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ABSTRACT 

The results of a design study of a ceramic storage 
heater system for the Tripltee wind tunnel are presented, 
The heater is des~gned to supply 1500 lb/sec of air at 
2000 psi and 3900 R for a period of 30 sec, Emphasis was 
placed on the appl ication of improved refractory materials 
and shapes for the heat storage matrix to achieve a large 
reduction in total heater size and dust carry-over. Heat
ing of the storage matrix with combustion products and the 
flow processes involved in pressurizing the heater were 
analyzed. 

A heater design concept is presented and the advantages 
accruing from use of matrix elements specifically designed 
for th is app 1 i cat i on are i nd i cated. Procedures for procur i ng 
refractory elements having the requisite properties are out-
1 i ned. 

A second Tripltee des~gn requirement is for 5000 lb./sec 
of air at 400 psi and 1600 R for 30 sec. The problem of a
chieving this flow condition by mixing hot air from the 
heater with cold air was studied and a design concept for a 
mixer developed. 
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INTRODUCTION 

This study was undertaken to establ ish design criteria 
for an intermittent, thermal energy storage type of air 
heater. This heater is an element in the air supply system 
of the Hypersonic True Temperature Tunnel, hereinafter re
ferred to as Tripltee, (or TTT). 

The performance specification which is basic to this 
study is appended as Appendix A. It can be summarized 
briefly as follows: 

Design flow 
Design pressure 
Design temperature 

Mach 7 
1500 lb/sec. 
2000 psia 
39000 R 

Mach 4 
5000 lb/sec. 

400 psia 
1600 0 R 

In addition, emphasis was placed on three operational 
characteristics: 

Minimum dust formation 
Wide range of operating temperatures 
Minimum loss of stored air while bringing heater on 
1 in e. 

Since the heater would necessari 1y be very large and 
costly, It was evident that another requirement would be 
lowest cost consistent with the required performance and 
operational characteristics. The cost of such a heater 
is largely in the refractories, secondly in the pressure 
vessel and only affected (in capacities such as this) 
moderately by auxiliary equipment. In general, the size 
and cost are related, so that a smaller volume of the 
heater system would tend to reduce cost. Not only would 
there be this trend, but reductions in volume would tend 
to reduce t he number of 1 nd i vi dua 1 vesse 1 s. Th is wou 1 d 
reduce the cost of interconnecting ductwork, isolation 
valves, etc. Another benefit would accrue if the number 
of vessels could be reduced. Experience has shown that 
the (refractory lined) connecting ductwork from heater 
to wind tunnel is a primary source of dust and that a 
considerable temperature drop is virtually unavoidable 
with such ductwork. Reduction in the number of heaters 
should reduce the length of duct from any heater to the 
nozzle. Thus, a derivative requirement placed on the 
study was that the heater have as small a volume as pos
sible and that as few vessels as possible be used. 

The first operational characteristic might have been 
stated as minimum dust carry-over. To establish whether 
the criterion should be minimum dust carry-over or minimum 
dust formation, a calculation was made of minimum dust 

1 
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particle size to avoid carry-over as a function of mass flow 
per unit area of the matrix cross-section. The results ap
pear in Fig. 1. It is apparent that for the range of mate
rial densities of interest" the minimum size particle to 
avoid carry-over wi 11 be quite large unless the mass flow 
per unit area is vanishingly small. Even at a mass flow per 
unit area of 1 pound per second per square foot (correspond
ing to about twenty, 12 ft O.D. vessels) all particles smaller 
than 3 to 4 thousandths inch wi 11 be carr i ed over. Since our 
experience indicates that many particles smaller than this 
are generated in a conventional, pebble bed heater, it is 
apparent that the criterion must be minimum dust formation. 

The specification of Appendix A requires that the heater 
system study be based primari lyon I1state of the art fl devel
opment of storage heater systems. It was assumed that the 
requirement permitted complete flexibi lity of approach so 
long as the basic concept of storage of thermal energy by 
heating a matrix of storage/heat transfer material was ad
hered to. However" it was assumed that insofar as materials 
and processes were concerned" ilstate of the art II meant a 1-
ready demonstrated performance, precluding any consideration 
of fundamental development. 

The outline of the study then resolved into: 
A. Analytic study of the storage heater to deter

mine influence of several geometric and material 
-property-dependent parameters on the heater 
volume required to achieve the specified per-
f orman ce, 

B. Survey of refractory manufacturers to estab
lish feasible geometries and material properties 
for matrix elements, 

C. Survey of manufacturers of large, high pressure 
ve sse 1 s toe s tab 1 ish e con om i c imp 1 i cat ion s 0 f, 
and fabrication limitations on vessel size, 

D. Study of the insulation requirements as deter
mined by vessel temperature and reheat consid
erations, 

E. Study of a mixer to achieve Mach 4 design con
ditions without compromising heater design for 
Mach 7 operation, 

F. Study of pressurization of heater to determine 
allowable operating pressure drop, 

G. Synthesis of preliminary designs based on A 
through F, and 

H. Determination of work remaining before finali
zation of heater specification and design. 

2 
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1. PRELIMINARY THERMAL ANALYSIS 

As the first step in this study, it was desired to 
establ ish the effects of various parameters on the size 
and proportions of a storage heater. Much of the rest of 
the study would be given direction thereby. Therefore, a 
simplified model of the heater was examined. 

The basic concept of a storage heater is simple. A 
mass of material which is uniformly porous is heated. Then, 
the fluid to be heated is passed through the porous heat 
storage matrix. The fluid extracts heat from the matrix. 
If the matrix is heated uniformly, the first elements of 
fluid are likely to leave at a temperature very nearly 
equal to the matrix temperature. Subsequent amounts of 
fluid will leave at very slightly lower, but practically 
equal, temperatures for some period of time. Then will 
begin an increasingly rapid drop in fluid discharge tem
perature. Finally, the fluid discharge temperature reaches 
some tolerable lower limit and the heater must be regener
ated, or reheated, before it can again be ready to deliver 
fluid at the required temperature level. This process is 
illustrated graphically in Fig. 2. The whole matrix is at 
a uniform temperature initially. It will be noted that as 
more and more heat is extracted from the matrix, the tem
perature distribution along the axis of the matrix parallel 
to the flow tends toward a fixed shape which moves toward 
the discharge end. This axial distribution of matrix tem
perature may be thought of as a 11wave front fl. 

It is evident that the amount of heat extracted from 
the matrix at any given point along its axis is proportional 
to the difference between the initial and final matrix tem
perature. This leads to the conclusion that the greatest 
amount of heat would be extracted from a matrix which was 
heated initially to a uniform temperature along the entire 
length. It also leads to the conclusion that the length of 
the temperature I1wave front" should be as short as possible 
relative to the matrix length in order that the largest pro
portion of stored energy may be extracted. 

Analytical treatment of the storage heater has been 
carried out by several men. Ref. 1 considers the problem 
in detail. Various analytic approaches are described there, 
including an analysis due to Hausen which is used here. This 
analysis groups certain quantities in two nondimensional 
parameters which together define the temperature distribu
tion and the performance of the heater. Certain assumptions 
are implicit in the simple form of this analysis which we 
wish to consider at this point. They are: 

a. Temperature wi thin the heat storage matrix is 
uniform at any axial location, i.e., lateral 

4 
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thermal conductivity is infinite. 
b. There is no heat flow in the matrix material 

in the axial dit-ection, i.e., a)(ial thermal 
conductivity is zero. 

Assumption a is reasonable when the lateral dimensions of 
the matrix elements (between flow surfaces) are smal 1 or 
when the conductivity is high. For most ceramic materials 
the error due to this assumption becomes appreciable when 
the 1 ate r a 1 t hie k n e s s 0 f the e 1 em e n tis abo u t 1 /4 inc h 0 r 
greater. Assumption b is reasonable for almost all ceramic 
materials, since their thermal conductivity is low. Thus, 
this simplified analysis is very useful for preliminary in
vestigation of the effects of different factors on heater 
volume. 

The two parameters which define the conditions within 
the heater are: 

a. Time related (?() and 
b. Axial position related (S), 

These parameters are defined as 

Particular values of these two parameters determine values 
of a dimensionless temperature which is defined as 

T:: T~ Tc 
Tj-Tc 

This dimensionless temperature is shown for values of ~ 
and ; in Fi g. 3a and 3b, represent i ng the temperature 
of the gas and the matrix, respectively. This figure was 
pre par e d from tab u 1 ate d val u e sap pea r I n gin Ref. l, p p. 287) 
288, and additional calculations made for this report. 

Not only does Fig. 3 permit the estimation of the tem
perature of the gas or the matrix, but it enables the effect 
on matrix volume of variations In geometric and material 
parameters to be assessed. The volume of the matrix is 
equal to the product of its length and the total face area. 

6 
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HAUSEN RESULTS 
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The mass of matrix material per unit length is proportional 
to the face area. 

so that the volume may be written as 

'" - M i bed - P
bu1k 

Substituting for M and L in the definitions of '17
f 

and 
~.t' one obtains 

This result indicates that the volume of the matrix is pro
portional to ratio of the heat capacity of all the gas pass
ing through in one run to the heat capacity per unit volume 
of the matrix. This might be likened to an ideal matrix 
volume which yields all of its stored heat to the gas. The 
volume is also proportional to the ratio ~..t 

'l71 
As was indicated earlier in this section, the end of 

the run is usually defined as the reduction of the gas dis
charge temperature to a tolerable lower limit. This would 
correspond to a specific value of Tg for the gas. Refer
ring to Fig. 3a, it is evident that for any value of T'iJf , 
the rat I 0 S-.t/n., i sam i n i mum (c 0 r res p 0 n din g tom i n i mum 
mat r i x vol u me) w hen ~.( i s 1 a r g e • The val u e 0 f ?7 f w ill 
also tend to be large. 

It is noteworthy that the foregoing results indicate 
that th~ proportions of the heater matrix (length to diam
eter ratio) do not affect the volume in this simplified 
a n a 1 y sis. To b e sur e, the des ira b 1 e 1 a r g e val u e 0 f 'E.l 
may be ach I eved by j ncreasi ng the length, .t • However, 
note that for a given value of matrix volume the face area 
of the matrix must be decreased proportionately. This means 
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heat transfer area per uni t length, P , wi 11 be re
proportion to the increase in the length. There
does not, in fact, depend on heater proportions 
analysis. 

The only geometric parameters which may be modified to 
increase sf wou 1 d be the heat transfer area per un it vo 1 ume 
of the matrix which should be large. A large value of gas 
-to-solid heat transfer coefficient h is also desirable. 
Evidently a matrix having many flow passages of relatively 
small cross-sectional dimensions is optimum. This geometry 
tends to increase pressure drop in the matr i x, so that pres
sure drop could be a limiting factor. 

The selection of a pressure drop criterion depends on 
the configuration of the heater. Most storage heaters have 
been so oriented that the flow is vertically upward through 
the matrix. In this case the matrix material is normally 
restrained only by gravity, so that the criterion for pres
sure drop becomes flotation of the matrix elements (lifting 
of the elements as the pressure drop exceeds their weight). 

In order to establ ish the size range for the Tripltee 
heater, and to assess in a prel iminary way the effect of 
various parameters, calculations have been made using this 
simple thermodynamic analysis with initially uniform matrix 
temperature. These calculations appear in Appendix B. The 
results of the calculation indicate that, for the range of 
geometric parameters of interest, geometry of the matrix 
elements does not exert a strong effect on matrix volume. 
However, material selection does have a substantial effect. 

The analysis just described is seriously unrealistic 
in one particular} the assumption of an initially uniform 
temperature of the matrix. The extremely rapid cool ing of 
the matrix elements in the inlet section would certainly 
cause fracture from thermally induced stresses. These are 
proportional to temperature differences developed within 
the matrix element. Since heat must flow from the interior 
of the matrix element, the temperature gradient wi 11 depend 
on the rate of heat extraction, and the temperature differ
en c e wi 11 va r y d ire c t 1 y wit h the t h i c k n e s s 0 f the e 1 em e n t 
normal to the direction of flow. 

Referring to Fig. 3b, it Is evident that the rate of 
change of matrix temperature with time at any point along 
its length decreases with increasing time. In fact, it can 
be shown that the rate of change of matrix temperature with 
time is (approximately) proportional to the value of the 
rate of change of matrix temperature with length. An analy
sis of these considerations is found in Appendix H. Thus, 
if one assumes that the initial temperature distribution is 
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given by the distribution for a specified value of ~, it 
will be possible to calculate the volume while limiting the 
thermal stress (by 1 imiting the value of the temperature ramp 
s lop e , d T /d z. ). 

Calculations of matrix volume for a nonuniform initial 
temperature of the matrix are reported in Appendix B. These 
are carried out for a fixed (and arbitrary) value of matrix 
t em per a t u r era m p s lop e ( dT / d z. ) e qua 1 t 0 200 0 F per f 0 0 t • 
These calculations are less accurate than those for the ini
tially uniform temperature case, but they should indicate 
reasonably well the size of the matrix. Within the accuracy 
of these calculations, the effects of matrix element geo
metry on the required matrix volume are not large, nor is 
the effect of material properties very great. There is a 
substantial increase in required volume due to the nonuni
form temperature distribution. In fact this effect indi
cates that the primary factor determining matrix volume wi 11 
be thermal stress resistance and the resultant value of tem
perature ramp slope in the matrix. The steeper the ramp the 
smaller wi 11 be the heater volume. 

The volume of the matrix is indicated to be about 1500 
cubic feet, and the face area about 100 square feet. These 
resu lts i nd i cate that it is poss i b 1e that the heater may 
comprise a single vessel. This result is most favorable 
since it would certainly minimize cost and also minimize the 
length of duct work. This latter result reduces heat loss 
and minimizes the contribution of a major source of dust in 
most heater installations. 

The question of matrix element geometry should be con
sidered in some detail. There are two configurations now 
in use. These are spheres and cored brick. An example of 
a cor e d b ric k s hap e iss h ow n i n Fig. 4. 

The cored brick shape was developed in order to mInI
mize stresses which tend to limit the performance and in
crease the size of storage heaters. The temperature at 
which the matrix material must be held is so high that its 
bearing strength (creep limited) is quite low. Spheres 
have very small contact area, so that bearing stresses rise 
quite rapidly with increasing depth in the matrix. The re
sult is that the high matrix temperatures can be permitted 
to exist for only a short distance in the matrix. As just 
demonstrated, th is resu lts ina requ i rement for a large 
heater volume or else for a large face area (so that the 
length of high matrix temperature can be large compared to 
the overall length). For large capacity heaters the required 
face area becomes so large that several vessels must be used. 

10 
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Another adverse aspect of spheres is the relatively 
large pressure drop which they cause. This is shown by 
Fig. 5 in which the mass velocity to develop a pressure 
gradient one half that corresponding to flotation at the 
hot end (normally the top) of the matrix is plotted as a 
function of hole diameter for cored brick and sphere diam
eter. The pressure drop for the spheres is based on the 
data of Ref. 2. It is seen that, for equa 1 heat transfer 
area per unit volume, the permissible mass velocity is 
more than four times as great for the cored brick as for 
the spheres. That i s-' the pressure drop for the spheres 
would be about fourteen times as great for the same mass 
velocity as it is for the cored brid,. The pressure drop 
across a matrix of spheres varies as the 1.9 power of the 
mass velocity. 

This preliminary thermal analysis of the Tripltee air 
he ate r i n d i cat est hat i t wi IIp rob a b 1 y com p r i sea n eve sse 1 
with a heat storage matrix of cored brick. It also indi
cates that therma 1 stress res i stance wi 11 be the most 
critical single factor in determining the volumeof the 
matrix. It is then necessary to establish the fabrica
tion and economic feasibi lity of the requisite vessel and 
to determine the,feasibi 1 ity of procuring matrix material 
of requisite thermal stress resistance. 
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2. HEATER VESSEL 

A study was undertaken to determine the fabrication and 
economic feasibi 1 ity of a pressure vessel of sufficient ca
pacity to contain the matrix volume indicated in the thermal 
analysis. Preliminary estimates indicated that the insula
tion thickness might be about 1 foot or somewhat less. For 
the minimum probable matrix

2
face area (A f ) indicated by 

Fig. 128, Appendix B (67 ft ), the corresponding vessel in
side diameter would be about 11 feet. The maximum probable 
matrix

2
area indicated by Fig. l2B, Appendix B, is about 

130 f t (siD 0 fl. 7 and D 0 f • 1 5 in.). The cor res p 0 n din g 
vessel inside diameter would be about 15 feet. Accordingly 
three configurations of vessel were considered, one vessel 
comprising three 6-1/2 feet inside diameter cyl inders joined 
by asp her e (d e s i g n A), 0 n eve sse 1 0 f 1 5 fee tin sid e d i am
eter {design B}, and one vessel of 11 feet inside diameter 
(des i gn C). These three conf i gurat ions are ill ustrated by 
Figs. 6, 7, and 8. The first an~ second configurations 
yield face areas of

2
about 130 ft. The third yields a face 

area of about 65 ft , so that one such vessel is suitable 
for the minimum face area matrix whi le two such vessels 
would be suitable for maximum face area matrix. 

