m a t  er ia1 s .  

M. J. Greaves is  a Senior  Consultant a t  Davy-McKee Corporat ion in  
Cleveland , Ohio. 

INTRODUCTION 

Design Considerat ion as Applied t o  a Coal G a s i f i e r  

For t h e  purpose of t h i s  paper,  t h e  des ign  process  f o r  a s lag-  
f i n g  g a s i f i e r  l i n i n g  w i l l  be used as an  example. The cons idera t ion  
presented are similar f o r  r e f r a c t o r y  l i n i n g s  f o r  o t h e r  processes  as  
w e l l .  

The f i r s t  cons idera t ion  i n  designing a r e f r a c t o r y  l i n i n g  is  t o  
f i n d  a material t h a t  w i l l  wi thstand t h e  expected temperature  i n  an  
atmosphere which can inc lude  hydrogen, s t e a m ,  carbon monoxide, hy- 
drogen s u l f  i d e ,  and/or s u l f u r  dioxide.  I n  a d d i t i o n  t o  withstanding 
t h e  high temperature  process  atmospheric condi t ion ,  a l i n i n g  must 
a l s o  withstand t h e  f lux ing  a c t i o n  of e i t h e r  a c i d i c  o r  b a s i c  s l a g .  
A t h i r d  cons idera t ion  i s  t o  f i n d  a material  t h a t  can withstand t h e  
e ros ion  t o  which it w i l l  be subjected under opera t ing  condi t ions .  

Reducing gases ,  p r imar i ly  HZ o r  CO, w i l l  a t t a c k  s i l ica-  
conta in ing  r e f r a c t o r i e s  a t  low pressures  and high temperatures ,  
whereas steam and CO2 are aggress ive  a t  high pressures  and high 
temperatures.  I n  a reducing atmosphere ash ,  which conta ins  i r o n ,  
is more c o r r o s i v e  t o  a lumina-si l ica  r e f r a c t o r i e s  than i t  i s  i n  an  
oxid iz ing  atmosphere of t h e  same temperature.  Magnesia, on t h e  
o ther  hand, may d i s s o l v e  r e l a t i v e l y  l a r g e  amounts of f e r r o u s  oxide  
i n  a reducing atmosphere without apparent  damage. High p r e s s u r e  
(1000 p s i g )  steam-rich atmospheres tend t o  accelerate r e f r a c t o r y  
d e t e r i o r a t i o n .  Lower pressures  (0-100 ps ig)  favor  a t t a c k  by 
hydrogen-rich atmospheres. 

There i s  probably no one material which w i l l  m e e t  a l l  t h e s e  
requirements.  High-alumina r e f r a c t o r i e s ,  which a r e  i n h e r e n t l y  
abras ion  r e s i s t a n t  and are i n e r t  t o  an  a c i d  s l a g ,  can u s u a l l y  con- 
t a i n  c o a l  g a s i f i c a t i o n  atmospheres and w i l l  e f f e c t i v e l y  resist a t -  
t a c k  by stearn, t h e  most aggress ive  agent  a t  high pressures .  Under 
some Condit ions,  it is  necessary o r  d e s i r a b l e  t o  inc lude  chromic 
oxide i n  t h e  formulat ion of high-alumina r e f r a c t o r i e s  manufactured 
f o r  c o a l  g a s i f i c a t i o n  serv ice .  
t o  react favorably  wi th  f e r r o u s  oxide i n  preference  t o  alumina. 

One purpose of t h e  chromic oxide is  
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Another reason is  t o  t a k e  advantage of t h e  very  high melt ing poin t  
of chromic oxide  (over 4100'F) which is  about  400°F higher  than  t h e  
melt ing po in t  of pure alumina. For tuna te ly ,  t h e r e  are no low- 
temperature  e u t e c t i c s  i n  t h e  alumina-chromic oxide system, 

Corrosion of r e f r a c t o r i e s  by s t e a m  involves  ex t r ac t ion  of 
s o l u b l e  oxides  o r  hydroxides and formation of s i l i c i c  a c i d s  from 
a luminos i l i ca t e s .  Since most pre-f i r e d  alumina r e f r a c t o r i e s  de- 
velop t h e i r  s t r e n g t h  and coherence through s i l i c e o u s  bonds, steam 
a t  e leva ted  temperatures  and pressures  can r e a d i l y  cause sof ten ing  
and d e t e r i o r a t i o n ,  High-alumina cas t ab le s  , i n  which calcium alumi- 
n a t e s  bind t h e  alumina o r  a luminos i l i ca t e  aggregates ,  do not  exh ib i t  
such su r face  d e t e r i o r a t i o n  and are a b e t t e r  choice f o r  l i n i n g  some 
v e s s e l s  than pre- f i red  materials of t h e  same alumina conten t .  

High-alumina materials which are phosphate bonded may a l s o  be 
p re fe r r ed  f o r  some app l i ca t ions .  T h e  e x t r a c t i o n  of phosphorus 
pentoxide present  as  AlPo4 ( A l 2 0 3  + P2O5 = 2 AlP04) i n  hydrogen- 
r i c h  atmospheres has  not  proved as damaging as previously pred ic ted .  
This  l a c k  of r e a c t i o n  between phosphorus and hydrogen may i n d i c a t e  
t h a t  atmospheres wi th  a high p a r t i a l  p ressure  of steam are oxidiz-  
ing wi th  r e s p e c t  t o  phosphorus bonds and not  reducing even though 
t h e r e  i s  an apparent  excess  of hydrogen and carbon monoxide. Phos- 
pha te  bonded materials need t o  be  used wi th  cau t ion  f o r  service 
under highly reducing condi t ions  wi th  very  low p a r t i a l  p re s su res  of 
steam. 

The temperature  and t h e  oxid iz ing  o r  reducing c h a r a c t e r i s t i c s  
of t h e  process  gases  as s imultaneously expressed i n  t e r m s  of t h e  
r a t i o s  H 2 / H 2 0  and CO/CO2 need t o  be e s t ab l i shed  before  t h e  l i n i n g  
of a u n i t  can proceed. The p a r t i a l  p ressure  of steam i n  t h e  gas  
must a l s o  be considered independently of t h e  foregoing r a t i o s .  I n  
order  t o  c l a s s i f y  an atmosphere where t h e  foregoing r a t i o s  are not  
known, it has  been found u s e f u l  t o  c a l c u l a t e  t h e  atom f r a c t i o n s  of 
oxygen, hydrogen, and carbon and p l o t  them on a normalized t e rna ry  
system diagram (1). 

For t h i s  c a l c u l a t i o n ,  oxygen inc ludes  a l l  atoms of oxygen i n  

Hydrogen inc ludes  a l l  atoms of hydrogen i n  f u e l  
combustion a i r ,  steam, and f u e l  except those  bound i n  minera ls  
forming t h e  ash.  
and steam. Carbon inc ludes  carbon atoms i n  gaseous spec ies  p lus  
s o l i d s  and l i q u i d s ,  i f  any. 

For purposes of t h i s  d i scuss ion ,  it is  convenient t o  c l a s s i f y  
atmospheres a s  oxid iz ing  o r  reducing i n  t e r m s  of s to ich iometr ic  
combustion r a t i o s  (FSA)* o r  pure hydrocarbons as fol lows:  

FSA Atmosphere 

0-0.25 Reducing 
O. 25-0.50 Reducing/ t r a n s i t i o n  
O. 50-1.00 Oxid iz ing / t r ans i t i on  
over 1.00 Oxidizing 

*FSA = Frac t ion  of s to ich iometr ic  a i r .  
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I f  t h e  composition of t h e  products  of p a r t i a l  ox ida t ion  i n  a 
coa l  g a s i f  ier f a l l s  i n  the o x i d i z i n g / t r a n s i t i o n  o r  t h e  reducing/  
t r a n s i t i o n  range of FSA va lues ,  t h e  atmosphere may be e i t h e r  oxi-  
d iz ing  o r  reducing depending on the temperature,  p ressure ,  minor 
c o n s t i t u e n t s ,  r e l a t i v e  r e a c t i o n  rates, etc. These condi t ions  are 
shown g r a p h i c a l l y  on t h e  t e r n a r y  system diagram of Fig.  1. Lines 
represent ing  FSA = 1.0, FSA = 0.5 and FSA = 0.25 f o r  any hydrocar- 
bon, CHn, conta in ing  no oxygen, can be found on l i n e s  drawn through 
a common p o i n t  on a n  extension of t h e  carbon-hydrogen axis wi th  
v i r t u a l  coord ina tes  (1.33H-0.33C.) 

The l i n e  connecting H20 and CO2 r e p r e s e n t s  complete ( s t o i c h i -  
ometric) combustion of CHn. The poin t  found a t  t h e  i n t e r s e c t i o n  of 
t h i s  l i n e  and t h e  l i n e  through CHn and O 2  d e f i n e  t h e  atom f r a c t i o n s  
of oxygen, hydrogen, and carbon f o r  FSA = 1.0. 