The consideration of multiple vessels, in light of the 
requirement for a flfixed ii condition of the heater with re
spect to the rest of the fac i 1 i ty, focused attent i on on the 
~roblem of vessel supports. The thermal expansion of a 
'complex" of heater vessels may be expected to present some 

design problems if undue stresses in the vessels and mani
folding are to be avoided. 

Expansion joints in the manifolding, appropriately 
placed and anchored offer an apparent solution. However, 
the large duct sizes, about 6 feet I.D., and the require
ment for refractory linings complicate this procedure. 

An alternative solution is to fix a carefully selected 
point in the heater system and permit the rest of the struc
ture to move with respect to that point on some type of 
flexible support. 

Clearly, a single vessel minimizes the problem of ac
commodating expansion. 

In design of the vessel, first thought was given to 
ASME code specifications for allowable stresses, 4:1 on 
ultimate strength. For vessels with a diameter over 12 
feet, plate thicknesses are so great that material homo
geneity and available plate size introduce economic limit
ations. The application of non-code stresses, 3:1 or 2:1 
on ultimate, offers relief here and may be acceptable when 
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nuclear power codes are adopted. The requirement for more 
detai led analysis would be an accompanying penalty. 

The pat en ted M u 1 til aye r con s t r u c t ion i s not e con om·
ically competitive for service conditions below 3000 psi 
and is limited to an O.D. of 10 feet by existing machinery. 
Banded construction appears to offer no outstanding advan
tage in this particular application. 

The range of materials available for construction of a 
large heater vessel is not wide. Carbon steel boi ler plate) 
(ASTM Spec A212), is a material worthy of first considera
tion because of its availability', forming, and welding pro
perties. HY80, a federal specification material used in 
submarine construction, offers the advantages of an 80,000 
psi yield material together with availability, established 
welding techniques and a considerable background in fabri
cation experience. It is more expensive and more difficult 
to work than A212. Depending on economic factors and de
velopment of fabrication experience, Mar-aging steels may 
offer a significant advantage. Yield strengths are close 
to ultimate strengths, both over 200,000 psi in 1/2 inch 
thick plates. This steel works very much like HY80 and 
the welding techniques that have been developed are cur
rently being applied to rocket engine cases. 

A filament wound stl-ucture., specifically a fiberglass 
reinforced plastic, may be app1 icab1e to this service when 
the facility is finally designed. Current winding facili
ties of one fabricator are 1 imited to 13 foot diameter by 
35 foot length vessels but extension to larger sizes may 
be expected since the technique offers advantages in weight 
saving and fabrication ease over steel in very large sizes. 
Curing the resins in thick selections, field fabrication 
possibi lities and the enlargement of current machinery are 
considered to be engineering problems within the state of 
the art. Approximate costs are $.65 to $3.5l/1b for glass, 
$2.00/lb for resin and conversion runs $2.00 to $3.0071b of 
furnished vessel. 

Shop fabrication is limited by shipping considerations 
rather than by technique or equipment. Conventional rai 1 
shipments are accepted up to 12.5 foot envelope diameter and 
about 50 foot length for a single car. These limits can be 
extended by using idle cars ahead and behind the load to give 
about 70 foot length, and by special rai 1 car that carries 
the load only inches from the track to approach a dlametral 
limit of 15 feeL Such a car is extant., a patented design 
by Newport News Shipbui 1ding & Dry Dock Co. Frequunt1~ teo, 
exceptions to size and weight limits can be arranged with 
the rai lroads when a design is firm and the transport prob
lems real. Meeting at the engineering level between the 
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fabricator and the rai lroad is advised as the only suitable 
means of negotiating extensions and exceptions. The maximum 
load figure approaches 200 tons and a 15 foot diameter. In 
such diameters, design length would probably be under 50 feet. 

Field fabrication was considered as a means of reaching 
vessel diameters beyond the shipping 1 imits noted above. It 
is generally accepted that field fabrication of a vessel for 
this service implies the establishment of a complete field 
shop. Fabrication stress relief and weld inspection can all 
be carried out successfully in the field; but, increased 
labor rates, longer construction times and the logistics of 
a field operation may increase the cost of a given vessel 
over shop fabrication. Field fabrication is usually con
sidered only when requirements cannot be satisfied by a 
shop fabricab1e design. 

In the light of this information on fabrication and 
shipping limitations, the three designs to be considered 
are seen to cover both shop and field fabrication; de
sign C most economically being a shop fabricated vessel 
whi le B probably must be field fabricated. Design A com
bines shop fabrication of large elements with field as
sembly of these elements into the final vessel •. 

The three designs were studied by Chicago Bridge and 
Iron Company_ Careful studies of the structural and fabri
cation aspects were made which enabled cost estimates to 
be prepared. The cost of designs A and B are for the fin
ished vessels only, at the site. The cost of design C is 
that of the finished vessels before shipment to site. These 
cost estimates are: 
Design 

A 
B 
C (2 vessels) 

Approximate Weight 
535,000 lbs. 
426,OOOlbs. 
574,000 lbs. 

Estimated Cost 
$450,000 

500, 000 
470,000 

The cost per pound of the shop fabricated vessels (A and C) 
is about $.85, while the field erection required with the 
large diameter vessel of design B increased the cost per 
pound to about $1.16. The reduction in the amount of mate
rial required for the large vessel largely offsets the in
creased fabrication cost rate, so that there is no signifi
cant difference between the three designs in terms of cost 
per unit of matrix face area. It is obvious that a single 
1 a r g eve sse 1. w ill b e a p pre cia b 1 Y m 0 r e e con om i cal i f s hop 
fabricated. Certainly the question of transport deserves 
most careful attention, since the cost of a single, shop 
fabricated vessel appears 1 ike1y to be more than $120,000 
less than multiple vessels or a single field fabricated 
vessel. 
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It is clear that the most economical overall solution, 
in terms of vessel and installation cost, will be a single 
vessel, even if field fabrication is required. This follows 
because of the great simplification in ducting, allowance 
for expansion, etc. It is also clear that it is entirely 
feasible to plan on a single vessel for this heater if the 
matrix face area can be of the value estimated in the pre-
1 iminary analysis. This depends largely on questions re-
lated to thermal stress. 
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3 •. REFRACTORY MATERIALS 

The preliminary analysis has revealed the importance of 
the matrix temperature ramp slope in determining heater vol
ume. Need for a matrix temperature ramp and its sl.ope are 
related to the thermal stress resistance of the matrix mate
rial. If material cracking and the resulting dust are to be 
avoided, the thermal resistance properties of potential ma
trix materials will be of major importance. 

The creation of dust is clearly a case of mechanical 
mat e rial fa i 1 u r e such t hat sma 11 pie c e s are s epa rat e d from 
a matrix element. Thus, minimization of dust requires mak
ing the probabi lity of mechanical fal lure on either a micro
or macroscale small. Mechanical failure results from unsup
portable stresses. All stresses must therefore be kept 
below some tolerable level. Bearing loads and net fluid
on-solid forces are not high in the cored brick design. 
Therefore, macroscale fai lure wi 11 depend on thermal stresses. 
Microscale failure can result in the loss of small particles 
from matrix surfaces. Fai lure of this type may result from 
therma 1 stresses, abrasi on, or concentrated loads act i ng on 
corners, etc. It seems likely that the factor controlling 
microscale fracture at surfaces will be the surface condi-
t i on. The degree to wh i ch a surface is smooth and fl rm wi 11 
indicate to what extent its microstructure is continuous. 
The great hardness, chem i ca 1 stab i 1 i ty, and sub stant i a 1 
strength of oxide ceramics should virtually preclude loss 
of small particles from a smooth surface in a relatively 
static application such as this. 

To determine what performance might be expected from 
oxide refractories, a literature survey was made. The re
sults of this survey are given in Appendix C. Briefly this 
survey revealed that two highly refractory materials ap
peared to be well suited to this appl ication. They are 
zirconia and magnesia. However, it was also established 
that truly adequate properties would likely require higher 
material density than is common in the refractory brick 
industry. This requirement derives from both thermal stress 
resistance and the surface condition considerations. In 
fact, it appears at least possible that a density of more. 
than 90% of theoretical will be essential. Higher densities, 
say about 95%, would be still better. 

In addition to high density, the data obtained by the 
literature survey indicated thatNgh purity is certainly 
desirable, and that purities of greater than 99% may be 
required. 

While both zirconia and magnesia appear to be suitable 
in this application, each has a characteristic which could 
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disqualify the material. It "vill be necessary to establish 
by test results that their potentially deleterious charac
teristics will not adversely affect the operation of the 
TI-ipl'cee heater. 

The undesirable characteristic of zirconia results from 
a c han 9 e inc r y s tall I n est r u c t u ref r om m 0 n 0 c 1 i n I c tot e t r a
gonal. This crystallographic transformation is accompanied 
by a large volume change which appears superficially as an 
inversion (in slope) of the thermal expansion curve. The 
transformation of the individual crystallite is not simul
taneous" of course, so that extreme stresses are set up in 
the zirconia piece and cracks develop. 

It is customary to suppress this transformation by add-
ing small amounts (up to 10%) of calcla to the zirconia. 

Th is causes the crysta 11 i ne structure to assume a th i rd 
(cubic) form which is (presumably) stable. Experience with 
commercially available zirconia has suggested that the !Ista
bilization" of zirconia in this way is not necessarily per
manent" since thermal cycling _,?:lways results in gradual 
deterioration of the material and formation of dust. 

Work now in progress suggests that high purity zirconia 
may be able to withstand long term thermal cycling without 
becoming 11destabi1izedff. If this can be demonstrated con
clusively, it is likely that zirconia will be satisfactory 
as a material for matrix elements. 

Magnesia has been reported to have a relatively high 
vapor pressure. It is rather common to encounter the opin
ion that it will vaporize rapidly at temperatures in excess 
of, say, 3200 0 F. Such Is actua lly the case when the mag
nesia is heated in a vacuum or in some kinds of reducing 
atmospheres (e.g., carbon vapor from electric arc). In the 
case of vaporization in a reducing situation, the process 
appears to be that of reduction of magnesia to magnesium 
which vaporizes readily (see Ref. 3). However, magnesia 
has been used in regenerative heaters for nitrogen fixation 
for extended periods of time at temperatures in excess of 
4000 0 F without evidence of excessive vaporization (Ref. 4). 
It has also been used in a pebble bed air heater at the 
NASA Ames Research Center at simi lar temperatures. As long 
as excess oxygen is present, no ev I dence of vapor I zat ion 
has been noted. It appears probable then that high purity 
magnesia wi 11 not vaporize materially at temperatures of 
Interest so long as there is some finite (but as yet un
defined) oxygen vapor pressure. 

In order to determine the production and economic feasi
bility of the kind of material desired for the matrix, a 
survey questionnaire was made up and submitted to all of the 
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manufacturers who appeared to be at all qualified to produce 
material of a suitable type. This questionnaire (in two 
parts) and the covering letter is included in Appendix C. 

All manufacturers (twenty) acknowledged the inquiry. 
The list of their names appears in Appendix C. Nine manu
facturers have indicated that they feel able to supply suit
able matrix elements in either zirconia or magnesia. Since 
two manufacturers have yet to submit final replies to this 
inquiry, the number of potential suppliers might reach ele
ven. Those replying favorably are: 

a. Zirconia matrix elements: 
Harbison-Walker Refractories Co. 
Minnesota Mining & Manufacturing Co. 
Zirconium Corporation of America 

b. Magnesia matrix elements: 
Coors Porcelain Company 
Kaiser Refractories 
Minneapol is-Honeywell 

c. Both zirconia and magnesia matrix elements: 
Laboratory Equipment Corporation 
National Beryl 1 ia Corporation 
Norton Company • 

Without exception those replying favorably indicated that 
the desired properties are within the present state of the 
art and therefore feasible. However, ceramic properties 
are extremely sensitive to production processes. Conse
quent ly, all manufacturers stated that it would be neces
sary to carry out some trials to establish the production 
process that would economically produce the desired shapes 
with the desired properties. 

The replies indicated that the probable techniques for 
production of the two shapes would be cold pressing followed 
by sintering for the cored brick, and extrusion or pressing 
for the "tubular shape. The probability of achieving high 
density appears greater for the tube than for the cored 
brick. 

In view of the pronounced variation in material proper
ties with production processes, it is clear that tests will 
have to be made on material prepared specifically for this 
application in order to realistically establish material 
properties for use in the final heater design. Since trials 
wi 11 be necessary on the part of manufacturers to establish 
the correct technique and process detai ls before production 
of even a test batch of matrix elements can be undertaken, 
it is quite unlikely that material properties can be estab
lished without purchase of at least small lots of material. 
The manufacturers are not in a position to assuredly pro
duce material to specification. 
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It is recommended that small lots (several hundred 
pounds) of matri)( elements be procured from several manu
facturers and that these elements be tested, both by 
laboratory tests to establ ish the basic mechanical and 
physical properties of the material, and by bench tests 
under simulated heater operation. On the basis of these 
tests, material and shape specifications and dimensional 
tolerances could be establ ished. These could provide the 
basis for procurement of matrix elements for either a 
pi lot heater or the Tripltee heater itself. 
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4. INSULATION 

INSULATION REQUIREMENTS 

In order to prevent the pressure vessel containing the 
heat storage matrix from becoming too hot, some insulation 
must be provided. An approach using no insulation (in the 
usual sense), was considered (air cooling behind a radiation 
shield), but the indications were unfavorable in terms of 
safety and rel iabil ity. 

The analytical work to determine the required insula
tion thickness and cooling is summarized in Appendix D. This 
analysis deals primari 1y with free convection and radiation 
cooling of the heater vessel, inasmuch as this is the sim
plest method avai 1able. 

Results based on the use of an insulation liner with 
thermal resistance comparable ~o commercially avai lable 
insulating zirconia (150 lb/ft ) are plotted in Fig. 9. 
The strong influence of insulation thickness on heater size 
i sap par en t. I nth i s cal c u 1 a t ion the i n flu e n ceo fin s u 1 a
tion thickness on the volume in the vessel dome~ above and 
below the bed is not included but the trends are qualitative
ly similar. The effect of changing insulation thickness is 
greatest at small diameters, but even with a vessel I.D. of 
1 2 f t , ani ncr e as e i n ins u 1 at ion t h i c k n e s s from 1 t 0 2 f t 
increases the ratio of heater vessel volume to bed volume 
from 1.5 to 2.2. As the insulation thickness decreases, 
the vessel temperature rises. Thus, if the vessel is per
mitted to operate at higher temperatures, a significant 
reduction in total vessel volume for a given bed volume 
requirement can be achieved, with the concomitant reduc-
tion in cost. The vessel temperatures required are not 
excessive, e.g., they do not exceed the ASME code limit. 
One foot of insulation in a 12 ft I.D. vessel will give 
a maximum vessel temperature of 500 oF. 

A further conclusion from Fig. 9 is that cooling of 
the vessel by free convection and radiation is adequate. 
Water cooling is not required. 

The results of Fig. 9 apply directly to a zirconia heat 
storage bed. In the case of a magnesia bed, at least a por
tion of the insulation 1 iner would be magnesia. A comparable 
analysis for magnesia insulation was not made because of the 
lack of thermal conductivity data for low density (insulat
ing) magnesia. The thermal conductivity of magnesia is 
greater than that of zirconia, therefore more insulation 
would be required. To keep the thickness to a minimum, the 
cooler layer could be a low density alumina, zirconia, or 
Fiberfrax (a fibrous alumina - silica material). Application 
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of corrugated ceramics may also be feasible. At the present 
time it is estimated that a magnesia bed would require a 50% 
thicker insulation layer than a zirconia bed. 

If it became necessary to limit the heater vessel tem
perature to values below 500oF) an alternate to providing 
thicker insulation would be additional cooling of the vessel 
by forced air flow. Substantial reductions in vessel tem
perature are possible through increased cooling) as shown 
In the Appendix Fig. 10. 

AIR FLOW THROUGH INSULATION 

Air flow through the insulation can have an important 
influence in reducing the air discharge temperature from the 
heater for a given bed temperature. The air in the insula-
t i on I s at lower temperatures than that in the bed; there
fore the density Is greater) and a given volumetric flow 
can depress the final temperature by a significant amount 
in some cases. Both the bed and the insulation around the 
bed experience the same overall pressure difference from 
Inlet to outlet. They in effect form parallel flow channels. 
Consequently, the relative resistance to flow between these 
two channels is of primary importance in determining the 
importance of this effect. Cored brick have an advantage 
over pebbles In this respect~since they give less pressure 
drop at the same flow rates. Another factor of importance 
is the ratio of insulation cross section area to bed area. 
Th I s rat i 0 decreases as vesse 1 diameter i ncreases-, and 
the ref 0 ret h e pro b 1 em i s not ass eve rei n 1 a r g e he ate r s. 

An estimate of the effect of bypass flow is presented 
in Fig. 10) for cored bricks of different hole diameters, 
but at a fixed value of porosity. The ordinate can also be 
interpreted as the difference between the bed temperature 
required with bypass flow and that required if there were 
no bypass flow, to produce a given air discharge tempera
ture. The effect of hole diameter shown is due to the 
greater flow resistance of small holes. 

The advantage of permitting high vessel temperatures 
(500 to 600 0 F), in reducing insulation thickness for cool
ing by free convection and radiation has been discussed 
above (Fig. 9). In addition to reducing the vessel size, 
bypass flow is also reduced. An example of this is shown 
in Fig. 10 for a 12 ft 1.0. vessel. It is obvious that 
the influence of bypass flow can be reduced to negligible 
proportions. 

In summary) this aspect of the study demonstrates that 
high vessel temperatures in conjunction with commercially 
available insulation materials should be adequate to allow 
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a thin insulation liner. Such a thin liner will prove 
superior to a thicker liner both with regard to heater 
vessel volume and insulation bypass flow. Also, internal 
cooling is neither necessary nor desirable. However, in 
view of the fact that some dust originates in the insula
tion, great care should be exercised in the selection of 
insulation to minimize such dust formation. 
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5. MIXER 

GENERAL REQUIREMENTS 

The proposed test faci lity has two primary design points: 
Mach 7 Mach 4 

Stag nat i on pressure, ps i a = 2000 400 
Stagnation temperature, oR = 3900 1600 
Mass flow rate, lb/sec = 1500 5000 
Approx. throat dia., in. = 11 35 
A single storage heater system is not compatible with direct 
operation at both of these design points; therefore, an al
ternate means of providing the low temperature high mass 
flow condition is required. Since the thermal energy is the 
same in the two flow conditions, it appears desirable to sup
ply the Mach 4 nozzle by mixing cold air from the storage 
reservoir with hot air from the heater. A mixer is not re
quired with the Mach 7 nozzle because a reasonable tempera
ture range can be obtained by varying the heater temperature. 
Therefore, the following discussion is directed to the pro
blem of a mixer for use with the Mach 4 nozzle. 

Preliminary estimates (from AEDC) indicate that the 
Mach 7 nozzle wi 11 be 25 ft longer than the Mach 4 nozzle. 
With the heater and test cabin in fixed locations, this 
difference in length could be used for a mixer which is 
installed only when using the Mach 4 nozzle. Inasmuch as 
the mixer pressure and temperature requirements are not 
compatible with Mach 7 operation, the replacement of the 
Mach 7 nozzle with a Mach 4 nozzle - mixer combination is 
particularly suitable. The downstream end of the mixer 
would act as the stilling chamber for the nozzle. Adopt
ing a minimum area ratio of 4 from the mixer to the nozzle 
throat gives a preliminary estimate of mixer diameter as 
6 ft. The corresponding velocity at 16000 R is 260 fps. 

RELATION TO HEATER AND AIR RESERVOIR 

Maximum uti 1ization of the energy storage capabi 1ity 
of the heater requires that the hot air be at the highest 
possible temperature. In this case the Mach 4 design point 
is attained by mixing 3600 lb/sec of ambient air (70 0 F) 
with 1400 lb/sec at 3900oR. If the heater is sized for the 
Mach 7 design conditions, this hot air flow rate will be 
avai 1able only at high pressures, near the design level of 
2000 psi, due to bed flotation 1 imits. 

As discussed earl ier, the mass flow capabi lity of the 
heater is ultimately limited by bed flotation, with a fur
ther limitation being thermal stress fracture of the re
fractories, thermal stresses increasing with flow rate. The 
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bed flotation limits may be used to estimate flow rates 
available at off design operating conditions, viz., 

where Af is the face area of the heater bed. We are in
terested here only in operation at the maximum temperature 
of 3900 0 R. Therefore, with the bed designed to deliver 
1500 lb/sec at 2000 psi, a flow rate of 1400 1b/sec would 
require p~ 1740 psi. Discharge of this air to the mixer 
(at 400 psi) would require a choked throat, approximately 
the size of the Mach 7 throat, between the heater and the 
mixer. 

The heater backpressure requirement means the air 
storage reservoir cannot be blown down to a pressure level 
near the 400 psi mixer pressure. However, it is not neces
sary that the entire reservoir be limited by the heater 
pressure level requirement. A significant reduction in 
reservoir capacity is possible by dividing the total air 
storage, with suitable valves, so that the cold air and 
hot air to the mixer are drawn from separate reservoirs. 
In this way the reservoir supplying cold air to the mixer 
can be blown down to a low pressure level, approaching the 
mixer pressure of 400 psia. . 

The possibility of reducing the air storage volume by 
increasing the heater diameter was briefly investigated. 
~ncreasing the heater bed area Af would permit passage 
of the 1400 lb/sec flow at a lower pressure level. This, 
in turn, would permit extraction of a greater fraction of 
the stored air thereby reducing the air storage volume 
needed. For heater pressures in the range 1000 to 2000 
psi the increase in heater cost offsem the decrease in 
air storage cost. Above this pressure range the total 
s y stem cos tin c rea sed. Hen c e, the rei s no cos tad van tag e 
to oversizing the heater, with respect to the Mach 7 de
sign point, in order to reduce air storage requirements 
at the Mach 4 design point. 

MIXER CONFIGURATION 

The preceding discussion has estab~ished the desired 
size of the mixer at 6 ft diameter by no more than 25 ft 
long. Attention was initially focused on the possibi lity 
of performing the mixing with a simple coaxial stream ar
rangement. As discussed in Appendix E, investigation of 
this concept led to the conclusion that sufficient mixing 
(± 5 percent variation in temperature) could not be ob
tained in 25 feet. 
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Although sufficient mixing cannot be generated with the 
CO a x i a 1 a. r ran g em e nt, the n e c e s sa r y mix i n g i s rea d i 1 y at t a i n
able with more sophisticated devices. The major problem in 
b u i 1 din g s u c had e vic e i s the h i 9 h t em per a t u reo f the hot 
flow. All surfaces exposed to temperatures on the order of 
3900 0 R must be cooled or fabricated of heat and oxidation 
resistant materials. 

In order to improve the rapidity with which the two 
streams mix there are at least two basic approaches that 
can be used. The first would be to increase, by turbulence 
generators, etc., the effective lateral energy conductance; 
(lower limit is the thermal diffusivity). Secondly, one 
can divide the hot and cold streams into a number of smaller 
streams and thus reduce the lateral distances across which 
the streams must mix. A mixer concept, which is shown in 
Fig. 11, was developed to indicate this approach to provid
ing adequate mixing. 

The mixer and the heater backpressure nozzle form a 
single unit. The nozzle and mixer flow passages are sized 
to provide subsonic mixer exit velocities and to cause the 
cold flow static pressure to be higher than the hot flow 
static pressure throughout most of the device. Cooling is 
provided by using this pressure difference to transpiration 
cool the surfaces exposed to hot flow. In the upstream 
part of the nozzle where such a favorable pressure differ
ence does not exist between the low pressure cold air and 
the hot flow, high pressure cold air is provided and passed 
through the walls. The amount of high pressure air needed 
for this purpose wi 11 be about 5 percent of the hot flow. 
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Fig. 11 Mach.4 Mixer Concept 
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6. REGENERATOR 

REHEAT ANALYSIS 

Heating of the heat storage material comprising the 
heater bed will be accomplished by passing combustion pro
ducts, suppl ied by a burner, through the matrix in the re
verse flow direction. The specification requires that the 
reheat period not exceed 5 hours between maximum energy ex
traction runs. Since the product of tunnel mass flow and 
run time is approximately equal to the product of reheat 
mass flov.; and reheat time, a reheat mass flow of at least 
2.5 lb/sec wi 11 be necessary between runs of 30 second 
duration at 1500 lb/sec, simply to replace the heat ex
tracted. 

Of more concern., however, is the shape of the tempera
ture distribution obtained. The preferred distribution is 
sketched in Fig. 12. It consists of a uniform temperature 
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Fig. 12 Preferred Temperature Distribution 

at the top of the bed, below which the temperature varies 
1 inearly to a low value at the bottom of the bed. The basis 
for this selection is discussed in Sections 1 and 8. Briefl~ 
a long uniform temperature region and a steep temperature 
ramp at the air inlet end increases bed efficiency and re
duces the total bed volume required. The slope of the tem
perature ramp is limited by thermal stresses in the matrix. 
The critical thermal stresses are those across the thickness 
of the web, due to the temperature difference between the 
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inside of the web and the hole surface. These stresses in
crease with both mass flow per unit area and axial tempera
ture gradient (see Appendix H). Because of the thermal stress 
- temperature ramp relationship, the preferred bed temperature 
distribution at the inlet end is linear, with the slope at the 
maximum permissible value. Variation from a linear ramp will 
increase bed length while still subjecting part of the re
fractories to the design value of thermal stress. 

The bed temperature at the air inlet end must be kept 
within certain bounds. A low temperature limit is estab-
1 ish e d by the r e qui rem e n t t hat, wit h i nth e he ate r, wa t e r 
vapor not be condensed from the combustion products. Up
per limits are imposed by thermal stress levels produced 
when the cold air impinges on the hot bed matrix, and by 
temperature 1 imitations on the bed support structure and 
exhaust piping. 

Summarizing these requirements, it is the purpose here, 
to describe a method of reheating the heat storage bed to a 
temperature distribution having the following characteris
tics. 

a. Temperature at bottom within desired. limits, 
b. Linear lIRampil, sloped at the maximum allowable 

gradient, 
c. Rather uniform temperature Ifplateau ll at the top 

and, 
d. Temperature uniform over any horizontal cross 

section. 

Since the running and reheating mass flows differ 
greatly in magnitude, the formulation of the present problem 
has significant differences from that of the high mass flow 
running situation. The model used in analyzing the reheat
ing problem is described as follows. 

a. Gases enter top of bed at constant temperature 
with equal mass flow in all holes. 

b. Local fluid temperature and bed temperature are 
equal. 

c. Heat is lost at the periphery of the bed due to 
the overall heat transfer driving force of local 
temperature minus ambient temperature. 

d. Longitudinal conduction is negligible. 

Heat loss at the periphery is limited by the overall 
heat conductance coefficient, U , at each location along 
the bed. This conductance coefficient depends upon the in
sulation lining around the bed and the heat transfer 
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coefficient at the outer surface of the vessel. For a 
cylindrical wall, the conductance is 

2 

where Db = bed diameter 
h = heat transfer coefficient, including 

convection and radiation 
k = thermal conductivity 

rex = exterior radius of pressure vessel 

r· = inner radius of layer In 
rout = outer radius of layer 

free 

and the number subscripts refer to the concentric layers 
of insulation. 

The simplest design for the insulation would consist 
of one which is invarient with length. In such a design, 
the coefficient U is approximately constant along the 
entire length of the bed. Assuming that the conductivity 
of the bed material in the transverse direction is infinite, 
we can write the following ordinary differential equation 
for steady state conditions. 

rr - 11" Db U (T T ) 
~ - - 0 - amb 
dZ m cp 

where T = local temperature 

Tamb = ambient temperature 
(n = mass flow 
cp = specific hea t, fluid 
z = distance from top of bed 

Imposing the condition of a fixed temperature Th at 
z = 0, and constant U, the solut i on is 
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( 1 ) 

where b 

Since b varies inversely with mass flow, higher mass 
flows tend to produce a more uniform temperature along the 
length of the bed. 

Some of the problems associated with the reheat process 
are best explained with an example. For this purpose we con
sider heating the bed from a cold, or relatively low tempera
ture condition, to that required for maximum temperature 
operation. To produce a temperature distribution approxi
mating that shown in Fig. 12, a two-step heating schedule 
is used. First, the bed is heated with a low mass flow rate 
for a long period of time, such that near steady state con
ditions are reached. Then a higher mass flow rate is used 
for a few hours, which causes the high temperature to pene
trate the bed to the desired depth. 

The differential equation describing the unsteady re
heat process with the same assumptions as those resulting 
in the previous differential equation, except for the time 
dependance consideration is: 

The boundary conditions with constant U are: 

where 

eft z -::;. 0 and all e"7 0 

'/l.t e=o 

:::: -rrDbU /mcp for large mass flow m 
:::: 1T'DbU/mocp for low mass flow mo 
:::: specific heat of solid 
:::: mass of solids per unit length of bed 
:::: time 
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The solution is: 

~ Cp B1e-bz 
Me ) ( 2 ) 

where the function f IS given by 

foY" .f? 0 

f(s)::: I 

A distribution obtained with 490 1b/hr low mass flow fol
lowed by 18,000 lb/hr for a period of 3 hours, both flows 
entering bed at 37000F, is shown in Fig. 13. The final 
temperature distribution after the high mass flow heating 
is essentially the low mass flow distribution shifted down
stream by the amount ITICp e /MC. 

This heating schedule has approximated the desired 
shape (Fig. 12) except for a curved rather than linear ramp. 
The axial temperature gradient varies from 1000F/ft at 15 ft 
to 3000F/ft at 3 ft. As discussed earlier, a curved tem
perature ramp requires a larger bed than ali near ramp, and 
therefore is to be avoided. 

In general, the temperature decrease along the length 
of the bed is due to heat loss through the insulation lining 
to the surroundings. The exponential shape (Eqs. 1 and 2) 
is produced in the case where the insulation conductance is 
constant along the bed. This leads to lower vessel tempera
tures at the bottom of the bed and reduced heat loss there. 
To produce a linear, rather than an exponential, distribu
tion therefore requires increased heat loss from the lower 
portions of the bed. A simple and practical method of 
achieving such a result is to vary the thermal conductivity 
of the insulation along the bed, conductivity increasing as 
one moves from top to bottom. In the ideal case, the in
sulation conductivity could be varied so as to produce a 
uniform shell temperature when the bed temperature distri
bution is that needed for a maximum heat extraction run. 
This would tend to produce a linear temperature ramp be
cause the heat loss from the vessel to its ambient surround
ings would be uniform. 

Reheating of the bed after completion of a run wi 11 be 
a process whose deta i 1 s depend on severa 1 factors, such as: 
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a. Time avai lable between heater runs, 
b. Flow conditions needed next run, and 
c. The temperature field existing in the heater after 

the last run. 

For e x am p 1 e, i fan 0 the r run i s des ire d qui c k I y, at the 
same flow conditions, the heater would be reheated with a 
high mass flow. This high mass flow would be the same as 
that used in the second phase of heating a bed from a cold 
start. 

On the other hand, if the time between runs is long, 
the procedure would be to reheat at low mass flow with con
ditions such that at steady state the desired heater ramp 
temperature slope would be obtained and the top of the 
heater bed would be at its final desired value. Within 
a few hours of the actual run, the mass flow would be in
creased and the desired flat temperature plateau produced. 

In general, the Itidle" or standby reheat flow would be 
selected to produce the desired bed temperature ramp slope 
and temperature level corresponding to that anticipated for 
the next run. 

Many variations in reheat procedure wi 11 produce 
the same end results. This is an area where actual experi
ence will playa significant role in determining optimum 
procedures. 