The l i n e  connecting H20i5 (.O33 O ,  0.67 C) r e p r e s e n t s  combus- 
t i o n  of CHn wi th  25 percent  t h e o r e t i c a l  oxygen. The p o i n t  found a t  
t h e  i n t e r s e c t i o n  of t h i s  l i n e  and l i n e  through CHn and O2 d e f i n e s  
t h e  atom f r a c t i o n s  of oxygen, hydrogen, and carbon f o r  FSA = 0.25. 

The atmosphere i s  reducing i n  processes  represented by atom 
f r a c t i o n s  i n  t h e  zone, C-C@5-H20k-H2. 

I n  t h e  r e d u c i n g / t r a n s i t i o n  zone, COi5-CO-Hz0i3-H20+, o t h e r  fac-  
t o r s  such as temperature,  p ressure ,  and presence of s u l f u r  and 
c a t a l y s t s  determine whether t h e  atmosphere is  oxid iz ing ,  n e u t r a l ,  
o r  reducing w i t h  r e s p e c t  t o  any p a r t i c u l a r  r e f r a c t o r y ,  The products  
o r  combustion under b o i l e r ,  where less than s to ich iometr ic  a i r  i s  
used t o  suppress  n i t rogen  f i x a t i o n ,  f a l l  i n  t h e  o x i d i z i n g / t r a n s i t i o n  
zone. 

The atom f r a c t i o n s  can be c a l c u l a t e d  from t h e  q u a n t i t i e s  and 
u l t i m a t e  a n a l y s i s  of t h e  materials going i n t o  a process  o r  from t h e  
volumetr ic  a n a l y s i s  of t h e  gas  coming out  (2) .  

Refractory F a i l u r e  Mechanisms 

Material exposed i n  g a s i f i e r s  and similar environments are 
known t o  f a i l  by gaseous cor ros ion ,  s l a g  cor ros ion ,  e ros ion ,  and 
s p a l l i n g  . 

e Gaseous cor ros ion  of high-temperature r e f r a c -  
t o r y  materials can occur a t  temperatures as 
low as 1350'F. S i l i c o n  c a r b i d e  i s  subjec t  t o  
d e t e r i o r a t i o n  i n  oxid iz ing  atmospheres a t  t h i s  
temperature.  The c o r r o s i v e  components of c o a l  
g a s i f i e r  atmospheres inc lude  hydrogen, steam, 
carbon monoxide, hydrogen s u l f i d e ,  s u l f u r  d i -  
oxide,  carbon dioxide,  a lkal i  vapors ,  and 
a e r o s o l s .  
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Molten s l a g  a t t a c k s  a l l  r e f r a c t o r i e s  p re sen t ly  
used i n  slagging c o a l  g a s i f i e r s  un le s s  they  are 
water-cooled t o  form a p r o t e c t i v e  l a y e r  of f ro -  
zen s l a g  on t h e  sur face .  

Erosion and ab ras ion  by p a r t i c u l a t e  matter is  
normally not  a major problem i n  s lagging  gas i -  
f i e r s  s i n c e  most r e f r a c t o r i e s  are inhe ren t ly  
ab ras ion  r e s i s t a n t  and t h e  v e l o c i t i e s  i n  gas i -  
f i e r s  are normally low except poss ib ly  a t  
l o c a l i z e d  areas. Graphite r e f r a c t o r i e s  are 
s o f t  and may need s p e c i a l  p ro t ec t ion .  

Spa l l ing  and mechanical f a i l u r e  is  d i f f i c u l t  
t o  c h a r a c t e r i z e  because it is  usua l ly  no t  a 
f a c t o r ,  but when it is, t h e  r e s u l t s  can be 
ca t a s t roph ic .  

Thermal stresses i n  t h e  l i n i n g  are one cause  
of s p a l l i n g .  These stresses are p a r t i c u l a r l y  
important a t  l o w  temperatures during heat-up 
when t h e  r e f r a c t o r i e s  are r e l a t i v e l y  b r i t t l e  
and when t h e  maximum thermal g rad ien t s  occur.  
Thermal stresses t h a t  can lead  t o  low- 
temperature s p a l l i n g  f a i l u r e s  can b e  caused 
by t h r e e  d i s t i n c t l y  d i f f e r e n t  loading  condi- 
t ions  : 

a .  Heating and cool ing  without e x t e r n a l  
r e s t r a i n t s  

b. Heating and cool ing  wi th  ex te rna l  
dimensional r e s t r a i n t  

Heating and cool ing  wi th  e x t e r n a l  load 
r e s t r a i n t .  

c. 

Of these ,  t h e  second causes  t h e  h ighes t  t he r -  
m a l  stresses whi le  t h e  t h i r d  can cause  pro- 
g r e s s i v e  f a i l u r e  as t h e  load  i s  t r a n s f e r r e d  
from one p a r t  of t h e  l i n i n g  t o  another .  

The e f f e c t  of thermal stresses and t h e  avoid- 
ance of premature f a i l u r e  due t o  s p a l l i n g  can 
be minimized by slow hea t ing  and cool ing ,  
proper ly  providing f o r  thermal expansion, and 
d i s t r i b u t i n g  t h e  loads  on t h e  r e f r a c t o r y .  The 
o rgan iza t ion  r e spons ib l e  f o r  t h e  s t a r t -up  and 
ope ra t ion  of t h e  p l a n t  should main ta in  c o n t r o l  
over t h e  rate of hea t ing  and cool ing  dur ing  
s t a r t -up  and shutdown. It i s  p o s s i b l e  t o  in- 
co rpora t e  a sacr i f ic ia l  inner  l i n i n g  t o  p r o t e c t  
t h e  permanent l i n i n g  during i n i t i a l  heat-up and 
op era t ion .  
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Design Parameters 

Serv ice  condi t ions  f o r  r e p r e s e n t a t i v e  processes  have been in-  
v e s t i g a t e d .  These condi t ions  have been charac te r ized  i n  such a way 
t h a t  an  a p p r o p r i a t e  l i n i n g  can be s p e c i f i e d  and designed. The most 
important f a c t o r s  t o  be considered i n  t h e  s e l e c t i o n  of r e f r a c t o r i e s  
process  environments over 2300'F are thermal cyc l ing ,  process  a t -  
mospheric cor ros ion ,  and f o r  some processes ,  cor ros ion  by a s h  s l a g s .  
Erosion i s  a f u n c t i o n  of opera t ing  condi t ions  and must be considered 
but  g e n e r a l l y  does n o t  govern a design.  
a f u n c t i o n  of normal opera t ion  condi t ions  but  is of concern t o  de- 
s i g n e r s ,  r e f r a c t o r y  manufacturers and opera tors .  A l l  r e f r a c t o r i e s  
s u i t a b l e  f o r  u s e  i n  high temperature processes  have a l i m i t a t i o n  
on how f a s t  they  can b e  brought t o  opera t ing  temperature.  Blast 
furnace  s t a r t - u p s  are planned t o  l i m i t  temperature  rise of r e f r a c -  
t o r i e s  t o  150'F per  hour. 

Spa l l ing  i s  not  normally 

The presence of hydrogen must be taken i n t o  account because 
of i ts  h igh  conduct iv i ty  and i t s  e f f e c t  on t h e  conduct iv i ty  of 
porous r e f r a c t o r y  m a t e r i a l s .  

Many processes  are highly endothermic, and p a r t  of t h e  d i f f e r -  
ence among processes  depends on how energy is  suppl ied t o  and re- 
moved from t h e  r e a c t o r  u n i t  and how t h e  temperature  i s  c o n t r o l l e d .  

At ten t ion  must a l s o  be given t o  t h e  fol lowing d e t a i l s ,  p a r t i c -  
u l a r l y  as they  a f f e c t  t h e  r e f r a c t o r y  l i n i n g .  

o H e a t  l o s s e s  through t h e  w a l ï s  

o Expected r e f r a c t o r y  l i f e  

o S t r e s s  and s t r a i n  i n  l i n i n g  due t o  
heat-up, cooldown and thermal cyc l ing  

o Design and cons t ruc t ion  of i n t e r n a l  
suppor ts  and access  through t h e  l i n i n g  

o R e l i a b i l i t y  of cool ing systems 

o Usage of r e j e c t e d  hea t ,  i f  any 

o E f f e c t  of operat ing p r e s s u r e  on l i n i n g  
design.  

Each process  has  i t s  own set of opera t ing  condi t ions  and con- 
s t r a i n t s .  
requirements  f o r  a l l  processes  is beyond t h e  scope of t h i s  paper. 
An examination of some of the common r e f r a c t o r y  l i n i n g  problems 
encountered i l l u s t r a t e  t h e  range of p o s s i b i l i t i e s  and inc lude  most 
of t h e  problems expected t o  be found i n  t h e  design of a l i n i n g .  