Another feature of the reheat temperature profi le which 
requires careful design consideration is the initial bed 
temperature at the cold air inlet. In the example of Fig. 13 
this temperature is 13000 F for a bed depth of 15 ft. If the 
bed were composed entirely of refractory material, the cold 
air impinging on refractories at this temperature would cause 
thermal stress fracture, and subsequent degradation of the 
lower portion of the bed. Two methods of eliminating this 
problem have been studied. 

The first method applies to the use of refractory 
materials (thermal stress 1 imited) throughout the bed. It 
involves limiting the temperature at the bottom of the bed 
to a value low enough to prevent fai lure of the refractories 
due to thermal shock. The relationships to be used in set
ting this limit are developed in Appendix H. In this case 
the temperature could not exceed roughly 300 0 F. Furthermore 
the bed temperature is to vary linearly in the axial direc~ 
tion. The approach mentioned above, of using insulation 
with varying thermal conductivity, would not be sufficient 
by itself to maintain such low temperatures. In addition, 
some other means of heat removal would have to be introduced. 
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Water cool ing the grate used to support the heat storage bed 
is a possible approach. 

The second method involves use of a thermal stress re
sistant material in the lower portion of the bed, pl-eferably 
a metal. A ductile material would eliminate the need for 
very low temperatures at the air inlet. Hence, the bottom 
of the bed could be operated at temperatures in the vicinity 
of l500 0 F, or even higher. The maximum length of the metal 
matr i x wi 11 depend on the over a 11 temperature d i str i but i on 
in the bed. Also, the metal matrix should be designed to 
have approximately the same volumetric specific heat as the 
adjacent ceramic matrix. A variation in the heat capacity 
per unit volume can be made by changing the bed porosity 
(hole diameter). With the same heat capacities in metal and 
c e r am i c, a sm 0 0 t h t em per a t Li red i s t rib uti 0 n wi 1 1 be pro d u c e d 
at the interface during reheating. Otherwise it is possible 
to develop high local axial gradients which increase thermal 
stresses in the ceramics. Detailed analysis of this approach 
might indicate the desirability of minimizing axial heat con
duction in the metal. This could be accomplished by preverit
ing complete surface-to-surface contact between the metal 
e 1 em e n t s, wit h rid g e s 0 r b 0 sse s, for e x am p 1 e. 

The analysis thus far has treated the bed as having in
finite thermal conductivity in the radial direction. There
fore the temperature distribution has been uniform across 
the bed. We now investigate the effect of finite thermal 
conductivity to determine the nonuniformity of temperature 
in the radial direction. The equation for steady state heat 
conduction in cylindrical coordinates, applied to this pro-
b 1 em, I s 

where Af is the cross sect i on area of the bed, and r is 
the radial distance from the center of the bed. 

The presence of holes in the bed will influence its 
effective conductivity. Since the temperatures are high, 
considerable heat transfer by radiation across the holes 
w ill t a k e pIa c e • I n fa c t, at the h i g h est t em per a t u res J 

the radiation is so large that the effective heat transfer 
across the holes by radiation is greater than that by ther
mal conduction through the material itself. In the cooler 
region at the bottom of the bed, the effective conductivity 
is less than that of the material. For simplicity in this 
analysis the effective conductivity is taken equal to the 
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material conductivity and constant. This reduces the equa
tion to 

The boundary conditions are 

a.t 

c.onst ant at 

where qloss is the heat flux at the periphery of the bed. 
The solution is, (see Ref. 8, pages 203,328 and 329). 

where z = 1r[\z/m cp 
J = 0 

Bessel function of first kind of order zero 

J 1 = Bessel function of first kind of order one 
and P n = nth root of J 1 ({1) = 0, (note: ~n ::>' 0) 

Using this equation, the distribution for a typical low 
mass flow condition has been calculated. In this calculation, 
ali near temperature ramp was assumed, i. e., the average tem
perature across the heater varies linearly in the temperature 
ramp portion of the distribution. 

The results are presented as a plot of temperature ver
sus r a diu s wit h 1 eng t hap a r am e t e r I n Fig. 14. I tis e vi den t 
from this plot that the radial conduction losses, with a low 
mas s flo w, c a use a 1 a r g era d i a 1 t em per a t u rev a ria t ion. Fur
thermore' this variation still exists in the bed after the 
final high mass flow heating p~riod is terminated. A typical 
distribution when the bed is in this state is illustrated by 
Fig. 15. From this plot it is clear that the axial tempera
ture gradient approaching the plateau from below wi 11 be 
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HEAT LOSS AT BED PERIPHERY = 44JOOO BTU 
HR FT 

RADIAL CONDUCTIVITY IN BED = 3,0 BTU 
HR FToF 

REHEAT MASS FLOW = 490 LB J UNIFORM OVER CROSS 
HR SECTION 

Fig. 14 Steady State Radial Bed Temperature Distribution 
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excessive in the outer region of the bed. Running with such 
a distribution would cause high thermal stress in that region. 

Thus the nonuniform radial distribution of temperature 
creates two problems. The energy storage capacity is reduced 
for a given maximum bed temperature, and regions of high ther
mal stress are introduced in the bed. The use of a cored 
brick bed, or any bed consisting of parallel holes, provides 
what appears to be a simple solution. The combustion gas 
flow could be restricted to a narrow annular region at the 
periphery of the bed. This would restrict the heat input 
to this annulus, giving a steady state temperature distri
bution with smaller radial gradients in the bed. Such a 
flow restriction would be used only during low heating rates, 
full cross sectional flow being required when a high rate is 
used for final heating. This can be accomplished by having 
two separate plenums under the grate on which the bed rests. 

Two nozzles would therefore be used at the bottom of 
the pressure vessel, one communicating with the annular 
plenum, the other communicating with the circular plenum 
in the center. 

The results of this analysis may be summarr"zed as fol-
lows. 
1. The insulation liner should be designed with its ther

mal conductance increasing toward the bottom of the 
bed, in order to ach i eve ali near ramp in the tempera
ture distribution. 

2. The thermal stress problem at the air inlet to the bed 
may be solved by providing additional cooling, e.g., 
possibly with a cooled grate, or by using a metal matrix 
in the lower portion of the bed. 

3. A uniform radial distribution of temperature in the 
bed can be produced by heating with gas flow near the 
periphery of the bed. This can be done by providing 
an annular exit for the combustion gases at the bot
tom of the bed. 

BURNER 

The burner provides the combustion gases for heating 
the ceramic storage bed. Several general requirements for 
the burner system may be stated. It should provide a wide 
range of flow rates and temperatures to permit good control 
over the complete heating and reheating process. Clean com
bustion is absolutely essential; the presence of carbon in 
the combustion products has a deleterious effect on the re
fractories. Direct flame impingement on refractories should 
be avoided because of the resulting thermal stresses which 
would cause refractory breakup and dusting. 
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A single burner or multiple burners can be used, de
pending on the range available with a single burner, pre
heating requirements for downstream ducting, and the detai ls 
of the heater system operation. It is not necessary at this 
time to specify the number of burners, however, a general 
design concept which will satisfy the requirements set out 
above is needed. 

To assure clean combustion, we first specify a 100% 
premix design. To reduce refractory dusting, the combus
tion chamber wi 11 be water cooled metal rather than refrac
tory 1 ined. Excess air must be avai lable to permit com
bustion product temperatures below 10000F. Such values are 
necessary when heating the bed from a cold temperature con
dition. 

The problem of cooling and structural strength at 
elevated temperature are greatly rel ieved by designing the 
burner to be removed before the heater is pressurized. In 
this way the burner does not have to withstand the high 
operating pressure and can be made of relatively thin mate
rial which is more easily cooled. 

These features are incorporated into the design sketched 
in Fig. 16. The required range of combustion gas flow was 
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Fig. 16 Burner Concept 
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estimated at 0.11 to 5.0 lb!sec. Flashback data from tests 
with FluiDyne's premix burner together with flashback and 
blowoff information from Refs. 4 and 5 were used in estab
lishing feasibi lity of this desig.n concept. The overall 
length of the burner would be roughly 4 feet and the out
side diameter about 7 inches. The fuel was assumed to be 
natural gas or propane, with oxygen enrichment required at 
the higher temperatures. 

Referring to Fig. 16, the center or primary stream 
burns to completion within the cooled combustion chamber, 
with mass flows from. 1 to 1.0 lb/sec permissible. Very 
low temperatures can be produced by added air through the 
secondary flow passage. 

In order to reach high mass flows at high temperatures, 
additional air, oxygen, and fuel is added to the secondary 
stream, in the range 0.5 to 5.0 lb!sec. (The lower flow 
limit is determined by flashbac~) The secondary stream re
acts in the heater dome, which has been preheated to a high 
temperature with the primary stream. Having the dome re-
f r act 0 r i e s hot ins u res the com bus t ion pro c e ssw ill not be 
quenched by radiation losses. 

A second design concept is $ketched in Fig. 17. This 
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is the same general configuration as Fig. 16, but provides 
a combustion chamber for the secondary flow. The secondary 
flow is an annulus with an annular flameholder. This pro
vides control of the combustion process, which is not the 
case when combustion occurs in the dome region. In this 
way, circulation of incomplete combustion products over 
refractories would be avoided. The purpose of two combustion 
chambers, rather than one large chamber, is to reduce the 
cold surface area seen by the flame at low flow rates and 
thus reduce radiation temperature losses which can be large. 
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7. START.STOP EFFECTS 

The method used in bringing the heater system up to 
pressure can seriously affect the size and design of the 
heater system (and other tunnel components), and/or the 
heater design can dictate the procedures used to start the 
faci 1ity. The purpose of our analysis has been to describe 
with enough quant itat ive adequacy the starting processes so 
as to permit an evaluation of the interaction between these 
procedures and tunnel component design, with emphasis on 
the heater system. 

A device whose inclusion or exclusion plays an impor
tant role in both operational procedure and design is the 
hot valve, i.e., a shut-off valve between the heater and 
the nozzle. Perhaps the most important potential value of 
the hot valve is in the sizing of the heater. With a hot 
valve, savings of stored air, vacuum capacity, and heater 
stored energy are possible. Also, the heater is not neces
sarily depressurized between runs, permitting successive 
runs without reheating. However, a hot valve is not quite 
as attractive as it first may seem. One finds that the com
pressive temperature rise of the gas above the bed is a max
imum with a hot valve. This could lead to material thermal 
degragation problems. In addition, if a fairly flat tem
perature-time relationship is desired during the data taking 
phase of the tunnel tests, one must wait for the compressive 
temperature rise to decay, once the valve is opened (see 
Appendix Fig. 4F). During this period, significant quanti
ties of air and energy, approaching and perhaps even exceed
ing those losses without a hot valve, are flowing out the 
nozzle. The temperature rise and the corresponding decay 
can be reduced by introducing part of the cold air directly 
into the heater dome, probably through the burner port. How
ever, this technique can also be applied to the no-hot valve 
situation to produce longer run times and/or reduce the bed 
volume. 

With a hot valve there is no advantage to rapid pres
surization. Thus, the heat~r can be designed upon steady 
state requirements alone. For instance, if the factor 1 imit
ing mass velocity is bed flotation, only the pressure gradi
ent situation at steady state is analyzed. Without a hot 
valve, or cold air bypass, a lower steady state pressure 
gradient is required, since in order to reach the steady state 
pressure the steady state pressure gradient wi 11 be exceeded 
during the starting process. 

The start-stop study cons i dered pr imari ly the prob 1ems 
and procedures connected with heater operation without a hot 
valve. This is a necessary prerequisite to the evaluation of 
hot valve advantages and disadvantages as well. The results 
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obtained permit eventual quantitative evaluation of the two 
methods of operation, i.e., with or without a hot valve. 

During the pressurization process the gas temperature in 
the dome region of the heater and the temperature of the gas 
expended from the heater rise above the quasi-steady state 
value. The magnitude of the rise depends on the specific 
heater design, initial pressure, and pressurization rate. 
Fig. IF (in Append ix F) illustrates the effect of the lat-
ter two, since the pressurization rate is related to the val
ue of C]. The hot valve case yields a temperature rise factor 
of 0-1 (= .25 in Fig. IF) over the steady state value. 7f' 
is the effective ratio of specific heats, (that Q which best 
describes the process). Since the air in the dome region 
of the heater loses heat to the refractories and through the 
shell, the effective "d is always less than that for air 
under adiabatic conditions. 

The compression temperature rise decreases the time and 
mass expended during the pressurizat ion process, (see Fig. 2F) 
but causes other less desirable effects which were qualita
tively discussed with regard to the hot valve. These effects 
include the flow and energy losses occurring during decay of 
the compressive temperature rise (premising the need for a 
flat temperature versus time curve during the data run) and 
overheating of the refractories (Figs. 2F and 4F). 

Another phenomena is the variation of the axial mass flow 
rate as one moves through the heater. This happens only during 
start or stop operation when the pressure level is changing, 
(ignoring secondary effects). This phenomena becomes of impor
tance with regard to bed flotation and thermal shock consider
ations. Because of the void volume distribution in the heater 
and the fact that more mass must increasingly be stored in 
all void volumes as the pressure rises, the mass flow is a 
maximum at the heater inlet and a minimum at the heater out
let. This effect must be considered with respect to avoiding 
bed flotation. Simi larly, thermal stress problems, which 
are most severe in the lower regions of the bed, with a 1 inear 
bed temperature ramp wi 11 be aggravated by flows in excess 
of those occurring during steady state operation. Fig. 3F 
presents the results of an analysis of this flow distribution 
phenomena. 

Ordinarily the heater is depressurized to atmospheric 
pressure. Methods for calculating the mass expended during 
this process and corresponding times are presented in Appen
dix F. 
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8. HEATER SIZE REQUIREMENTS 

It has been establ ished that the storage heater for the 
Tripltee probably can comprise a single, large vessel. The 
properties of refractory materials suitable for this appli
cation have been estimated. The probable values of insula
tion thickness have been established. The reheating process 
has been analyzed, and it has been established that adequate 
control over this process can be exercised to insure that de
sired temperature distributions can be attained. 

It is now necessary to carry out the final analysis of 
the matrix to determine the probable volume and proportions 
of the heater. The influence of material choice and material 
density should be established by this analysis. A feasible 
general arrangement of the heater should be evolved. 

The thermal analysis used to estimate the matrix per
formance is described in Appendix G. Basically, it is a 
finite difference solution of the problem considered by the 
Hausen analysis. It is set up to take into account the 
finite lateral conductivity of this material. It also per
mit san a 1 y sis 0 far bit r a r yin i t i a 1 t em per at u rep r 0 f i 1 e s. 
Variable (with temperature) fluid and matrix properties may 
be included in the analysis, however, constant values vvere 
used in obtaining the present results. The computations were 
carried out on a digital computer. 

Combinations of matrix geometry and physical properties 
for final analysis were selected for the two materials of 
interest, zirconia and magnesia. Two values of density were 
selected for each material. The lower value in each case 
corresponds to a density which is presently being attained 
in commercial production of refractory bricl( and related 
s hap e s • The h i g her val u e, 95% 0 f the 0 ret i cal den sit y, r e
presents that which is being attained by the technical 
c e r am i c sin d u s try ins hap e s s i mil art 0 the tub u 1 a r s hap e 
shown in Appendix C. 

Minimum volume of the matrix is achieved when the rate 
of heat extraction is as high as possible (see Section 1). 
This wi 11 be limited by pressure drop and by the thermal 
stress associated with the temperature difference in the 
matrix elements needed to cause heat flow to the surface. 
For a fixed value of thermal stress, equal to onemlf of 
the estimated stress for fracture, the value of the matrix 
temperature rise per unit length was calculated for hole 
sizes and spacing combinations that would yield a pressure 
drop about 0.3 of that which would float the elements at the 
top of the matrix. (See Appendix G for discussion of this 
analysis.) The final selection of hole size and spacing was 
based on considerations of minimum web thickness for the 
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Jred brick shape and minimum wall thickness for the tubular 
nape. 

The variation with time of the temperature distribution 
n the matrix was calculated for five combinations of mate
'ia1, density, hole size and spacing, matrix diameter, and 
nitia1 temperature distribution. These are shown in Figs. 

18 through 22. The length of the matr-ix is defined as that 
Nhich results, after 35 seconds, in a temperature droop of 
the discharge air equal to about 10% of its initial (ab
solute) temperature. Temperature-time curves are presented 
in Figs. 24 through 28. The resulting maximum value of 
mean-to-ho1e surface temperature difference is also show~. 

The matrix volumes indicated bytheseca1cu1ations are 
tabulated below. 

Matrix Hole Hole Matrix Matrix 
Diameter Diameter Spacing Length Volume 

Material Densit): (feet) (iQch) (inch) (f eet ) (cu.ft) 
Zr02 75% 10;5 .212 .312 53.3 4600 
Zr02 95% 10.5 • 1 5 .23 15.5 1340 
MgO 88% 12 • 194 .294 15. 1 1700 
MgO 95% 12 • 15 .23 9.9 1120 

.M.9.0 95% 10.5 .17 .25 12.7 1100 

Although its effect is somewhat masked by matrix dimen
sional differences, the bed volume differences displayed in 
the above table come about more through material density vari
at ions than any other factor. Next in importance is the 
choice of material with magnesia appearing to have a sl ight 
advantage. 

An interesting and encouraging result is the volume for 
the 88% dense magnesia. Should the properties of this mate
rial equal or exceed those estimated for this calculation, 
it would mean that refractory brick practice would be suit
a b 1 e for the T rip 1 tee mat r i x e 1 em e n t s. Howe v e r , not e t hat 
the calculations indicate a further, very substantial reduc
tion in volume should be possible by the use of the more 
dense material. 

The indicated differences between mean and hole surface 
temperatures are all excessive near the inlet end of the ma
trix. This is due to the high temperature at the inlet end. 
The resultant thermal stresses would be completely unaccept
able. Another calculation was carried out for the 88% dense 
magnesia matrix assuming that the inlet bed temperafure was 
red u c edt 0 abo u t 1 60 0 F (f rom 12000 F), w h i 1 e con tin u i n g the 
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same slope of he temperature ramp. The results are shown 
in Figs. 23 an 29. The maximum mean-to-hole surface tem
perature difference is now everywhere acceptable, in fact, 
the inlet temperature could be increased somewhat. The in
crease in heater length amounts to about 5 feet, the volume 
becoming approximately 2300 cubic feet. The inlet-end tem
perature could be somewhat higher than indicated. The 
actual volume increase would then be somewhat less, perhaps 
20 to 25%. Although calculations have not been carried out 
for the other combinations of material density, etc., the 
volumetri c increase wi 11 be a simi lar percentage of the 
values indicated in the tabulation. 

These calculations emphasize again the critical im
portance of thermal stress resistance in determining the 
required matrix volume. Should it be possible to substan
tially increase the slope of the temperature ramp, whether 
through improvement in material propert ies or through de
velopment of a matrix element geometry which reduces thermal 
stress, a further substantial reduction in matrix volume 
could be realized. Alternatively, increases in run time 
would be possible. 

Without question, these data indicate that determina
tion of material properties is essential before undertaking 
final design. Equally certainly, it is essential that manu
facturers be encouraged to supply material of the highest 
feasible density. 

Increasing the material density uniformly exerts a 
favorable effect on performance. Increase in density in
creases heat storage per unit volume, increases thermal 
conductivity (permitting a steeper temperature ramp for a 
given thermal stress), and increases allowable thermal 
stress (permitting a steeper temperature ramp). All of 
these trends tend to reduce matrix volume. Furthermore, 
t~ increased strength and tighter, firmer, smoother tex
ture should minimize the tendency to form dust. Finally, 
creep strength and bearing strength are substantially im
proved, thereby holding forth the promise of operation at 
higher temperatures. 

A representative arrangement of the heater for Tripltee 
can now be developed. Fig. 30 shows such an arrangement, 
based on the 88% dense magnesia. As shown, the vessel would 
probably be field fabricated, although its outside dimensions 
are such that there is a possibility that it could be shipped 
by s p e cia 1 r ail car (s e e Sec t ion 2) 0 r by a com bin at ion 0 f 
barge and (special) highway transporter. 

The arrangement of the dome was selected to minimize 
dome volume. This is desirable from the standpoint of 
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Fig. 30 General Arrangement of Heater 
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minimum loss of air during pressurization as well as from 
the standpoint of reduced cost. However, a bend in the dis
charge duct is required which would be undesirable. To 
eliminate this v",ould I-equire an arrangement of the dome such 
as shown in Fig. 31. The increase in dome volume would in
crease the cost of the vessel and refractories, and would 
increase the amount of air lost during pressurization. 

If it should prove to be feasible to use a horizontal 
orientation of the vessel, the arrangement of the heater 
could be as shown in Fig. 30 and the discharge duct would 
then be straight. This would be both economical and desir
able from the standpoint of small dome volume and simple 
a r ran g em e n t 0 f the dis c h a r 9 e d u c t. The f e a sib i 1 i t y of s u c h 
an arrangement depends on the characteristics (particularly 
bearing strength) of the insulation and the practical 1 imits 
of matrix assembly. It also depends on the feasibi 1 ity of 
restraining the matrix against the pressure drop forces. 
Because of these uncertainties, it can only be considered 
as a possible arrangement to be studied further if some 
serious deficiency developed in the vertically orientated 
arrangement. 

At the bottom of the heater bed, regenerating gases 
wi 11 di scharge into the exhaust stach through two concen
tric ducts controlled by individual valves. This arrange
ment, discussedin Section 6, permits a relatively small 
quantity of combustion gas, required during holding the 
heater in readiness, to be channeled through the matrix 
adjacent to the walls, insuring the maintenance of a flat 
radial temperature profi leo The relative amount of reheat 
gases through the center and at the periphery of the matrix 
can simi larly be adjusted. 

Summarizing, one can state that it is feasible to con
struct a storage type air heater meeting the performance 
requirements of the Tripltee. It is likely that this heater 
can comprise a single vessel, and the general arrangement of 
this heater can be simi lar to extant heaters. By the selec
tion of proper matrix element geometry, combined with achiev
able material properties, it is likely that no thermal stress 
crack i ng, creep or other forms of mechan i ca 1 fa i 1 ure wi 11 be 
encountered for extended periods (perhaps 2 years) of opera
tion. Freedom from dusting is at least possible; certainly 
dusting can be substantially reduced below that occurring 
in existing heaters. 

The industry is prepared to produce the necessary re
fractory elements, the pressure vessel is well within cur
rent practice and the engineering understanding and analytic 
techniques required to design this heater are well developed. 
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Fig. 31 General Arrangement of Heater, Alternate Discharge Duct 
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9. CONCLUSIONS 

1. The use of refractory elements in the heater matrix 
that are specifically designed for this app1 ication 
resu 1 ts in 1 arge reduct ions in the heater vo 1 ume re
quirements and an absolute minimum of dust carry-over. 

2. The performance requirements can be met with a single 
heater, rather than multiple heaters, providing substan
tial reductions in system complexity and cost. 

3. Within present knowledge, ztrconia and magnesia are both 
satisfactory materials for the storage matrix and insu
lation. Eventual selection of a specific material will 
require property data not now available. 

4. Dust carry-over from the heater can be minimized only 
through the prevention of dust production. This requires 
design for the e1 imination of thermal fractures. Thus, 
thermal stress becomes one of the controll ing parameters 
in the heater design. 

5. The preferred heater matrix geometry consists of a series 
of parallel holes, forming essentially a tubular regener
ator. 

6. Cool ing of the heater vessel by free convection and radia
tion is adequate; water cooling is not necessary. 

7. Significant reductions in vessel volume are possible 
through reduction of the insulation thickness between 
the bed and the vessel, witha corresponding increase in 
vessel wall temperature. This advsntage can be gained 
with vessel temperatures about 500 F. 

8. A feasible approach to the mixer design, for the Mach 4 
nozzle, involves introducing the hot and cold air through 
a number of small streams, thereby reducing the length 
across which mixing must take place. A design concept 
based on this approach was examined and will provide ade
quate mixing within the 25 feet length available. 
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10. RECOMMENDATIONS 

This study has shown that the geometry and thermo-physical 
and high temperature mechanical properties of the heat stor
age material are controlling in achieving the desired ends. 

The influence of the properties of the heat storage ma
terial is so great that the use of material produced speci
fically for this appl ication may very well reduce the cost 
of the heater installation by 50%. Also, the most suitable 
material promises long life, low maintenance and an extremely 
low level of dust formation. 

A survey of the refractory ceramic industry has shown 
that several firms can produce a material which will closely 
approach, possibly achieve, the desired performance. These 
firms are unanimous in stating that the achievement of these 
material properties will require preliminary trials to deter
mine the proper combination of processing variables. 

A program is recommended to evaluate these improved re
fractories in terms of their application to the heater system 
and to proof-test selected materials in a pilot heater. This 
work should include refractories used in the heat storage 
matrix and in the insulation liners throughout the heater 
system. 

Engineering properties necessary for design are not a
vailable for the materials under consideration, and further
more, these properties are dependent upon the fabrication 
technique used to produce the desired shapes. Therefore, it 
would be necessary to measure certain properties in order to 
compare various mater~ls and fabrication processes and to 
permit selection of the best materials. This selection would 
be based on an economic and performance analysis of the heater 
system. 

The specific tasks which we bel ieve to be desirable are 
1 i s ted below. 
1. Prepare refractory specifications and procure preproduc

tion qualification samples from refractory suppliers. 

2. Have an independent laboratory test refractory samples to 
obtain thermal and mechanical properties at elevated tem
perature. 

3. Design a test setup to thermally cycle sample quantities 
of refractories in a manner simi lar to that in which they 
would be cycled in a heater. 

4. Evaluate the materials tests in terms of the large heater 
design. 
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5. Based on the information obtained from the refractories 
tests, des i gn a pilot heater to be used for a f i na 1 test 
of the refractories for the large heater to be designed. 

6. Fabricate the pilot heater designed under 5 and install 
at AEDC. 

7. Eva luate refractory performance in the pilot heater. 
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A. Statement of the Problem and Objectives: Design criteria 
for a trge temperature wind tunne I operating up to 2000 psia 
and 4000 R stagnation conditi08s is being prepared. Tempera
tures up to approximately 4000 R shall be provided by a stor
age heater system. A schematic of the proposed tunnel is 
shown in the at tached Fig. 1 *. A storage heater system is 
tentatively required to provide true temperature air over the 
portion of the altitude-velocity envelope shown in the at
tached Fig. 11*. The primary design points for the heater 
system wi 11 be for Mach 4 and Mach 7 operating conditions 
with air in the nozzle stagnation chamber at the following 
conditions: 

Mach 7 Mach 4 
Stagnation Pressure Pt 2000 psia 400 psia 
Stagnation Tempesature Tt 39000R 16000R 
Total Mass Flow m 15001b/sec 50001b/sec 

It is envisioned that the Mach 4 conditions may be produced 
by mixing hot storage heater air and ambient temperature air. 
Useful test times of at least 30 sec. are required with ef
fluent temperature not varying more than ± 5% from the true 
stagnat ion temperature for a given run. True s imulat ion of 
other portions of the performance envelope are desired but 
not at excessive increase in cost of simulating the primary 
design points. Consequently, a redefinition of the perform
ance envelope probably wi 11 result from this study based on 
this criteria. Also, the heater size probably is not compa
tible between the Mach 4 and Mach 7 conditions. A redefi
nition of the Mach 4 conditions shall be considered if the 
technical and economical studies so suggest. It is also re
quired that operation with temperatures below true stagna
tion temperatures be provided. Known problem areas for the 
storage heater and mixer systems are out1 ined below: 

(1) Storage Heater System: The storage heater system 
is required to provide high pressure air to the nozzle stag
nation cha~ber at a minimum of 39000R. Higher temperatures 
up to 4300 R are desired to simulate "hot day" environments, 
however, this may be beyond the state of the art with stor
age heaters. The mass flows required probably dictate more 
than one storage heater and possibly different manifold re
quirements., 
* Not included in this report. 
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The number and size of heaters wi 11 depend upon run time, 
mass flow rate and stagnation conditions as well as heater 
design and refractory materials used. A practical engi
neering and economic evaluation of all the parameters must 
be made to select the number and size of heaters. Others 
contributing analyses which must be made are: 

(a) Selection of refractory mat~rial, including 
configuration, for heat storage elements and 
insulation. 

(b) Refractory dusting must be kept below maximum 
acceptable levels in order to provide accep
table conditions for airbreathing propulsion 
testing. 

(c) Regenerating techniques. 
(d) Selection of a technique for rapidly bring-

i ng the heater system on and off 1 i ne with a 
minimum depletion of air storage. 

(e) Selection of a thermal. and pressure control 
technique. 

(2) Mixer: It is envisioned that the 50001b/sec high 
mass flow wi I I be obtained by mixing hot air from the stor
age heater with cooler ambient air, or by parallel ing a num
ber of lower temperature heaters. A mixer is also desirable 
for other secondary performance requirements. The best mix
er configuration, or configurations, used must be determined 
based upon technical and economic evaluation. The mixer 
must be capable of handling a wide range of mass flows with
out an appreciable heat loss whi le maintaining adequate mix
ing. 

B. Technical Approach: The Contractor shall conduct these 
research and engineering studies based primarily upon I1state 
of the art lT development of storage heaters and mixers. 

(1) Storage Heater System: The Contractor shall select 
the refractory materials and configuration for the heat stor
age elements and insulation based upon the best avai lable 
knowledge and experience with eXisting materials. The Con
tractor shall select the number, size, and arrangement of 
the storage heaters and associated components, such as mani
folds and valves, based upon the operating requirements 1 isted. 
The Contractor shall study and recommend a pressurization and 
thermal control system and operating technique for the heater 
system operation. The Contractor shall study and recommend 
a technique of regenerating the heater system assuming a max
imum heat consumption run. Dusting of refractory material 
must be kept at a low level before airbreathing propulsion 
testing can be accomplished in a wind tunnel. The Contractor 
shall take this problem into account in the selection of a 
heater system configuration. 
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(2) Mixer: For the lower temperature high mass flow 
operation, the Contractor shall establ ish the most feasible 
method of mixing cold and hot air for the requirements 1 isted. 
The selection of a mixer configuration requires that atten
tion be given to minimizing heat loss while simultaneously 
providing adequate mixing. The Contractor shall consider 
using a mixer which may be an integral part of the manifold 
system plus any other feasible concepts. 
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APPENDIX B 

SIMPLIFIED THERMAL ANALYSIS 

As a first approximation to the problem of predicting 
the performance of the heater matrix as a function of vari
ous parameters, the Hausen results, Ref. 1, were used. The 
following assumptions are made: 

a. The matrix temperature is initially uniform 
b. The friction factor and heat transfer coef

ficients are those shown on the accompanying 
Figs. 18 and 38 

c. The pressure gradient at the top of the bed is 
equal to one half that required to float the bed, 
i . e . , 

where: 
dp/dz == 1/2 P (1 -era) == 1/2 ~ bu lk 

~ = density of matrix material 
fbulk == bulk density of matrix 

~ == bed porosity 
d. The matrix geometry is comprised of circular 

holes, parallel to the direction of flow, 
spaced uniformly: 

rS l 
0000000=f 
000000 

0000000 

For this arrangement the porosity is 

<r == 0.908 
(s /0 ) 2 

and the surface area per unit volume is 

p == 

A7 
3.624 
o (s/0)2 
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where: 

Aht = total heat transfer area 
V = total matrix volume pbed 

= wetted perimeter 
Af = total face area 

The parameters 11 and f are defined as: 

and 

where: 

1'{= 

f = 

C = 
M = 
8= 

9
f 

= 

z = 
J. = 

hPe, the limiting value being 
CM 

hP Z , the limiting value being 
cpm 

specific heat of matrix material 
mass per unit length of matrix 
time elapsed, variable 
total run time 
matrix length, variable 
total matrix length 

AEDC-TDR-64-48 

We may write 
as follows. 

1{f and ft in terms of the matrix characteristics 

"Ylr = 3.6 24 

and 

f~ = 3.624 

Cf fj- .908.?(s/Df'D 
( (s/D)~ 

m cp (s/D)~ 0 

Dividing ~f by ~ and rearranging we obtain an expression 
for gross matrix volume 

The bracketed term is that volume of matrix which would 
have the same heat capacity as the fluid to be heated. This 
is therefore the lower 1 imit to the matrix volume, if all 
the heat stored (relative to the gas inlet temperature), was 
extracted by gas leaving the matrix at the initial matrix 
temperature. The ratio ~ / ~ thus can be thought of as 
an effectiveness factor. ~f fs determined by matrix element 
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geometry, heat transfer coefficient, matrix material density, 
and run time. 