A design based on a complete eva lua t ion  of a l l  r e f r a c t o r y  

a )  Process  atmospheric cor ros ion  (oxida t ion  o r  
reduct  ion) . 
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b) All forms of cor ros ion  depend on the opera t ing  
temperature  level. High temperatures are 
genera l ly ,  but  n o t  always, more damaging than 
moderate temperature  ( f lux ing) .  

c) Erosion is r e l a t e d  t o  cor ros ion  and abrasion.  

d) A f o u r t h  cons idera t ion ,  s p a l l i n g ,  depends on 
t h e  thermal expansion and o t h e r  phys ica l  
p r o p e r t i e s  of t h e  r e f r a c t o r y  d e t a i l s  of t h e  
design and i n s t a l l a t i o n  of the r e f r a c t o r i e s  
and temperature changes during s ta r t -up ,  dur- 
ing normal opera t ions  and during shutdown. 
Frequently,  damage i s  cumulative,  l i m i t i n g  
t h e  l i f e  expectancy of a l i n i n g  t o  t h e  number 
of such  c y c l e s ,  

Each of t h e  above problems is t r e a t e d  i n  re- 
l a t i o n  t o  the o t h e r  because of the i n t e r a c t i o n  
t h a t  i s  always present .  

However, i n  genera l ,  t h e  des ign  parameters used by engineers  f o r  
r e f r a c t o r y  l i n e r s  have been s impl i f ied  as ind ica ted  i n  t h e  fol lowing 
paragraphs,  and as  ind ica ted  i n  t h e  above d iscuss ion ,  t h e s e  are in-  
adequate  f o r  good r e f r a c t o r y  design.  

When designing a c a s t a b l e  r e f r a c t o r y  l i n i n g ,  t h e  fol lowing s i x  
important assumptions are genera l ly  made by design engineers :  

(1) s teady-s ta te  thermal condi t ions  e x i s t s ,  and 
t r a n s i e n t  hea t ing  and cool ing can be neglected;  

thermal conduct iv i ty  is  uniform throughout t h e  
l i n i n g ,  and thermal g r a d i e n t  t h e r e f o r e  i s  l i n e a r ;  

(2) 

(3) shrinkage v a r i e s  l i n e a r l y  wi th  temperature,  and 
the shr inkage gradien t  t h e r e f o r e  is  l i n e a r ;  

( 4 )  the r e v e r s i b l e  thermal expansion c o e f f i c i e n t  is  
cons tan t  over  t h e  temperature  range considered; 

( 5 )  t h e  elastic modulus is  uniform throughout t h e  
l i n i n g ;  

(6) 

The first assumption relates t o  opera t ing  condi t ions .  

s t r e s s - s t r a i n  r e l a t i o n s h i p s  are purely e las t ic .  

A l l  of 
t h e  o t h e r s  relate t o  p r o p e r t i e s  and behavior of t h e  r e f r a c t o r y  which 
are u s u a l l y  obtained under s teady-s ta te  uniform temperature  condi- 
t i o n s .  In  r e a l i t y ,  depar tures  occur from a l l  of these assumptions. 
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Refractory Cas tab le  P rope r t i e s  

There have been numerous published s t u d i e s  of alumina o r  a lu -  
minos i l i ca t e  r e f r a c t o r y  cas t ab le s ;  some of t h e  more r ecen t  ones are 
l i s t e d  i n  t h e  References. S tudies  have been made of t h e  composition, 
cementlaggregate r a t i o ,  and mineralogy of green and f i r e d  c a s t a b l e s  
(2-6). Mixing and curing condi t ions  have been shown t o  inf luence  
s t rong ly  t h e  p rope r t i e s  of c a s t a b l e s  ( 2 , 3 ,  6-8). However, d a t a  on 
mechanical p r o p e r t i e s  of ca s t ab le s  a t  h igh  temperatures  are q u i t e  
l imi t ed .  
a b l e s  compared wi th  r e f r a c t o r y  b r i cks .  I n  use ,  t h e  c a s t a b l e  is  
cured and then  f i r e d  from one s i d e  only so  t h a t  a temperature gra- 
d i e n t  e x i s t s  through t h e  material. 
enough, t h e  hot  f a c e  w i l l  have a ceramic bond; t h e  co ld  f a c e  w i l l  
r e t a i n  t h e  o r i g i n a l  hydraul ic  bond; and t h e  i n t e r i o r  w i l l  have a 
mixture  of bo th  bond types.  
a t i o n  i n  thermal conduct iv i ty ,  e l a s t i c  modulus, s t r eng th ,  dens i ty ,  
and o ther  p rope r t i e s .  I n  c o n t r a s t ,  a r e f r a c t o r y  b r i c k  is a l r eady  
f i r e d  so t h a t  a uniform ceramic bond e x i s t s  throughout t h e  material. 

This  may be due t o  t h e  complex na tu re  of r e f r a c t o r y  cas t -  

Thus, i f  t h e  temperature i s  high 

The v a r i a t i o n  i n  bonding causes  a v a r i -  

Most s t u d i e s  of t h e  mechanical p rope r t i e s  of r e f r a c t o r y  cast- 
a b l e s  c o n s i s t  of measurement of room temperature  s t r e n g t h  and modulus 
before  and a f t e r  f i r i n g  a t  var ious  temperatures .  
(2-4, 6,7, 9-12) have l e d  t o  an idea l i zed  curve  (6)  f o r  t h e  v a r i a t i o n  
of s t r e n g t h  versus d i s t ance  and temperature  f o r  a c a s t a b l e  furnace  
wall ( see  Fig.  2 ) .  According t o  these  s t u d i e s ,  t h e  co ld  f a c e  has  
t h e  h ighes t  s t r eng th ,  t h e  hot  f a c e  has t h e  lowest ,  and t h e  i n t e r i o r  
of t h e  wall shows l a r g e  v a r i a t i o n s  i n  s t r e n g t h  wi th  d i s t ance  and 
temperature. The minimum a t  1500°F (or  5 inches from t h e  co ld  face)  
i n  Fig.  2 is due t o  t h e  des t ruc t ion  of t h e  o r i g i n a l  cement bond a t  
a temperature  which i s  too l o w  f o r  formation of a s t rong  ceramic 
bond. The maximum a t  2000°F (or 9 inches) is  due t o  t h e  formation 
of a s t rong  ceramic bond whose s t r e n g t h  then d e c r e a s e s a s t h e  tem- 
pe ra tu re  increases, 

These s t u d i e s  

However, t h e  few s t u d i e s  of hot  s t r e n g t h  (8, 13-16) show t h a t  
t h i s  i dea l i zed  curve is  i n  e r r o r  and t h a t  t h e  v a r i a t i o n  of s t r e n g t h  
wi th  temperature  is  a c t u a l l y  much less. 
s i n c e  many r e f r a c t o r y  cas t ab le s  have good s p a l l i n g  r e s i s t a n c e ,  which 
is  un l ike ly  i f  t h e r e  were a marked v a r i a t i o n  i n  s t r eng th .  A t y p i c a l  
curve from an e a r l y  s tudy on hot  s t r e n g t h  (13) is shown i n  Fig.  3. 
The lower curve  shows t h e  s t r e n g t h  a t  temperature  while  t h e  upper 
curve shows t h e  room-temperature s t r e n g t h  a f t e r  heat ing t o  var ious  
temperatures .  The a c t u a l  v a r i a t i o n  i n  hot  s t r e n g t h  is much less than 
t h e  idea l i zed  curve of Fig. 2 ,  a l though t h e r e  is  s t i l l  a decrease  
wi th  increas ing  temperature and t h e  hot  s t r e n g t h  is  always less than 
t h e  room-t empera t u r  e s t r e n g t  h. 

This  is  not  su rp r i s ing  

Recently, c a s t a b l e  r e f r a c t o r i e s  have been developed which have 
much higher  hot  s t r eng ths  than room-temperature s t r eng ths .  F igure  
4 compares t h e  hot  s t r e n g t h  of an e a r l y  r e f r a c t o r y  (Castable  K ) ,  
such as shown i n  Fig.  3 ,  with t h a t  of an improved r e f r a c t o r y  (Cast- 
a b l e  H-30). For t h e  l a t te r  r e f r a c t o r y ,  t h e  hot  s t r e n g t h  a t  1000°C 
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is more than t w i c e  t h e  room temperature  s t r e n g t h  al though t h e r e  i s  
s t i l l  a drop i n  s t r e n g t h  a t  300-400°C due t o  dehydrat ion of two 
major hydra tes  i n  t h e  cement, A H 3  and c3M6 ( 1 6 ) .  

However, even t h e s e  hot  s t r eng th  s t u d i e s  probably do not  ac- 
c u r a t e l y  r e f l e c t  t h e  v a r i a t i o n  i n  s t r e n g t h  wi th  temperature of a 
c a s t a b l e  in  a c t u a l  furnace  w a l l s ,  because t h e  specimens w e r e  heated 
and measured under cons tan t  temperature  condi t ions .  I n  use,  t h e  
r e f r a c t o r y  c a s t a b l e  i s  f i r e d  from one s i d e  only--that is, i n  a t e m -  
pe ra tu re  g rad ien t .  Thermal conduct iv i ty  is of necess i ty  measured 
in  a temperature g rad ien t ,  and s t u d i e s  of t h i s  proper ty  (17-19) 
have shown t h a t  t h e r e  is a s i g n i f i c a n t  d i f f e r e n c e  between thermal 
conduc t iv i t i e s  of c a s t a b l e s  f i r e d  a t  cons tan t  temperature  and f i r e d  
i n  a temperature  g rad ien t .  This d i f f e r e n c e  r e f l e c t s  a d i f f e rence  
i n  t h e  degree of bonding which should cause similar d i f f e rences  i n  
mechanical p rope r t i e s .  The one s tudy  of t h e  mechanical p rope r t i e s  
of c a s t a b l e s  f i r e d  under both  cond i t ion  (20) showed t h a t  t h e  v a r i -  
a t i o n  of dens i ty  and room-temperature s t r e n g t h  through t h e  th ickness  
of t h e  c a s t a b l e  w a s  much less f o r  temperature g rad ien t  f i r i n g  than 
f o r  cons tan t  temperature  f i r i n g .  This  w a s  ascr ibed  t o  migra t ion  of 
f luxes  from t h e  hot  f a c e  t o  the cold  f a c e  making t h e  ho t  f a c e  more 
r e f r a c t o r y  and t h e  i n t e r i o r  more s t rong ly  bonded. Thus, t h e  change 
i n  s t r e n g t h  of r e f r a c t o r y  c a s t a b l e s  wi th  temperature may b e  even 
less than shown in  t h e  curves  of Figs .  3 and 4. 

Thermal Conditions and Gradients  

Thermal conduct iv i ty  i n  r e f r a c t o r y  c a s t a b l e s  is  a func t ion  of 
both temperature  and bonding condi t ion  (which i t s e l f  i s  a func t ion  
of temperature) .  A s  previous ly  d iscussed ,  t h e  thermal conduct iv i ty  
v a r i e s  s i g n i f i c a n t l y  f o r  c a s t a b l e s  f i r e d  a t  a uniform temperature  
o r  f i r e d  i n  a temperature  g rad ien t .  
varying degrees  of cement and ceramic bonding. Three behavior zones 
are observed corresponding t o  temperature l e v e l s  cons i s t en t  with: 
(1) maintenance of hydra te  material; (2) l o s s  of chemical ly  combined 
water; and (3) development of a ceramic bond. Furthermore, t h e  
ex is tence  of t h e s e  reg ions  is time-dependent s i n c e  dehydrat ion and 
ceramic bond formation are time-temperature dependent. 

Nonlinear Thermal Expansion 

The d i f f e rences  are due t o  

The phys ica l  changes i n  t h e  r e f r a c t o r y  discussed i n  t h e  pre- 
v ious  sec t ions  a l s o  produces a nonl inear  thermal expansion through 
t h e  th ickness  of t h e  r e f r a c t o r y  as w e l l  as t h a t  due t o  changes i n  
temperature. I n  t h e  l a t te r  case expansion inc reases  s l i g h t l y  wi th  
r i s i n g  temperature. Thus, t h e r e  is  not  only a d i f f e rence  i n  expan- 
s ion  due t o  t h e  temperature  g rad ien t  through t h e  r e f r a c t o r y  but a l s o  
due t o  t h e  f a c t  that t h e  bonding mechanism is d i f f e r e n t ,  i.e. , ce- 
ment , t r a n s i t i o n ,  and ceramic. 

Ef fec t  on i n t e r n a l  stresses t ends  t o  be t h e  same f o r  nonl inear  
thermal conduct iv i ty  and nonl inear  thermal expansion. 
crease t h e  hot-face compressive stresses when compared t o  l i n e a r  
g rad ien t s  of t h e s e  p rope r t i e s .  

Both w i l l  in-  
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Nonlinear S t r e n g t h  

S t r e n g t h  of t h e  c a s t a b l e  r e f r a c t o r y  w i l l  a l s o  be nonl inear  
through t h e  w a l l ,  depending on the temperature grad ien t  and f i n a l  
hot  and co ld  s i d e  temperature.  The e f f e c t  of t h i s  s t r e n g t h  varia- 
t i o n  could have d r a s t i c  e f f e c t s  on t h e  a b i l i t y  of the r e f r a c t o r y  t o  
withstand i t s  own dead load and i t s  a b i l i t y  t o  resist t h e  thermal 
loads  t o  t h e  d i f f e r e n t i a l  thermal expansion and shr inkage dur ing  
i n i t  ia1 f i r i n g .  

Nonuniform Elast ic  Ffoduli 

The determinat ion of elastic moduli of monoli thic  r e f r a c t o r i e s  
is  complicated by t h e  f a c t  they do not  fo l low Hooke's l a w  a t  ele- 
vated temperatures  under r e a l i s t i c  rates of loading.  E las t ic  moduli 
diminish sharp ly  and permanently when r e f r a c t o r y  concre tes  are 
heated. 
temperature  grad ien t  through t h e  w a l l .  This  condi t ion  w i l l  cause 
t h e  n e u t r a l  axis of the r e f r a c t o r y  wall t o  be loca ted  of f -center ,  
n e a r e r  t o  t h e  co ld  f a c e  than t o  t h e  hot  face .  The r e s u l t  is  t h e  
cold f a c e  w i l l  c a r r y  higher stresses due t o  dead load compression 
than t h e  hot  face .  I n  a d d i t i o n ,  t h e  b i a x i a l  s t r e s s e d  due t o  expan- 
s ion  w i l l  be  very  complex because t h e  d i f f e r e n t i a l  s t r e n g t h  and 
c o e f f i c i e n t  of expansion through the w a l l .  P r o p e r t i e s  of t h e  re- 
f r a c t o r i e s  through t h e  w a l l  must be obtained i f  t h e  t r u e  states of 
stress are t o  be determined and a c o s t - e f f e c t i v e  r e f r a c t o r y  l i n i n g  
designed. 

The s i t u a t i o n  i s  f u r t h e r  complicated by t h e  nonuniform 

Creep and S t r e s s  Relaxation 

There have been no systematic  s t u d i e s  of t h e  c reep  of r e f r a c -  
t o r y  c a s t a b l e s ;  t h e  high-temperature s t u d i e s  discussed previous ly  
have measured e i t h e r  modulus of r u p t u r e  o r  compressive s t r e n g t h .  
There are some d a t a  given i n  t h e  manufacturers '  l i t e r a t u r e  which 
i n d i c a t e  t h a t  p roper ly  cured c a s t a b l e s  are as r e s i s t a n t  t o  c reep  as 
r e f r a c t o r y  b r i c k s .  We have observed t h a t  a t  low loads ,  high alumina 
c a s t a b l e s  a t  temperature  up t o  3200'F have approximately t h e  same 
deformation ra te  as comparable r e f r a c t o r y  b r i c k s ,  but  t h a t  a t  high 
loads  t h e  deformation ra te  of a c a s t a b l e  is much g r e a t e r  than a 
br ick .  

Cas tab le  r e f r a c t o r i e s  w i l l  c reep ,  and t h e r e  w i l l  be stress 
r e l a x a t i o n  under compressive and t e n s i l e  stresses. A t  stresses be- 
low f a i l u r e  s t r e n g t h ,  t h e  c reep  w i l l  d iminish wi th  time and approach 
zero.  Work has  been done (21) which i n d i c a t e s  t h a t  t o t a l  creep 
deformation does n o t  vary much wi th  e i t h e r  load o r  temperature,  
a l though e a r l y  c reep  rates and e l a s t i c  deformation do. 
t h e  normal expected behavior.  

T h i s  is  n o t  

Creep occurs  under normally cons tan t  stresses. When s t r a i n  
ins tead  of stress i s  cons tan t ,  t h e  stress r e l a x e s  by t h e  same 
mechanisms t h a t  causes  creep,  but  rate behavior is  d i f f e r e n t  because 
t h e  d r i v i n g  f o r c e  ( s t r e s s )  i s  cons tan t ly  diminishing.  
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Castable  r e f r a c t o r i e s  u sua l ly  conta in  h ighly  elastic r e f r a c t o r y  
aggregates .  Under load ,  bo th  c reep  and stress re l axa t ion  probably 
occur c h i e f l y  by y ie ld ing  o r  flow of i n t e r p a r t i c u l a t e  cement f i lms ,  
and s top  when enough aggrega te  g r a i n s  are i n  d i r e c t  contac t  t o  bear 
load .  A s imi l a r  e f f e c t  is noted i n  p o l y c r y s t a l l i n e  bodies  conta in ing  
v iscous  g r a i n  boundaries (22) .  Thismay expla in  t h e  ind i f f e rence  
of c reep  deformation t o  temperature  and load mentioned above. 