The requirement that the gas discharge temperature not 
deviate from the specified value by more than + 5% in con-
junction with"'t results in a unique value for fR . In 
other words, anyftwo quantities of the group "1f' II ' and 
~ f determine the third as per Fi~. 3a. The value of ~ f 
re~ults from the + 5% temperature tolerance specification~ 

Tgf = Tgf ~ T c ~ .9, 
T. - T 

I c 

since T gi = T gi - T for the c ~ 1.0 
T. - T 

II's 
I c 

range of encountered. 

The heat transfer coefficient used to determine a value 
of 1f depends on matrix geometry, mass velocity of the gas, 
and gas properties. More specifically the heat transfer 
coefficient is a function of Reynold's number, Prandt1 num
ber, mass velocity, and specific heat. The relationship is 

h = Nu = St = .0231 Re-· 2 Pr-2/ 3 
RePr 

Alternatively one can write h in the form 

h = .0231 (k /0) Re· 8 Pr l/ 3 . 
g 

Friction factors depend on roughness and Reynolds number in 
the turbulent flow regime. Fig. 18 presents the estimated 
relationship between friction factor and Reynolds number. 
Figs. 28-48 relate Reynolds number, heat transfer coeffi
cient, and mass velocity to hole diameter and bulk density 
for the one-half bed flotat ion pressure gradient condition. 
Fig. 58 gives the relationship between V"tf and J.c for a 
value of T gf equal to 0.9. 

Calculations have been made to determine 'f' ft, and 
heater volume for a range of hole sizes and for two materials, 
magnesia and zirconia. Material densities of 1971b/ft3 and 
263lb/ft 3 were assumed for magnesia and Zirconia, respectively. 
Once the material density is specified the bulk density de
pends only on bed porosity. Mean specific hea~ of 0.36 8TU/ 
lb o R were selected for the magnesia and zirconia, respec
tively. The resulting values for 1ff are shown in Fig. 68, 
while corresponding volumes appear In Fig. 78. 

The net effect of increasing hole diameter at a constant 
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PRESSURE GRADIENT = ONE HALF FLO TAT ION 
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PRESSURE GRADIENT = ONE HALF FLOT A TIQN 
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PRESSURE GRADIENT =ONE HALF FLOTATION 
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spacing to diameter ratio (siD) is a reduction in the value 
of ~f' the increase of heat transfer coefficient being domi
nated by the decrease in wetted perimeter (P). This reduc-
t ion in the value of ?( results in a larger fR / '17f factor 
(see Fig. 58) and therefore increased matrix volume. Compari
son of the results for zirconia and magnesia, Fig. 78, indi
cate the importance of the quantity Cf on matrix volume. Al
though lower values of Cf result in smaller JR / ~f values, 
the h eat s tor age e f f e c t d 0 min ate s . H ole ,s p. a c i n g iss e e n t 0 
be of minor importance in the range of siD's of interest. 

The volumes indicated in Fig. 78 are clearly the least 
possible under the assumed conditions. However, if matrix 
element fracture is to be avoided, they are not realistic. 
A uniform in it ial matrix temperature would result in severe 
thermal stress conditions and fracture. 

A more realistic assumption of initial matrix tempera
ture distribution would be that corresponding to a value of~ 
(see Fig. 38) greater than zero. The starting rate of change 
of matrix temperature with length would then have a finite 
value. This starting temperature gradient of the matrix can 
be related to thermal stresses in the material as per Appendix 
H. On such a basis, and knowing material properties, an ac
ceptable value of this gradient can be estimated for any par
ticular matrix element design. Such a temperature gradient 
quantity can be related to the matrix characteristics curves 
of T versus f at constant "l ,(Fig. 38). Recalling the 
definitions of T ,f and ~ we can relate the quantities 
to the maximum initial matrix temperature gradient, {~T/ oz)o' 
as follows: 

and 

or 

(~n 
0 

~Dt 0 I (~:)o ': 
WI cp 
hA f 3.624 T;-Tc 

For each val u e 0 f (dT) there is an unique value of 
J f 0 

'70 corresponding to that characteristic curve which has as 
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its maximum slope that particular value. (See Fig. 88). One 
can thus take an allowable ( JT/ dZ!') number computed from 
thermal stress considerations, and, glong with the geometric 
and flow conditions, compute a value for n. We now assume 
that ~ adequately represents the actual t~mperature distri-
bution gt the beginning of the run. ~ is computed as it 
was for the initially uniform temperatufe case. Adding 17 0 
and ~ we obtain the value of ~ characterising the final tem
peratufe distribution in the matrix (Fig. 3b) and gas (Fi~. 
3 a ); calli t ?,('. The t em per a t u red roo p s p e c i f i cat ion i sus e d 
to determine the final T value ( T f) desired, which for 
TTT will normally be abou~ 0.9. Usin8 Fig. 3a we now find 
the val u e 0 f f cor res p 0 n din g toT fan d ?'('; calli t f' . 
At this point we can make the follo~lng observation. For most 
values of 1'( the amount and temperature level of the heat 
stored near the upstream end of the bed (see Fig. 3b) is quite 
small. Clearly, this part of the heater matrix contributes 
1 ittle to the performance but significantly to the size of 
the matrix. In order to reduce the size of the heater, we 
draw a tangent to the ?'to curve on Fig. 3b, at its maximum 
slope location. The curve formed by the tangent 1 ine from 
the T = 0 line (or f-axis) to the maximum slope location 
plus the ~ curve from there on is the one we now define as 
our initialOtemperature distribution. We shall call the value 
of f on Fig. 3b, where the tangent 1 ine crosses the f -aXis, 

fo.and assume that this temperature distribution gives us 
the same heater performance as the complete ~ curve. For 
reasons stated above and because of the prel im~nary nature 
of this analysis the assumption is justified. The differ
en c e bet wee n f' and f 0 i s fA and inc 0 n j un c t ion wit h 11 f 
enters directly into determining the necessary matrix vol-
ume as it did in the initially uniform temperature case. Thus 
we can write 

where 

and 

1?f -= 1('_"'0 

Numerical calculations were made for the case where the @axl
mum initial temperature gradient was given the value 200 F/ft, 
a number typical of those based on thermal stress considera
~~ons although numbers appreciably larger and smal 1ar also re
sult. Values of ( dT /d!) and '1l are plotted VB. hole 
diameter in Fig. 98. While WB~e spaclRg is a variable, the 
results with different siD rat\'os don't differ enough to war
rant consideration in this pre imlnary analysis. Tflere is 
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PRESSURE GRADIENT = ONE HALF FLOTATION 

MATERIAL DENSITY FROM 190 TO 270 LB./FT 3 
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on 1y a 2 to 3 percent difference in ( 'OT/ elf )max compar i ng 
siD's of 1.5 and 2.0. Simi1ari1y, material density has lit
tle effect over the range of values to be considered. A 
density change of 50 percent changes ( ~T /~f ) ax by only 
4 percent. Values of J versus hole diameter a~e plotted in 
Fig. lOB. Tae matrix v ~umes predicted by this approach ap
pear in Fig. 118. As expected, this analytical model yields 
larger estimated matrix volumes than the initially uniform 
matrix temperature model. Trends with hole diameter are op
posite and the effect of hole spacing is greater although 
qualitatively simi lar. However, one should not attach too 
much significance to these trends. The factors of major im
portance, which these curves ignore are the effects of geom
etry and material properties on the allowable value of dT/ d:z. 
However, these results serve to give us a more realistic pre-
1 iminary matrix volume est imate than the uniform temperature 
case. Also, and perhaps more importantly, they imply that 
the initial temperature distribution and what specifies it are 
areas which deserve more detailed analysis. This they will 
receive in other sections of this report, primarily in Sec
tions 6 and 8 and Appendices G and H. 

The face area of the matrix is indicated in Fig. 128. 
The effect of increasing hole diameter is to substantially 
reduce the face area. Larger holes reduce the friction by 
reducing wetted area which permits larger values of mass 
flow per unit area. Reductions in spacing ratio also sub
stantially reduces the allowable face area because poro
sity is increased. 

In conclusion, we may say that the volume of ~he Tripl
tee heater is 1 ike1y to be on the order of 1500 ft and the 
matr ix face area about 100 ft2. A lso, for a matr ix inlet 
temperature ramp slope of 200 0 F per foot, the effect of hole 
size, hole spacing, or material on volume is not large. The 
volume of the matrix is 1 ike1y to be strongly influenced by 
the slope of the temperature ramp. Therefore thermal stresses, 
which wi 11 determine allowable values of temperature ramp 
slope, are 1 ike1y to determine the matrix volume. These ther
mal stresses are reduced by closer hole spacing which also 
reduces the required face area. 
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APPENDIX C 

REFRACTORY OXIDE PROPERTIES 

The Trip1tee Heater requires a matrix in which heat is 
to be stored. This matrix will be exposed to temperatures of 
approximately 4,200oR maximum. The material will be sub
jected to stresses due to pressure drop of the air passing 
through the material, and it wi 11 have to stand under its 
own weight for extended periods of time at very high tem
peratures. Because heat is being extracted from the material 
there wi 11 be a temperature gradient within the material. 
This temperature gradient that exists within the material 
causes thermal stresses. The material must be free from dust, 
and both mechanically and physically stable. Because the 
size of the heater depends directly upon the amount of heat 
that can be stored in the matrix, the heat capacity per unit 
volume of the material must be as high as possible. Also 
the material must be as reasonable in cost as possible and 
one which can be readily procured from commercial sources 
without requiring new faci 1 ities or extending the manofactur
ing state of the art. 

Since the material must be held at high temperatures for 
long periods of time (one or two years) creep must be small 
for a period of about 10,000 hours. Considering manufacturing 
tolerances, a figure of 1% creep in 10,000 hours is probably 
reasonable. This creep resistance will depend upon the level 
of stress and temperature. Although the material will not be 
continuously held at maximum temperature, the above creep 
resistance should probably be specified at the maximum tem
perature. A minimum stress of 10 psi (more desirably 20 
to 30 psi) at the specified value of creep would probably 
be required. 

Heat is extracted from this matrix in a period of only 
30 seconds. For minimal size the largest possible proportion 
of the stored heat should be extracted. For these conditions 
the rate of change of tempesature within the matrix has been 
estimated at from 75 to 150 F per second. Resistance to 
thermal shock of this sort depends upon several material pro
perties and also on geometry. A material experiences a 
stress whenever it is exposed to a temperature difference. 
The stress resulting from a given temperature difference can 
be simply expressed as the product of the strain due to the 
temperature difference and the modulus of elasticity. The 
temperature difference for a given rate of heat extraction 
will decrease with increasing conductivity. Since the 
strain is proportional to the temperature difference, the 
stress resu1ti~g from the given rate of heat 'extraction is 
proportional to the modulus of elasticity. Therefore, it is 
desired that the modulus of elasticity be small. Finally, 
the allowable rupture stress should be as large as possible. 
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The desired properties of the matrix material would be: 
high strength at the specified temperature, low modulus of 
elasticity, small values of linear thermal expansion, high 
conductivity, and large heat capacity per unit volume. Oth
er desired properties would be resistance to oxidation, resis
tance to reduction by combustion gases, dimensional stabi li
ty under conditions of thermal cycling, and ability to with
stand a large number of cycles of heating and cooling with
out loss of strength. The oxidation resistance of refrac
tory metals, e.g., molybdenum or tungsten at these tempera
tures, even with the best protect ive coat ings, are inadequate. 
The carbides, nitrides, and borides are similarly lacking in 
chemical stability at elevated temperatures, particularly in 
the presence of oxygen. The only other suitable class of 
materials is the refractory oxides. 

Of the several oxides that have high enough melting points 
(greater than 45000 F), only two are feasible considering cost, 
chemical stability, and operational suitability.; these are 
zirconia and magnesia. Beryllia is excessively expensive; 
thoria also is expensive and both involve personnel hazards. 

Zirconia has been used as a heater matrix material for 
some time. However, present commercial material is not satis
factory for this application. Commercial products are lack
ing in long time stability, perhaps due to loss of the calcia 
used to suppress a crysta 11 i ne transformat i on that is ac
companied by a volume change. The material is not able to 
withstand extended thermal cycling without deterioration. 
Its creep resistance at elevated temperatures appears to be 
inadequate. This experience is strange when one considers 
the basic characteristics of zirconia; its high melting point, 
its resistance to thermal shock, etc. It is important to 
understand why the presently avai 1able material is unsatis
factory. 

One possible reason is the presence of impurities. Tests 
have been conducted which indicate that long term stability 
of the calcia-stabilized zirconia is possible for high-purity 
mat e ria I ( say I e sst he 1/2% imp uri tie s ) • C r e e pst r eng t his 
also greatly enhanced by high purity. Thus, the processing 
of the ores and the raw material up to the point of making 
the shape itself may strongly influence the properties of 
the finished product. 

It is also true that the processing of the material in
to the finished shape can exert a very great influence on the 
final properties. An example of this would be a very high 
qua1~ty alumina brick which shows a modulus of rupture at 
2500 F of ali tt Ie over 2,000 pounds per square inch. I n con
trast, the same kind of material but somewhat purer and of 
higher density shows a rupture strength of more than 8,000 
pounds per square inch at the same temperature. Th is is a 
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factor of four difference in strength. The major difference 
between the two materials is the fact the brick has a poro
sity of about 21% whi le the other alumina has a porosity of 
only about 5%. There was also some si 1 ica present in the 
brick. It has been demonstrated that si 1 ica in conjunction 
with many refractory oxides forms glassy phases which tend 
to accumulate at the grain boundaries and serve as a lubri
cant, promoting sl ippage of the grains past one another and 
consequently low strength and poor creep resistance. 

The effect of material porosity has been quite exten
sively explored with regard to its effect on strength and on 
the modulus of elasticity. Ryshkewitch in Ref. 1 finds a 
clear relationship between strength and porosity for both 
alumina and zirconia in which the strength decreased by a 
factor of two for each ten percent increase in porosity. Oth
er investigators have found similar effects and derived the 
general correlation that the ultimate stress at fracture for 
a porous material is equal to the ultimate stress of a non
porous material times e-70- (where 0- is material porosity). 
Investigations by others, for example Ref. 2, have shown a 
similar effect of porosity on the modulus of elasticity. In 
this case e -4~ is the factor accounting for the effect of 
porosity. The effect of porosity on the creep resistance of 
alumina is very great and adverse, as reported in Ref. 3. 

Another processing variable would be grain size. A 
study by Spriggs & Vasilos, Ref. 4, shows that for alumina 
and magnesia the transverse bend strength, or rupture modu
lus, decreases with increasing grain size in a regular fashion 
which can be represented by the grain size in microns raised 
to a power. In the case of alumina the factor was a grain size 
to the -1/3; in the case of magnesia the factor was the grain 
size to the -1/6. This would indicate that serious losses 
in strength would occur should the grain size rise from a val
ue on the order of 10 to 20 microns to a value of, say, 100 
to 200 microns. The latter is fairly representative of what 
would be termed moderately fine grain brick and unfortunately 
is likely to be encountered in even an initially fine grained 
refractory oxide after it is held at high temperatures for 
extended periods of time. 

It is certainly possible to reduce material porosity to 
very low values, of the order of 5% or less. Therefore, a 
quite appreciable proportion of the ultimate potential strength 
of the material can be real ized as far as porosity is con
cerned, although the processing techniques may be somewhat dif
ferent than those most commonly used in making brick shapes. 
In the case of grain size a degree of control is possible by 
using very finely divided material which is pressed and then 
sinteFed at high temperatures. As has been noted, grain 
growth occurs with extended periods of time at high temperatures. 

96 



AEDC-TDR-64-48 

However, Ryshkew itch has noted in his book "Ox ide Ceram i cs II 
(Ref. 5) that additions of what he calls alloying elements 
to refractory oxides can control grain growth and also can 
increase the rupture_ strength and creep resistance at ele
vated temperatures. An example would be the addition of 
chromium oxide to alumina. Another example is the addition 
of small amounts of zirconia to magnesia. In the latter 
c a s-e t 4e- a p par e n t e f f e c t see m s t 0 b e s i mil art 0 t hat 0 f pre -
cipilation hardening of metals. That is, there is a hard 
and insoluble phase very finely divided and uniformly distri
buted throughout the primary material. This secondary in
soluble phase appears to distort the lattice structure and 
to thereby increase its resistance to slip. It also de-
creases the rate of grain growth. The chromium oxide forms 
a solid solution with alumina which also hardens it, through 
distortion of the crystal lattice because of different ion 
radi i. Although the 1 iterature pertaining to the addition 
of these alloying elements is not extensive, as far as we 
have been able to determine, it is clear that practice of 
the industry recognizes them and that they are commonly 
used, although perhaps in a largely empirical manner. 