Cas tab le  r e f r a c t o r i e s  conta in ing  weaker aggrega tes  o r  more ce- 
ments o r  having l a r g e  pore volumes show high  creep rates and l a r g e r  
t o t a l  c reep  deformations. 
stress r e l a x a t i o n  a l s o .  

They may be expected t o  show g r e a t e r  

Conclusion 

A c a s t a b l e  r e f r a c t o r y  must be an  engineer ing material of con- 
s t r u c t i o n  which maintains  a degree of chemical and phys ica l  i d e n t i t y  
i n  an environment characteristic of a p a r t i c u l a r  process ,  high 
temperature  being a major condi t ion  of such an environment. 
d i t i o n  t o  temperature, t h e  environment must be f u r t h e r  def ined by 
condi t ions  of e ros ion ,  cor ros ion ,  thermal cyc l ing  , and mechanical 
stress as imposed by t h e  expected conf igura t ion  of t h e  r e f r a c t o r y  
s t r u c t u r e  and i t s  hea t  d i s t r i b u t i o n .  Once t h i s  informatLon i s  w e l l  
understood, r a t i o n a l  design of c a s t a b l e  r e f r a c t o r y  l i n i n g s  can be  
und er taken. 

I n  ad- 
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F i g .  1--Oxidizing, reducing, and t r ans i t i on  zone fo r  coal 
gasif icat ion processes (Reference 1) 

TEMI?, (OF) 
300 I100 2 100 

F i g .  2--Strength versus distance and temperature in a 
1 2 - i n .  refractory castable wall (Reference 5 )  

Full document details: ACI SP-74-82

http://www.avadocuments.com/doc/aci-sp-74-82
http://www.avadocuments.com/doc/aci-sp-74-82


Fig. 3--Strength versus 'temperature for h i g h  alumina refrac- 
tory castable a f t e r  heating and a t  temperature (Reference 1 2 )  

F i g .  4--Strength a t  temperature fo r  two high alumina 
castable r e f r ac to r i e s  (Reference 16)  
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Advances in Nondestructive 
Evaluation Methods for Inspection of 
Refractory Concretes 
By William A. Ellingson 

Synopsis: Ref rac tory  concre te  l i n i n g s  are e s s e n t i a l  t o  p r o t e c t  
steel p res su re  boundaries  from high-temperature aggress ive  e ros ive /  
co r ros ive  environments i n  many energy-intensive commercial pro- 
cesses such as b l a s t  furnaces  and petrochemical p l a n t s ,  and i n  new 
i n d u s t r i e s  such as s y n t h e t i c  f u e l  product ion.  Advanced nonde- 
s t r u c t i v e  eva lua t ion  methods are being developed f o r  a s ses s ing  t h e  
i n t e g r i t y  of r e f r a c t o r y  l i n i n g s .  Radiographic techniques,  thermo- 
graphy, acoustic-emission de tec t ion ,  and o p t i c a l  laser i n t e r f e r o -  
metry have been shown t o  y i e l d  informat ion  on t h e  s t r u c t u r a l  s t a t u s  
of r e f r a c t o r y  concrete .  Methods us ing  6oCo r a d i a t i o n  sources  can 
y i e l d  measurements of r e f r a c t o r y  wear rate and images of cracks 
and/or vo ids  i n  pre- and pos t - f i red  r e f r a c t o r y  l i n i n g s  up t o  60 cm 
th i ck .  Thermographic ( in f r a red )  images se rve  as a q u a l i t a t i v e  
i n d i c a t o r  of r e f r a c t o r y  s p a l l i n g ,  a l though q u a n t i t a t i v e  measure- 
ments are d i f f i c u l t  t o  ob ta in  from surface-temperature mapping. 
Acoust ic  emission has  been shown t o  b e  a q u a l i t a t i v e  i n d i c a t o r  of 
thermornechanical degradat ion of t h i c k  r e f r a c t o r y  panels  during 
i n i t i a l  hea t ing  and cool ing.  Laser in te r fe rometry  methods have 
been shown t o  be  capable  of completely mapping r e f r a c t o r y  l i n i n g  
th icknesses .  This  paper p re sen t s  r ecen t  r e s u l t s  obtained from la- 
bora tory  and f i e l d  app l i ca t ions  of t hese  nondes t ruc t ive  eva lua t ion  
methods i n  petrochemical ,  s teel ,  and coal-conversion p l an t s .  

Keywords: acoustic measurement; b l a s t  furnaces; coal gasif icat ion;  
corrosion; cracking ( f r ac tu r ing ) ;  erosion; gamma rays; h i g h  tem- 
perature; inspection; interferometers;  l a s e r s ;  l i n ings ;  nondestruc- 
-- t i v e  t e s t s ;  penetrameters ( radiat ion)  ; radiography; refractory 
concretes; thermography; ul t rasonic  t e s t s ;  wear. 

*Work supported by t h e  U . S .  Department of Energy, Ass i s t an t  Secre- 
t a r y  f o r  F o s s i l  Energy, O f f i c e  of Advanced Research and Tech- 
nology. 
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D r .  W. A. E l l ingson  i s  a s t a f f  s c i e n t i s t . a n d  t echn ica l  program 
manager f o r  f o s s i l  energy materials programs a t  Argonne Nat iona l  
Laboratory. H e  i s  respons ib le  f o r  development of advanced non- 
d e s t r u c t i v e  eva lua t ion  methods f o r  coa l  conversion processes .  
P r i o r  t o  j o i n i n g  Argonne i n  1974, he worked f o r  t h e  Boeing Company 
and taught  a t  Iowa S t a t e  Universi ty .  

INTRODUCTION 

Refrac tory  concre te  l i n i n g s  are e s s e n t i a l  t o  p r o t e c t  s teel  
pressure  boundaries  from aggress ive  high-temperature e ros ive /  
co r ros ive  environments which e x i s t  i n  coal-conversion (1,2) ,  
petrochemical ( 3 ) ,  and s teel-product ion (4,5) processes .  I n  any 
indus t ry  u t i l i z i n g  r e f r ac to ry  l i n i n g s ,  accu ra t e  information i s  
needed (p re fe rab ly  during opera t ion)  on t h e  s t a t u s  of t h e  s t ruc -  
t u r a l  i n t e g r i t y  of t h e  l i n ing :  
has  i t  worn? A r e  cracks developing? This  information aflows 
r a t i o n a l  dec i s ions  t o  be made on process  condi t ions  as w e l l  as on 
t h e  r e l a t i v e  s a f e t y  of nearby ope ra t ions  personnel .  However, i t  
i s  usua l ly  impossible  t o  obta in  t h i s  information d i r e c t l y  because 
the  r e f r a c t o r y  i s  inaccess ib l e  during opera t ion .  Advanced non- 
d e s t r u c t i v e  eva lua t ion  methods such as acoust ic-emission measure- 
ment, i n f r a r e d  imaging, and var ious  techniques employing gamma 
r a d i a t i o n  sources  and o p t i c a l  laser systems are cu r ren t ly  being 
developed t o  provide information about in-place c a s t a b l e  r e f r a c t o r y  
concre te  used to  l i n e  ves se l s  and components. The purpose of t h i s  
paper i s  t o  summarize recent  progress  i n  t h e  development.of non- 
d e s t r u c t i v e  in spec t ion  methods f o r  e s t a b l i s h i n g  t h e  s t a t u s  of 
t hese  c r i t i c a l  r e f r a c t o r y  l i n i n g s .  

e.g., how much has  i t  worn? Where 

PENETRATING RADIATION 

The two most commonly used nondes t ruc t ive  t e s t i n g  (NDT) 
methods are radiography and u l t r a s o n i c s .  These two techniques are 
app l i cab le  t o  any s t r u c t u r a l  engineer ing material, inc luding  re- 
f r a c t o r i e s .  I n  genera l ,  however, u l t r a s o n i c s  do no t  y i e l d  high 
r e so lu t ion  i n  terms of crack de tec t ion  o r  th ickness  measurements 
i n  porous media l i k e  r e f r a c t o r y  concre tes  because such media tend 
t o  be  h ighly  a t t enua t ing  t o  u l t r a s o n i c  waves, This  i s  pr imar i ly  
because of s c a t t e r i n g  a t  the  i n t e r f a c e s  between aggregate  and 
binder  material as w e l l  as between t h e  concre te  and i n t e r n a l  voids .  
Pene t r a t ing  r a d i a t i o n ,  on the  o the r  hand, is  not  sub jec t  t o  severe  
s c a t t e r i n g  i n  these  materials and has  been found t o  be h ighly  use- 
f u l .  Severa l  examples w i l l  be presented;  a l l  use  gamma r a d i a t i o n  
from 6 0 ~ 0 .  

I n  convent ional  i n d u s t r i a l  radiography, as i n  medical radio-  
graphy, s e n s i t i v e  f i l m  i s  used t o  d e t e c t  t h e  r ad ia t ion .  Although 
convent ional  radiography has long been a s tandard i n d u s t r i a l  
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method f o r  i n spec t ing  metals, l i t t l e  information has  been a v a i l a b l e  
i n  t h e  open l i t e r a t u r e  on t h e  app l i ca t ion  of t h i s  technique t o  re- 
f r a c t o r y  l i n i n g s .  Argonne Nat iona l  Laboratory (ANL), as p a r t  of a 
program t o  develop nondes t ruc t ive  eva lua t ion  methods f o r  coal- 
conversion systems, has  conducted s e v e r a l  l abora tory  and f i e l d  
tests i n  which convent ional  radiography w a s  used t o  examine coal- 
g a s i f i c a t i o n  p l a n t  main-process v e s s e l s  and components wi th  a wide 
v a r i e t y  of design c ross  sec t ions  employing r e f r a c t o r y  l i n ings . (6 )  
The f i r s t  two app l i ca t ions  discussed below u t i l i z e d  panoramic 
radiography, i n  which a 6oCo source i s  placed i n s i d e  t h e  component 
of i n t e r e s t  and f i l m  i s  exposed a t  success ive  c i rcumferent ia l  po- 
s i t i o n s  around t h e  ou t s ide .  

In  coa l -gas i f i ca t ion  p l a n t s ,  because of t h e  h ighly  aggress ive  
environments (cor ros ive /e ros ive  gases conta in ing  ash  and char ) ,  
carbon steel vapor b a r r i e r s  are usua l ly  welded t o  t h e  ou te r  s h e l l  
a t  va r ious  e l eva t ions  throughout t h e  he ight  of r e a c t o r  v e s s e l s  
(see Fig. l a ) .  These vapor b a r r i e r s  are p o t e n t i a l  sites f o r  air 
entrapment. The m e t a l  hangers (usua l ly  s t a i n l e s s  steel) t h a t  are 
used i n  i n s t a l l i n g  c a s t a b l e  r e f r a c t o r y  l i n i n g s  a l s o  r ep resen t  po- 
t e n t i a l  t roub le  spo t s ,  s i n c e  t h e  pos i t i on  and o r i e n t a t i o n  of t hese  
hangers have been shown (7) t o  be  c r i t i c a l l y  r e l a t e d  t o  c rack  lo- 
ca t ion  and i n i t i a t i o n .  Cas tab le  r e f r a c t o r i e s  r equ i r e  v i b r a t i o n  
dur ing  cas t ing  t o  se t t le  proper ly ;  t h i s  v i b r a t i o n  can change t h e  
o r i e n t a t i o n  of c e r t a i n  hangers, b r ing ing  ad jacent  ones i n t o  c lose  
proximity. Knowledge of hanger p o s i t i o n  and o r i e n t a t i o n  p r i o r  t o  
process  s ta r t -up  could al low p o t e n t i a l  t roub le  spo t s  t o  receive 
c l o s e r  inspec t ion .  
Fig. l b  i l l u s t r a t e s  t h e  c a p a b i l i t y  of t h i s  technique t o  d e t e c t  a i r  
voids  and reveal hanger o r i e n t a t i o n .  

The panoramic rad iographic  image shown i n  

More complex vessel-wal l  des igns ,  which employ water-cooling 
tubes ,  have a l s o  been examined. ,Figure 2a shows a schematic w a l l  
s e c t i o n  from t h e  upper s t a g e  of t h e  B i - G a s  coa l -gas i f ica t ion  p i l o t  
p l an t .  Again, us ing  panoramic rad iographic  techniques,  reasonably 
high-qual i ty  images have been obtained;  i n  t h e  example shown i n  
Fig.  2b, t h e  h o r i z o n t a l  cooling-pipe w a l l s  can be  r e a d i l y  seen. 
Although t h e  exac t  pipe-wall th ickness  cannot be  determined from 
such a radiograph,  severe  wal l - thickness  reduct ion  due t o  cor ros ion  
could e a s i l y  be  de tec ted .  

The s m a l l  whi te  r i n g  seen near  t h e  cen te r  of Fig. 2b i s  an 
image-quality i n d i c a t o r  (penetrameter)* t h a t  w a s  developed a t  ANL 
t o  e s t a b l i s h  s p a t i a l  r e s o l u t i o n  f o r  re f rac tory- layered  s t r u c t u r e s .  
Experience sugges ts  t h a t  f o r  b e s t  r e s u l t s ,  penetrameters  should be  
f ab r i ca t ed  from t h e  s a m e  material as t h e  r e f r a c t o r y  t o  be radio-  
graphed, o r  of a r e f r a c t o r y  as c l o s e  as poss ib l e  i n  dens i ty  t o  t h e  
one undergoing inspec t ion .  The penetrameters  found t o  b e  most 
u se fu l  have been designed wi th  a th ickness  equal  t o  2% of t h e  t o t a l  

kpenetrameters have been used i n  convent ional  metals radiography 
f o r  many years ,  u sua l ly  i n  t h e  form of a m e t a l  bar  wi th  d r i l l e d  
holes  o f  known diameter .  
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Although a d d i t i o n a l  s t u d i e s  are necessary t o  a l low b e t t e r  
image q u a n t i f i c a t i o n ,  these  r e s u l t s  suggest  t h a t  radiography can 
provide important  input  t o  r e f r a c t o r y - l i n i n g  designs.  R e s u l t s  t o  
d a t e  i n d i c a t e  t h a t  radiography wi th  a 100-Ci 6oCo source  can pro- 
v i d e  information on r e f r a c t o r y  l i n i n g s  up t o  60 cm t h i c k .  

An unconventional method based on d e t e c t i o n  of gamma rad ia-  
t i o n  from 6oCo has  been used by Republic S t e e l  (4) f o r  nondestruc- 
t i v e l y  determining t h e  wear s t a t u s  of r e f r a c t o r y  l i n i n g s  i n  b l a s t  
furnaces .  
(40 f t )  i n  diameter ,  capable  of producing i n  excess  of 4.5 x l o 6  kg 
(5000 tons)  of i r o n  per  day. During t h e  long campaigns expected of 
b l a s t  furnaces ,  i n t e r i m  d a t a  ( i . e . ,  between l i n i n g  i n s t a l l a t i o n  
and campaign completion) on r e f r a c t o r y  wear are e s s e n t i a l l y  un- 
a v a i l a b l e ,  and information on the performance of s o p h i s t i c a t e d  and 
expensive r e f r a c t o r y  l i n i n g s  must b e  based on i n t e r m i t t e n t  spot-  
checks. 
i n  r e f r a c t o r y  l i n i n g s  a t  known depths  and d e t e c t i n g  t h e  emit ted 
gamma r a d i a t i o n  (which p e n e t r a t e s  bo th  the l i n i n g  and t h e  steel) 
from o u t s i d e  t h e  vessel walls. 
l o s t  as t h e  l i n i n g  wears away, the rate of l i n i n g  wear can be de- 
termined. A 1.5- t o  5.0-mCi source  was determined (4) t o  b e  
s t rong  enough f o r  use  i n  r e f r a c t o r y  l i n i n g s  up t o  80 c m  (31.5 i n . )  
t h i c k ,  as found i n  bosh s e c t i o n s  of b l a s t  furnaces .  This  method 
has  been used i n  c a s t a b l e  as w e l l  as molded r e f r a c t o r i e s .  The 
6oCo i s o t o p e  was chosen because i t  has  a high melt ing temperature  
(1273°C; 2323°F) (4) and a h a l f - l i f e  of 5.3 years .  Present  f e d e r a l  
r a d i a t i o n  l i m i t s  a l low 5 x 10-4 pCi per  ton  of steel  (4) o r  454 
pCi per  ton  of i r o n .  S tudies  a t  Republic S t e e l  have shown t h a t  t h e  
r a d i o a c t i v i t y  of i r o n  produced under t h e s e  condi t ions  i s  less than 

Blast  furnaces  are v e r y  l a r g e  vessels up t o  12.2 m 

Republic has  developed a method of embedding 6oCo capsules  

Since some of t h e  capsules  are 
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( r e f r a c t o r y  + s t e e l )  w a l l  th ickness ,  and an i n s i d e  h o l e  diamater 
equal  t o  the penetrameter thickness .  Under t h e s e  condi t ions ,  t h e  
processed f i l m  w i l l  i n d i c a t e  a c o n t r a s t  s e n s i t i v i t y  of 2%. 