The 1 iterature clearly indicates that for refractory 
oxides to have the best high temperature properties it is 
necessary that they be of low porosity, small grain size, 
and very high purity. However, the general practice in the 
industry, in regard to producing brick shapes, is to make the 
brick porous, 20 to 22% is a typical value, and of a rela
tively coarse grain material which is sintered at a temper
ature somewhat below its ultimate use temperature. This 
appears to go in opposition to the previously stated effects 
of material porosity on mechanical and physical propert ies. 
The stated reason for the brick being made in this fashion 
is to increase what is sometimes called the thermal shock 
resistance but is more properly .called spalling resistance. 
Since these two terms are frequently used interchangeably 
by people in the refractory business, it would be well to 
consider what the difference is. 

As we use the word, thermal shock resistance refers to 
the abil ity to resist a fracture (even a micro crack) due to 
thermal stresses caused by a temperature difference within 
the material. Spalling refers to loss of material due to 
cracks under therma 1 eye 1 i ng. The Amer i can Soc i ety for Test
ing Materials has a standardized test to determine spall ing 
resistance of refractory shapes. This involves cycling from 
a relatively high temperature to a low temperature with a 
rapid cool ing being effected by an air and water spray blast. 
The test is del iberately des igned to create extremely severe 
thermal shock conditions to insure that fracture of the brick 
will occur. The measure of spalling resistance is not resis
tance to fracture per se. The measure of spalling resistance 

97 



AEDC-TDR-64-48 

is a loss in weight of the material under test due to frac
ture resulting from a specified number of such heating and 
cooling cycles (see Ref. 6). This test is meaningful in 
regard to the use of brick for I iners in furnaces and other 
similar applications in which it cannot be anticipated that 
complete freedom from cracking would be achieved and where 
the criterion necessarily is: How long can the brick be 
used before it must be replaced? For the Tripltee Heater 
the criterion must be different. Since no dusting is to 
be encountered, if at all possible, it is clear that no frac
ture should be permitted. The material should be of such 
integrity that small particles would not be lost due to ther
ma 1 cyc 1 i ng, therma 1 shock, abras i on or whatever. 

The effect of increasing material porosity on thermal 
shock resistance is to lower it considerably (see Ref. 3). 
This comes about, although increasing the porosity decreases 
the modulus of elasticity of the material, because it re
duces the strength. The modulus of elasticity is reduced at 
a lesser rate than is the strength. The effect of increasing 
porosity would be to increase thermal stresses resulting from 
a fixed v~lue of temperature difference. What is more, por
osity, particularly when its value is greater than, about 10 
to 15%, decreases conductivity in the material at a rate much 
faster than the increase in poros ity. Thereby the temperature 
difference existing within the material is increased consider
ably by increases in porosity for a given rate of heat trans
fer. So it is apparent that porosity in fact increases the 
probab iIi ty of fracture of the mater i a 1. Then why is porous 
material used when high spall resistance is needed? The ap
parent reason is that although cracks do occUG the pores tend 
to act as crack stoppers, and even when the material has been 
fractured through and through, the fracture does not form a 
smooth or regular surface but tends to be quite irregular. 
The surfaces which result from the irregular fracture may 
interlock and tend to retain pieces which are no longer 
structurally integral with the main body of the brick. Thus, 
it is possible that porosity is desirable in a situation 
where thermal shock is going to be so severe that fracture 
must be encountered, since it may substantially decrease the 
probab iIi ty of mater i all oss. However, in our case where 
we must avo ida 11 fracture, any increase in mater i a 1 poro
sity beyond that which is the minimum readily and feasibily 
achieved in production, would be undesirable. 

In summary, the desirable direction with regard to poro
sity and grain size is the same from the standpoint of strength, 
creep res istance, ab i 1 ity to withstand large pressure drop and 
the abi I ity to withstand rapid changes in temperature without 
fracture or dusting. It is clear thatitis desirable to have 
the lowest porosity material that is feasible, the smallest 
grain size that can be attained and maintained, and the high
est purity that can readily be attained. 
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In view of the discussions which have preceded, the next 
question is: Can adequate properties be achieved in either 
zirconia or magnesia? A I iterature search has shown that the 
answer is yes, at least tentatively. It has been difficult 
to find properties taken under conditions which permit evalu
ation of the tests with some certainty, and to correlate 
these values with those obtained by others. However, it has 
been possible to find a 1 imited amount of data from several 
different investigators which appears to be reI iable and 
which correlates well. A body of data which appears to be 
reI iable and covers the greater part of the temperature 
range of interest is that contained in Ref. 7. The author 
measured the properties of zirconia, magnesia, and alumina to 
temperatures above 2830 0 R. The author determined the ultimate 
bending stress, the modulus of elasticity, the 1 inear coef
ficient of expansion, and Poisson's ratio. The purity of 
the materials was not clear, simply having been stated as less 
than 1% impurities. Zirconia was stabilized with approximate
ly 4% of calcia. Materials were all prepared by hot pressing. 
The ternperature level and the time for sintering were such 
as to insure that the grain size would be rather large. The 
porosities of the alumina, zirconia, and magnesia were 5%, 4%, 
and about 12%, respectively. These data have been compared 
with others and appear to be reliable and consistent. These 
data have been corrected to zero porosity and are presented 
in the accompanying curves, Fig. 5C and Fig. 6C. Schwartz's 
values of thermal coefficient of expansion do not appear to 
be quite as reI iable as some others. Comparison of this data 
with other data recorded by Goldsmith et al. (Ref. 8) indi
cates that it lies appreciably below other values. There
fore, .it is recommended to use the mean curve taken from 
Ref. 8 for the 1 inear coefficient of expansion of both mag
nesia and alumina. 

The coefficient of expansion of zirconia is of course 
anomalous since the material is subject to a shange in cry
stall ine form at a temperature of around 2000 F. In order 
to offset the deleterious effects of the resultant inver
sion in the coefficient of expansion, it is customary to 
stabi 1 ize the material with some calcia. Commonly the ma
terial that is supplied is (so called) partially stabilized 
zirconia. That is, it does not contain enough calcia to con
vert all of the zirconia to the stable cubic form; only a 
port i on of it is so converted. The reason given for part i a 1 
stabilization is greater thermal shock resistance, since 
the coefficient of expansion is lower when partially sta
bilized than when fully stabilized. Examination of the 
Norton curves of thermal expansion coefficient versus tem
perature indicates that the partially stabi 1 ized zirconia 
does possess a lower coefficient of expansion in the tem
perature range up to approximately 22000 F. However, at tem
peratures above 2200 to 2300 0 F the coefficient of expansion 
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equals that of the fully stabilized material. What is more, 
our experience, coupled with that of others, has indicated 
t hat the the r mal c y c 1 i n g s tab i 1 i t y 0 f part i all y s tab i 1 i zed, 
relatively impure zirconia of standard commer~ia1 quality 
is not adequate for heater use. Fully stabi1 ized zirconia 
of a very high purity is desirable since it appears to pos
sess much greater resistance to change due to thermal cycl ing. 
The most severe conditions gf thermal shock occur at temper
atures on the order of 2500 R where the partially stabi 1 ized 
material would have the same thermal coefficient of expansion 
as the fully stabilized material. It would appear then that 
the stated thermal shock advantage of the partially stabi 1 ized 
material depends upon tests conducted at temperatures less 
than about 2300 R. The coefficient of ·expansion values recom
mended are those given by Smoot and King in Ref. 9. 

The values of thermal conductivity and specific heat for 
alumina should be taken from Goldsmith et a1. It is recom
mended that the thermal diffusivity for alumina be calcu
lated from the values of specific heat and conductivity. Val
ues calculated in this manner agree well with measured values 
reported by Ryshkewitch in Ref. 5. Ryshkewitch reports only 
two points, which is not adequate for determining the varia
tion of thermal diffusivity with temperature. For dense, 
stabi 1 ized, zirconia the conductivity and the specific heat 
should be taken from Goldsmith etal. Again the value of 
thermal diffusivity should be computed from these curves. Such 
data compares favorably with data reported by Ref. 5. The 
data from Ryshkewitch cannot be readi 1y corrected to zero por
osity since the value of the porosity was not known. Rysh
kewitch's values of diffusivity are a 1 ittle lower than the 
value indicated by the calculations, as expected, since some 
finite value of porosity certainly existed. Also included 
are the values of diffusivity calculated for Norton dense 
brick, based on Norton values of conductivity. For magnesia 
the data for 1 inear coefficient of thermal expansion, thermal 
conductivity and specific heat from Goldsmith would probably 
be best. The values of thermal diffusivity should be computed 
from these values. Comparison with a few points reported by 
Ryshkewitch indicates satisfactory agreement. The properties 
of alumina, zirconia and magnesia from the sources just dis
cussed are recorded in Figures lC through 6C. 

The best way to evaluate the reliability of the accumu
lated data would be to compare some characteristic which can 
be measured in another fashion with that indicated by this 
data. This can be done in the case of the thermal shock. 
Thermal shock involves the properties of rupture stress, mo
dulus of elasticity, coefficient of expansion, conductivity, 
and specific heat. Therefore, a test to determine the thermal 
stress (or temperature difference) at fracture of a given 
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shape would provide a useful basis for checking the values 
of other measured properties. Schwartz in Ref. 7 did pre
cisely this. Cylinders of alumina, zirconia, and magnesia 
were placed in a furnace and heated slowly. They were then 
heated further from the inside by a Globar inserted in the 
center of the hollow cyl inder. Thus, the mean temperature 
was maintained at a fixed value and a temperature gradient 
was imposed upon the material. The temperature gradient 
could be controlled by contro1l ing the temperature of the 
G10bar. This was varied until the material cracked. The 
temperature difference across the material was measured 
with thermocouples. Property values of the test material 
were determined independently and used to calculate the 
values of the temperature difference at which the test cy-
1 inder would crack. The agreement between calculated and 
measured values was very good. 

Since Schwartz demonstrated that the thermal shock re
sistance of a material can be estimated accurately from 
independent measurements of its properties, and since his 
property measurements were checked in this fashion, the 
values indicated by Schwartz should be adequate for our pre
sent purposes. Thermal shock resistance calculations have 
been carried out using the values corrected to a porosity of 
3%. The value of the difference between the mean temperature 
and the surface temperature which would result in material 
fracture has been calculated for a range of temperatures. 
These data, which are presented in Fig. 7C, should be ade
quate for the heater evaluation. The physical property 
data used to calculate these curves are not necessari ly the 
propert i es of the mater i a 1 best su i ted for use ina regen
erative heater. Neither do they necessarily represent the 
properties of a final product which can be easi 1y produced 
by industry. Eventually, data should be obtained for a sam
ple which has been processed in a production type operation 
by a commercial suppl~ of refractory oxides. 

Referring to Fig. 7C it is apparent that below about 
27000R zirconia can withstand the greatest temperature dif
ference. Since the maximum temperature difference is likely 
to exist at matrix temperatures of the order of 2500

0
R or 

less, zirconia would rate highly. However, this must be 
coupled v'>Iith the thermal diffusivity which is proportional to 
the conductivity. In this respect, zirconia is not as good 
as magnesia. In terms of the maximum rate of change with 
time of the mean matrix temperature they will probably be 
comparable. Alumina, of course, is not suitable since it 
does not possess adequate strength at the requireg tempera
tures. Alumina has a melting point of about 4200 R. 

With regard to creep resistance, very 1 ittle work has 
been done for oxide ceramics. A corre1at ion of creep 
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properties with temperature and stress for magnesia is con
tained in a paper by Wygant (Ref. 10). A 1 imited amount of 
creep data for alumina and one point for zirconia is reported 
by Stavrolakis and Norton, in Ref. 11. Unfortunately the 
Ref. 11 data cannot be compared directly with those reported 
by Wygant since one is reported in terms of twist (radians 
per inch per hour) whereas the other is reported in terms of 
elongation (inches per inch per hour). The size of the speci
mens was not indicated. Wygant, stated that the creep rate 
of magnesia was approximately 20 times that of alumina and 6 
times that of zirconia. In the literature that we have been 
able to survey the data regarding the creep rate of zirconia 
is not adequate. 

For 1% creep in 10,000 hours, using Wygant's correlation 
between stress level, temperature, and creep rate, the values 
of allowable stress as a function of temperature are shown 
in Fig. 8e for magnesia. These data have not been corrected 
for porosity, because adequate correlations are lacking. 
Therefore, they are 1 ikely to be conservative. For tBe maxi
mum anticipated temperature of the matrix, about 4200 R, the 
allowable stress would be approximately 24 pounds per square 
inch. A value of this order was felt to be desirable. On 
the basis of statements made by Wygant and by Starolakis and 
Norton, zirconia is 1 ikely to be stronger. Since creep de
formation of the bed would occur under its own weight, and 
since zirconia has a greater density than magnesia, zirconia 
would require a higher allowable stress than magnesia for a 
given creep rate and temperature. It is unl ikely that the 
data in hand is adequate for design purposes. However, it is 
felt to be adequate for the purposes of the study. 

In summary: (1) Values of thermal shock resistance have 
been calculated based on experimental data which indicate 
that both zirconia and magnesia in a dense high-purity form 
are probably suitable for the Trip1tee Heater. (2) Data on 
dense, high-purity magnesia indicates sufficient creep resis-
t a n c e for the T rip 1 tee He ate r • The a v ail a b 1 e d at ai n d i cat e s 
that zirconia wi 11 be as strong as, if not stronger than, 
magnesia. (3) As long as the thermal shock 1 imits of magnesia 
are not exceeded, thermal cyc1 ing should not have any dele
terious effect on the magnesia. (4) If available, fully sta
bilized zirconia, which does not destabilize after a large 
number of thermal cycles, would probably be suitable as well 
as magnesia. (5) The deleterious effects of material poro
sity are so great that low porosity materials should be strong
ly considered for this appl ication. (6) Low porosity mater
ials, sintered at high temperature, should have a smooth, hard 
surface texture which will minimize dusting. This can be an
ticipated with either zirconia or magnesia with the qual ifi
cation that zirconia should be fully stabilized and remain so 
after a large number of thermal cycles. (7) The achievement 
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of dense, fine grained material may require that the matrix 
forms be produced in a manner somewhat different from the 
brick shapes commonly made by the suppl iers of refractory 
brick. Other techniques might include hot pressing, slip 
casting, and extrusion. (8) Nothing in the literature re
viewed suggests that cored brick shapes would be unsuitable. 
(9) The data contained herein is limited in applicability 
for design purposes because of uncertainties as to the mater
ial, its source, the type and mode of fabrication, and many 
other factors which could affect it. There is no reason to 
bel ieve that these data are unconservative; on the contrary. 
However, it would be unwise to use these data for basic 
design unless supported by, and preferably supplanted by, 
data obtained from tests of materials supp1 ied by potential 
manufacturers of the matrix material. This data must in
clude accurate determinations of: rupture strength, the 
modulus of elasticity, conductivity, and linear thermal ex
passion for the Tripltee temperature range. It must also 
include accurate determinations of creep resistance. Creep 
phenomena in refractory oxides appear to be basically simi
lar to those in metals where data taken over a space of 
several hundred hours can be extrapolated by proper corre
lations. Thus, experimental creep data should not require 
test times approaching 10,000 hrs. (10) The material to 
be used should be qual ified by thermal cycl ing in an atmos
phere simi 1ar to that of the actual heater before its sta
bi 1 ity, both chemical and physical, can be establ ished. 
( 11) The requ i red data probab 1 y ca nnot be obta i ned from i n
dustry without compensation. Therefore, we recommend that 
test lOIs of material be obtained from reliable potential 
suppl iers at the earl iest poss ib1e date. These should be 
subjected to thermal cyc1 ing under heater operating conditions. 
In addition, a qualified ceramic research establishment, such 
as Batelle Memorial Institute, should be asked to determine 
the properties of these materials. The industry would then 
be asked to supply material for the Tripltee heater to speci
fications based on such demonstrably attainable performance 
and properties. 
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INQUIRY TO REFRACTORY MANUFACTURERS 

Gent lemen: 

FluiDyne Engineering Corporation is carrying out an en
gineering analysis of a large capacity, storage heater under 
contract to the Arnold Engineering Development Center, con
tract number AF 40(600)-1039. This heater wi 11 be used to 
heat 1500 pounds of air per second to 35000 F for a large, 
air-breathing-engine (combustion) test facility. 