A p o t e n t i a l  problem i n  t h e  radiographic  i n s p e c t i o n  of t h i c k  
l i n i n g s  i s  t h e  e f f e c t  of r e f r a c t o r y  moisture  conten t  on t h e  expo- 
s u r e  t i m e  and general  image q u a l i t y .  I n  experimental  s t u d i e s  a t  
ANL, water had l i t t l e  e f f e c t  on image q u a l i t y ,  bu t  i t  decreased 
t h e  f i l m  d e n s i t i e s  by up t o  0.4 from t h e  d e s i r e d  d e n s i t i e s  of 1.5- 
2.5. T h i s  simply meant t h a t  requi red  exposure t i m e s  f o r  moist  
r e f r a c t o r i e s  were much longer.  

The condi t ion  of re f rac tory- l ined  d u c t s  i s  a l s o  c r i t i c a l  f o r  
continuous process  operat ion.  I n  p ip ing  car ry ing  e r o s i v e  media, 
c r i t i ca l  e ros ion  reg ions  genera l ly  occur wherever t h e  flow d i rec-  
t i o n  changes. An example i s  shown i n  Fig.  3: Ash and char  flowing 
through a downcomer must change d i r e c t i o n  140" and r ise i n  a verti-  
cal riser, as shown schematical ly  i n  Fig.  3a. It has  been p o s s i b l e  
t o  i n s p e c t  such l i n i n g s  p e r i o d i c a l l y  by means of double-wall 6oCo 
radiography (4) ,  and measure t h e  e r o s i v e  wear (see  F ig .  3b,c) .  
I n  a d d i t i o n  t o  a s s i s t i n g  i n  eva lua t ion  of material  performance, 
t h e s e  r e s u l t s  have l e d  t o  improved l i n i n g  design i n  t h e  l i f t - l i n e  
s e c t i o n s  of coa l -gas i f ica t ion  p l a n t s .  
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10% of this limit. 

Figure 4 is a schematic diagram of an axial section of a blast 
furnace, showing typical locations of 6oCo capsules as employed in 
tests at Republic. Table I presents wear-rate data for the 
Youngstown No, 1 furnace, obtained from incremental measurements. 
Similar studies have shown that wear rates are drastically dif- 
ferent in different furnaces, as well as in various sections of the 
same furnace; in one furnace, a test showed all refractory to be 
completely worn away at one location in a matter of days, while in 
other sections the refractory lining lasted through the entire 
campaign. 

In applications where this method can be used, it seems to 
have considerable potential for establishing wear patterns and 
allowing rational design modifications as well as material perfor- 
mance evaluations. 

THERMOGRAPHY 

Although refractory conditions can be directly measured by 
radiographic imaging methods, the high radiation source strength 
(%lo0 Ci) necessitates evacuation of personnel from test areas. 
Also , the handling of 6oCo requires licensed specialists. This 
means that routine inspections must be well planned, Thermography 
(infrared photography), on the other hand, is a remote sensing 
method which requires neither special handling licenses nor the 
removal of personnel from the test area. 
thermography systems provide full-field views as opposed to point- 
by-point measurements. However, infrared images do not provide 
direct quantitative information about refractory status. Refrac- 
tories are most often used as a lining; this leads to several 
problems when one attempts to make quantitative evaluations of 
material performance from thermal images which are only surface- 
temperature mappings. Quantitative infrared imaging involves 
analytical heat-transfer models that take into account such fac- 
tors as surface emissivity, thermal conductivity, and thermal 
contact resistance at interfaces, which are difficult to determine 
in field applications. 

Like most optical devices, 

An effort has recently been made (7) to establish the maximum 
wall thickness for which infrared imaging can be used to quanti- 
tatively determine wall-cavity configurations in refractory-lined 
ducts. Figure 5 shows the model used for study. One problem in 
such systems is the directional variation of the surface emissivity 
factor, which can lead to erroneous interpretation of full-field 
images. Figure 6 shows the theoretically predicted directional 
emissivity effect for a metal surface. Recent experimental studies 
at ANL on small-diameter ceramic tubes (8) have vividly demon- 
strated this effect (see Fig. 6) .  However, if thermal contact 
resistance is known or can be well estimated in a test, infrared 
images can perhaps be used to make quantitative predictions of 
internal refractory configuration. Figure 8 shows examples of 
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synthesized temperature d i s t r i b u t i o n s  f o r  t h r e e  d i f f e r e n t  v a l u e s  
of thermal contac t  r e s i s t a n c e ,  and t h e  c a v i t y  conf igura t ions  pre- 
d i c t e d  from t h e s e  d i s t r i b u t i o n s .  Recent s t u d i e s  (10) have sug- 
gested t h a t  f o r  re f rac tory- l ined  d u c t s ,  20-cm-thick r e f r a c t o r y  
l i n i n g s  on 1.2-cm-thick p ipe  walls can b e  examined q u a n t i t a t i v e l y .  
Thicker s teel  boundaries tend t o  conduct h e a t  s o  r a p i d l y  t h a t  up 
t o  50% of t h e  r e f r a c t o r y  th ickness  must b e  l o s t  b e f o r e  s a t i s f a c t o r y  
temperature g r a d i e n t s  can be sensed on t h e  tes t  s u r f a c e  and used 
q u a n t i t a t i v e l y  i n  equat ions t o  p r e d i c t  c a v i t y  shape. 

I n f r a r e d  scans are r o u t i n e l y  performed a t  several petrochemical 
i n s t a l l a t i o n s ,  H i l l  and Bevers (10) have r e c e n t l y  repor ted  on t h e  
use  of i n f r a r e d  scanning a t  t h e  AMOCO O i l  Co., inc luding  a discus-  
s i o n  of t h e  economic advantages.  F igure  9 shows examples of f i e l d  
i n f r a r e d  scans  of i n t e r n a l l y  re f rac tory- l ined  vessels a t  AMOCO's 
Texas C i t y  (TX) gasol ine  re f inery .  (10) Clear ly ,  f u l l - f i e l d  
i n f r a r e d  scans  are q u a l i t a t i v e l y  u s e f u l  i n  t h e  d e t e c t i o n  of l o c a l l y  
high temperatures .  

ACOUSTIC-EMISSION DETECTION 

Acoustic-emission d e t e c t i o n  i s  a less well developed b u t  
r a p i d l y  advancing NDT technique. Acoust ic  emissions are genera l ly  
def ined as e las t ic  waves generated by t h e  release of energy s t o r e d  
i n t e r n a l l y  i n  a s t r u c t u r e .  I n  r e f r a c t o r i e s ,  such energy can be 
re leased  as a r e s u l t  of crack formation o r  extension,  f r i c t i o n  
mechanisms, o r  phase t ransformations.  Ref rac tory  concre te  materials 
are extremely heterogeneous s t r u c t u r e s  and, as such, are p r o l i f i c  
a c o u s t i c  emitters when under stress. Unfortunately,  t h i s  complex 
s t r u c t u r e  a l s o  makes d e t a i l e d  a n a l y s i s  very  d i f f i c u l t ,  since i t  
g ives  rise t o  cons iderable  a c o u s t i c  r e f l e c t i o n  and s c a t t e r i n g ,  For 
t h e s e  reasons ,  only comparative, q u a l i t a t i v e  tests have been con- 
ducted t o  d a t e .  However, a c o u s t i c  emission tests on similar re- 
f r a c t o r i e s ,  performed a t  d i f f e r e n t  l a b o r a t o r i e s ,  show s i m i l a r  
r e s u l t s . ( l l , l 2 )  

Advances i n  e l e c t r o n i c  ins t rumenta t ion  over t h e  p a s t  decade 
have a c c e l e r a t e d  acoustic-emission s i g n a t u r e  a n a l y s i s  and have made 
i t  a p o t e n t i a l  t o o l  f o r  es t imat ing  t h e  q u a l i t y  of i n s t a l l e d  con- 
cretes i n  order  t o  prevent  premature f a i l u r e s  caused by inadequate  
i n s t a l l a t i o n  methods o r  procedures.  F a i l u r e s  of c a s t a b l e  r e f r a c -  
t o r i e s  genera l ly  occur during i n i t i a l  f i r i n g  o r  dur ing  p l a n t  start-  
up o r  shutdown. During t h e  p a s t  f i v e  y e a r s ,  t h e  U.  S .  Department 
of Energy has funded s t u d i e s  (11,12) t o  c h a r a c t e r i z e  a c o u s t i c  
emissions from t h i c k  refractory-concrete  l i n i n g s  dur ing  i n i t i a l  
f i r i n g .  These s t u d i e s  have been d i r e c t e d  towards developing on- 
l i n e  s u r v e i l l a n c e  methods t o  c h a r a c t e r i z e  t h e  q u a l i t y  of t h i c k  
l i n i n g  i n s t a l l a t i o n s .  T e s t s  have been conducted on 95% and 50% 
Al2O3, as well as dual-layer r e f r a c t o r y  samples. 
Babcock and Wilcox i n  t h e  l as t  two y e a r s  has  focused on tests of 
l a r g e  pane ls  heated under pro to type  condi t ions ,  i .e . ,  wi th  a ther -  
m a l  g rad ien t  through t h e  sample. For t h e  d e t e c t i o n  of a c o u s t i c  
emissions dur ing  i n i t i a l  f i r i n g ,  a c o u s t i c  t ransducers  must b e  n o t  
only a c o u s t i c a l l y  coupled t o  t h e  r e f r a c t o r y  concre te ,  b u t  a t  t h e  

Work a t  ANL and 
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same t i m e  thermally decoupled from i t ,  sinee a c o u s t i c  sens ing  
elements cannot be used r e l i a b l y  f o r  extended t i m e  per iods  a t  t e m -  
pe ra tu re s  above 30OoC. 
test se tup  and instrumentat ion.  The Babcock and Wilcox tests have 
shown t h a t  carbon steel rods welded t o  t h e  ou te r  w a l l  can a l s o  b e  
used as waveguides, a l though t h i s  u sua l ly  exposes t h e  t ransducer  
t o  a h igher  temperature. 

Figure 10 schemat ica l ly  shows a t y p i c a l  

Recent r e s u l t s  obtained from tests on 22.9-cm (g-in.)-thick 
panels  suggest  t h a t  damage occurs  dur ing  t h e  heat-up p a r t  of t h e  
schedule  f o r  r ap id ly  heated specimens, b u t  dur ing  t h e  cool-down 
period f o r  slowly heated specimens. Figure 11 shows r e s u l t s  ob- 
ta ined  a t  ANL from tests on two i d e n t i c a l l y  cast panels .  
w a s  subjec ted  t o  a f a s t  hea t ing  schedule  followed by a f a s t  cool ing 
schedule;  Panel  B w a s  subjec ted  t o  a slow hea t ing  schedule  fo l -  
lowed by a f a s t  cool ing schedule  s imilar  t o  t h a t  used f o r  Panel  A.  
The t o t a l  acous t i c  ringdown counts.from a 175-kHz t ransducer  and 
a broadband (125 kHz-2MHz) t ransducer  are shown. For Panel  A, 
s i g n i f i c a n t  a c o u s t i c  a c t i v i t y  i s  de tec ted  dur ing  heat-up, bu t  when 
cool-down begins ,  l i t t l e  a d d i t i o n a l  a c t i v i t y  i s  noted. For Panel  
B ,  as soon as cool-down begins ,  a s i g n i f i c a n t  i nc rease  i n  acous t i c  
a c t i v i t y  i s  noted.  
s tudy (13) on emissions from a 900-kg (2000-lb), 76-cm-high x 
76-cm-diameter cy l inde r  made of 94% Al203 cas t ab le  concre te  
( t abu la r  alumina aggregate) .  
hea t ing  rate w a s  extremely slow; again ,  a s i g n i f i c a n t  i nc rease  i n  
a c o u s t i c  a c t i v i t y  w a s  de tec ted  as soon as cool ing  began. 
two independent s t u d i e s  show remarkably s imilar  r e s u l t s .  

Panel  A 

Figure  12  shows t h e  r e s u l t s  of F a r r i s '  1978 

A s  i n  t h e  case  of Panel  B above, t he  

These 

S tudies  using s m a l l  (2.5 x 2.5 x 2.5-cm), uniformly heated 
samples of 50 and 95% Al203 c a s t a b l e  r e f r a c t o r y  ( a s  opposed t o  
thermal g rad ien t  tests) were a l s o  performed a t  ANL; t h e  samples 
were f i r e d  t o  1000°C and cooled a t  va r ious  rates and then ruptured, 
i n  four-point modulus of rup tu re  (MOR) tests a t  room temperature. 
The r e s u l t s ,  shown i n  Table II, suggest  t h a t  a higher  acous t i c  
ringdown count f o r  a given r e f r a c t o r y  i s  co r re l a t ed  wi th  a lower 
MOR. 
i n i t i a l  f i r i n g  of r e f r a c t o r y  concre tes  is  co r re l a t ed  wi th  t h e  oc- 
currence of thermomechanical degradat ion.  
Babcock and Wilcox (ll), a t h i c k  r e f r a c t o r y  panel ,  instrumented 
w i t h  acoustic-emission sensors ,  w a s  r ap id ly  heated wi th  consequent 
explosive spa l l i ng .  
acous t i c  a c t i v i t y  increased s i g n i f i c a n t l y ;  t h i s  i nc rease  can per- 
haps be  considered a precursor  t o  t h e  f a i l u r e .  Such information,  
i f  q u a n t i f i a b l e  r e l a t i v e  t o  r e f r a c t o r y  mechanical p rope r t i e s ,  
should al low on-line su rve i l l ance  of r e f r a c t o r y  s t a t u s  dur ing  
i n i t i a l  f i r i n g  and p l a n t  s t a r t -up  and shutdown per iods .  

This  impl ies  t h a t  t h e  higher  acous t i c  a c t i v i t y  de tec ted  during 

I n  an experiment at 

Figure 13 shows t h a t  p r i o r  t o  t h e  s p a l l i n g ,  
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INTERFEROMETRY 

A laser in te r fe rometry  system f o r  measuring wear of r e f r a c t o r y  
l i n i n g s  has  been developed j o i n t l y  by AGA Corporation and S t o r a  
Kopparberg, Domnarvet of Sweden.(l4,15) I n  t h i s  system, i n t e r -  
fe rometr ic  techniques are used t o  measure t h e  t i m e  requi red  f o r  a 
beam of coherent  l i g h t  (generated i n  t h i s  case by a laser) t o  travel 
from t h e  source t o  p o i n t ( s )  of i n t e r e s t  on a l i n i n g  and r e t u r n .  A 
helium-neon laser ( A  = 632.9 nm), modulated a t  two f requencies  
(299.970 kHz and 29.970 MHz), is used t o  measure phase changes. 
Low-frequency modulation i s  employed f i r s t ,  y i e l d i n g  a coarse  
measurement (1.0.5 m) of ob jec t  d i s t a n c e ,  This  i s  followed by high- 
frequency modulation, which al lows t h e  previous measurement t o  b e  
r e f i n e d  t o  1.5 mm. Angular movement of t h e  laser head al lows a wide 
coverage which i s  r e s t r i c t e d  only by the s i z e  of t h e  vessel open- 
ing .  

Such a system appears  t o  work w e l l  f o r  a p p l i c a t i o n s  where t h e  
l i g h t  beam can be accura te ly  d i r e c t e d  i n t o  a vessel. 
schemat ica l ly  shows how t h e  e x t e r n a l l y  pos i t ioned  laser head can be 
l o c a t e d  relative t o  t h e  v e s s e l  l i n i n g ,  Van Konijnenburg (15) re- 
p o r t s  t h a t  each d i s t a n c e  measurement t a k e s  3-10 s and t h a t  an e n t i r e  
vessel l i n i n g  can b e  scanned i n  4 h of real  t i m e .  Nagai e t  a l .  (16) 
of Kawasaki S t e e l  Corporation have repor ted  measurements i n s i d e  
conver te rs  used i n  steelmaking where temperatures  reached 900- 
12OO0C. 
conver te rs ,  y i e l d i n g  q u a n t i t a t i v e  measurements of the e f f e c t  of 
p e r i o d i c  gunning as var ious  h e a t s  are produced during a given 
campaign ( s e e  Fig.  15) .  

F igure  14 

S t a h l  has  reported t h e  u s e  of t h e  laser in te r fe rometer  i n  

CONCLUSIONS 

Higher c o s t s  f o r  both replacement materials and opera t ion  
r e q u i r e  t h a t  energy-intensive i n d u s t r i e s  o b t a i n  longer  s e r v i c e  l i f e  
from materials of cons t ruc t ion .  Prevent ion of premature f a i l u r e  
and q u a n t i t a t i v e  knowledge of t h e  performance of c r i t i ca l  r e f r a c -  
t o r y  l i n i n g s  seem t o  b e  a t t a i n a b l e  through t h e  employment of cost-  
e f f e c t i v e  NDT techniques.  The r e c e n t  progress  discussed i n  t h i s  
paper i s  i n d i c a t i v e  of t h e  cons iderable  e f f o r t s  now being made t o  
apply advanced NDE technology t o  r e f r a c t o r y  materials. One can 
only assume t h a t  as higher  performance i s  expected of mater ia ls ,  
t h e  cost-benef i t  r a t i o  assoc ia ted  wi th  advanced NDE methods w i l l  
become more acceptab le .  
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