The use of storage heaters for intermittently operating, 
aerodynamic test facilities is a well established practice. 
Also well established by universal experience are certain 
serious deficiencies of such heaters, as presently constructed, 
when used at high temperatures. Since the deficiencies com
monly experienced would disqual ify a conventional, high tem
perature storage heater, this analysis was undertaken with 
two objectives: 

a. Establ ish what can be done by careful design 
and material selection to eliminate or mini
mize deficiencies of present heaters. 

b. Establish design criteria for a complete 
heater system based on results of "a". 

The characteristics of current high temperature stor
age heaters which are unacceptable in this application are: 

a. Continuous formation of dust which is car
ried over into the test section. It is 
known that such particles can effect combus
tion, invalidating such tests. 

b. Fa i 1 ure of refractory mater i a 1s in heat storage 
matrix due to thermal cycl ing and/or creep. In 
addition to the expense of frequent matrix re
placement, the resultant frequent unavailability 
of the facility is completely unacceptable. 

c. Low efficiency of heat extraction. In the pre
sent instance, usual values of heat extraction 
per cubic foot would lead to a multiple vessel, 
manifolded heater complex. Such a configura-
t ion would aggravate the undesirable character
istics listed under "a" and "b". In addition, 
new and extremely difficult problems of valving, 
provision for thermal expansion, etc., would be 
introduced. 

The analysis has been carried far enough to establ ish 
what is possible in the matter of increased efficiency of 
the heat extraction, and has indicated the probable resul
tant levels of matrix volume. It has also establ ished the 
probable levels of rate of change of matrix temperature with 
time and resultant levels of temperature difference within 
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the matrix material corresponding to the matrix volumes that 
are possible. It now is necessary to determine the proper
ties of materials which the industry can supply In appropri
ate forms. That is the substance of this inquiry. 

Appended is a summary of the operating conditions and the 
desired properties of the matrix material. There is included 
a 1 ist of questions your reply to which we would greatly 
appreciate receiving. 

WSH:ph 

Very truly yours, 

FLUIDYNE ENGINEERING CORPORATION 

W" S. Hedrick 
Senior Engineer 
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TRUE TEMPERATURE TEST FACILITY 
HEATER 

REFRACTORY SURVEY 
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The conditions of operation of the Tripltee heater and 
the desired characteristics of a refractory matrix for that 
heater are given in attached Tables I and I I. The speci
fication and final design of this heater must be real istic 
with regard to refractories, reflecting what now can be, 
o r i nth e n ear f u t u r e can be, pro cur e d from the i n d u s try . 
You r rep 1 i est 0 the f 01 low i n g que s t ion s w ill ass i s tin the 
preparation of the specifications and design of this heater, 
and they will help to insure that the heater is realistic 
with regard to the refractories. 
1. Do you now produce refractory material which might be 

suitable for this application? 
2. If you do not at present produce such a material, wi 1 1 

you be able to do so within, say, one year? Do you 
plan to do so? Would the demand represented by this 
job (perhaps 100 to 200 tons initially, with replace
ment orders of perhaps 25 to 50 tons at one to two year 
intervals) be sufficient to justify producing such a 
material? 

3. If you produce such a refractory material, or will be 
able and willing to do so in the near future, can 
you produce the shape shown in attached figure 9C. 
Can you produce this in the entire range of hole sizes 
and spacings indicated in Table II? 

4. Could you indicate the probable level of price of 
shapes such as figure9C in a material suitable for this 
application? 

5. If you would prefer for any reason to produce a dif
ferent shape from that shown, please so indicate. 
However, the shape should be one with thermal shock 
resistance at least equal to that of the shape shown. 

6. Assuming that you are able and willing to produce, in 
shapes of interest, a material which you feel is suit
able for this application, can you supply test results 
which will qualify the material and shape for the ther
mal shock and thermal cycl ing requirements? 

Please note the requirements for thermal shock resis
tance and therma 1 cyc 1 i ng given in Tab le II. ASTM Spa 11 i ng 
Test (panel test of fireclay brick) results will not be 
appl icable, because, among other things, it relates the 
resistance to spall ing to the amount of damage to the brick. 
Note that the requirements of this application involve no 
damage. In general, two types of test will be acceptable to 
qualify a material. One would be laboratory tests of a small 
number of small specimens with at least one dimension 
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comparable to the mean web thickness of cored brick shape. 
The specimens would be subjected to the type of thermal 
cycling and cooling rates specified. At the present time 
this is considered a satisfactory, in fact preferred, test. 
Another type of test would involve the production of a small 
number of matrix units of the actual shape which would be 
instal led in an existing storage air-heater and subjected to 
a period of actual operation. Although this test is more 
meaningful, and it must be conducted eventually, it is less 
useful at this time-:--This is because it is more difficult 
to separate the effect of variables and to gain insight in
to the phenomena observed. 

7. Can you supply test results that will qualify the 
material for the load bearing requirements? The 
same comments relative to test procedures apply 
as were made under 6 above. In addition, since 
secondary creep is usually regular in its behavior, 
extrapolation of the test results to 10,000 hours 
would be acceptable if it could be shown that the 
secondary creep rate has been well establ ished. 
Further, if the test results can show a time
temperature-stress interdependence in a single 
parameter which correlates creep rate, then short 
time, high stress and/or high temperature results 
covering the necessary range of this parameter 
would be acceptable evidence of long term creep 
performance for preliminary qual ification. 

8. Both zirconia and magnesia will be considered for 
this application. In the case of magnesia, addi
tional test data must be suppl ied. It must be 
demonstrated (possibly from data obtained during 
thermal cycling tests) that the loss in weight 
of the M g 0 due to vapor i z a t ion is sma 1 1 , say less 
than 5%, over a period of 10,000 hours. Extra
polation of data taken over a shorter time is 
acceptable. If it is necessary to specify an 
excess of air (or oxygen) for the heating phase 
so as to insure an oxidizing atmosphere at all 
times, this is acceptable. 

9. Since the anticipated use temperature is greater 
than the usual firing temperature of refractory 
shapes, and since a regular geometric arrangement 
of these matrix elements (rather than random, as 
with spheres) is necessary, it will be necessary 
that the dimensions of the matrix elements remain 
within fairly close limits after thermal cycling 
to the anticipated operational temperatures. If 
you do not believe that such dimensional stability 
is possible at usual firing temperatures, can you 
supply shapes fired at operational temperatures? 

116 



AEDC.TDR·64·48 

TABLE I 

TRUE TEMPERATURE TEST FACILITY 
HEATER 

Gas to be heated 
Temperature, inlet, 
Temperature, outlet, 
Temperature cycle, 

OPERATING CONDITIONS 

Number of cycles required without 
degradation of matrix* 

Method of heating 

fuel 

Maximum temperature change at 
any point in matrix 

Maximum rate of change of temperature 
at any point 

Maximum temperature of matrix 

air 
ambient 
35000 F 

Heating, 5 hours 
Cooling, 30 seconds to 

100 seconds 

500 
combustion 
products 
natural gas 

(Texas origin) 

NOTE: *Heating-5 hours; cooling -100 seconds. 
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TABLE II 

TRUE TEMPERATURE TEST FACILITY 
HEATER MATRIX 

DESIRED PROPERTIES AND GEOMETRY 

Geometric form 
Note: Th is is a hexagona 1 shape 

with a large number of 
holes as shown in attached 
figure 9C. 

Hole size 

Hole spacing 

Thickness 
Size 
Material 
Strength 

Thermal shock resistance 

(about) 

Note: This is the minimum 
acceptable temperature 
difference within a matrix 
element due to rapid cooling 
at wh i ch no fracture is to 
occur 

Thermal cycling resistance 

or 

19000 F to 3700oF, heating 
37000 F to 1900oF, cooling 
~T not less than 60°F for 

20 seconds 

118 

cored brick 

minimum 1/16 

inch 
maximum 1/4 

1. 6 x hole 
diameter 
open 
open 
open 
total creep 
1% in 10,000 
hours at 10 
and 30000 F 

100 cycles 
1 hour 
30 seconds 

500 cycles 

inch 

of 

psi 



19000 F to 37000 F, heating 
37000 F to 19000 F, cooling 
~ T not less than 200 for 60 seconds 

AE 0 C- TO R-64-48 

1 hour 
90 seconds 

NOTE: Heating by combustion of natural gas-air-oxygen; 

cooling by air 
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SUPPLEMENT 

TO REFRACTORY SURVEY 

Continuing analysis of the thermal shock requirements 
of this heater, together with 1 iterature surveys on the sub
jet, have led to the following tentative conclusions. We 
should greatly appreciate your reactions to these ideas. 

The thermal shock criterion for this heater has been 
establ ished as no fracture or cracks, so as to minimize the 
1 ikel ihood of dust ing. We have determined that the 1 ikel i
hood of making adequate engineering calculations to define 
probabi 1 ity of fracture is great (see reference 1, for ex
ample). Preliminary calculations have been carried out to 
determine the effect of various factors on conditions for 
fracture. These calculations have emphasized the desir
abil ity of the highest possible values of strength and con
ductivity to resist thermal stress fracture. They have also 
shown that i ncreas i ng poros i ty, even though favorab 1 e in its 
effect on modulus of elasticity (reference 2) is ultimately 
unfavorable through its excessively unfavorable effect on 
strength (reference 3), and for larger values of porosity, 
an excessively unfavorable effect on thermal conductivity 
(reference 4). Since other considerations also emphasize 
the desirability of minimum porosity (e.g., compare creep 
values for low and high density MgO in reference 5), we now 
wish to emphasize the desirability of the lowest possible 
porosity. Considering what density has been demonstrated 
as attainable in the 1iierature (e.g., reference 1, 5 and 6), 
it appears that density value of, say, 95% of theoretical 
is attainable. Also, it appears that, while hot pressing is 
certainly able to produce such densities in materials of in
terest, hydrostatically pressed and slip cast specimens can 
also be sintered to similar densities when the particle size 
is small. By the use of rubber inserts, cored articles may 
be made to close tolerances by a closed die pressing tech
nique that approximates hydrostatic (isostatic) pressing ef
fects (reference 7). 

Grain size has also been demonstrated to exert a sub
stantial influence on mechanical properties (reference 8). 
Since extended time at elevated temperatures usually causes 
grain growth to large sizes (detrimental), means for mini
mizing grain growth are needed. Ryshkewitch (reference 9) 
indicates that for some refractory oxides (e.g. alumina 
and magnesia) additions of certain other oxides can control 
grain growth. What is more, there can be an effect of 
hardening and strengthening due to such additions (through 
solution or precipitation hardening mechanisms). Creep 
resistance can be enhanced. Therefore we should appreciate 
knowing whether you can supply such modified (alloyed) oxide 
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ceramics. 

An alternative shape to the cored brick appears suitable 
for this application. It is shown in figure laC. The length 
shou 1 d be, say, at 1 east 12 inches. I t appears that long, 
very straight tubes can be sintered (see reference 10). Please 
indicate whether you can produce this shape and what your 
preference would be. 
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Radiation and Free Convection Coefficients 
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The analysis considers primari ly the case of the heater 
vessel cooled by free convection and radiation from its ex
terior. The radiation heat transfer coefficient was based 
on an environment temperature of 90 0 F and an emissivity of 
0.6, thus, 

where cr = 0.173 x 10-8 BTU/hr ft2 °R4 

Free convection was calculated from the following turbu
lent flow equation given in Ref. 1: 

N u = . 10 Pr 1/3 G r 1/3 

Substitution of property values corresponding to 680 0 R re
duces this equation to the working form: 

h .85 (6 T/2l0) 1/3 BTU/hr ft2 of conv = 

6T is the differenGe between the shell temperature and the 
environment temperature (90 0 F). 

It may be noted that McAdams (Ref. 2) gives an empirical 
formula for turbulent free convection as 

h
conv 

= .19 6T 1/3 

which is equivalent to 

h = 1. 13 (6 T /2 1 0) 1/3 conv 
Thus the equation used is the more conservative of the two, 
giving lower values of heat transfer coefficient and conse
quently thicker insulation requirements, ( for any pressure 
vesse 1 temperat ure 1 i mit). 

Insulation Properties 
The results presented here are based onoa thermal conduc

tivity for the insulation of 0.375 BTU/hr ft F. This value 
corresponds to commercially available insulating zirconia of 
150 lb!ft 3 density at a temperature of 2100 F, approximately 
the mean temperature of the insulation for a pressure vessel 
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temperature of 3000F. Increasing the pressure vessel tempera
ture to 6000F gives a mean temperature of 2~500F and a thermal 
conductivity of 0.40, an increase of only 7%. Therefore, the 
influence of heater vessel temperature on the insulation con
ductivity is negligible for the present discussion. 

An insulation 1 iner composed of layers of materials of 
different individual thermal conductivities is a likely con
figuration. The use of Fiberfrax in the cool zone (below 
20000F) or the use of corrugated ceramic materials would give 
an effective conductivity less than the chosen value. Thus, 
in these cases the required insulation thickness would be re
duced. 

The situation with respect to insulation for a magnesia 
bed is not as clear because of the lack of thermal conductivi
t y d a t a for t his mat e ria 1 i n 1 ow den sit y (i n s u 1 at i n g) for m • 
At high densities, the thermal conductivity of magnesia is 
more than twice that of zirconia. However, this does not 
imply that more than twice the insulation thickness is re-
qu i'red. If magnes i a were used for the high temperature i nsu-
1ation the outer layer of insulation could be a lower conduct
ivity material such as zirconia, foam alumina, or Fiberfrax. 
The interface temperature between the magnesia and the second 
material will be limited by reactions between the materials. 
Corrugated ceramics may also be used to advantage here. We 
currently estimate that a magnesia bed wi 11 require 50% great
er insulation thickness than the values presented in this ap
pendix for the insulating zirconia case. 

Heat Flow Analysis 
We are concerned only with the insulation required at 

the location in the pressure vessel ~here the bed temperature 
is at its assumed maximum, Th = 3900 F. At all other loca
tions the requirement for insulation will be less severe. The 
insulation 1 iner and the steel vessel comprise two concentric 
cy1 inders. Thus, the heat conduction equation may be written 

where t . 
Ins 

tshel1 
k 

h 

I D~ B Dz 
-1._/ 
D1. 

= insulation thickness 
= pressure vessel wall thickness 
= thermal conductivity 
= sum of radiation and convection coef

ficients 
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= inner diameter of insulation 
= outer diameter of insulation (1.0. of 

vesse 1 ) 
= outer diameter of vessel 
= heat flux based on inner diameter of 

vessel 
No allowance has been made for thermal resistance due to air 
gaps. The three terms in the brackets are the thermal resis
tances of the insulation, vessel, and outer surface, respect
ively. 

The thermal resistance of the vessel contributes typi
cally 8% to the total resistance~ oTh~refore this term was 
assumed constant at 0.028 hr ft R/BTL', cor,respong i ng to 7 
inches of carbon steel with k h 11 = 21 BTUlft hr F and O2 = 
12 feet. I n the th i rd term, B

2
/'D was taken equa 1 to one, 

introducing an error of less tnan 3 1%. 

Insulation Analysis Results 
Results of the insulation calculations are presented in 

Figs. 10 through 40 and Fig. 9 in Section 4. The latter fig
ure demonstrates the advantage of thin insulation in reducing 
the heater vessel volume. 

The influence of uncertainties in the insulation thermal 
conductivity and the heat transfer coefficient is shown in 
Fig. 10. Obviously an increase in conductivity and a reduc
t ion in hea t trans fer from the vesse 1 will cause the vesse 1 
temperature to rise. For example, 25% errors in each, with 
1 foot of insulation in a 12 foot 1.0. vessel will increase 
its t em per a t u ref rom 5 00 0 F t 0 64 00 F • A 1 t ern ate 1 y, the i. n s u -
lation required for a 5000 F temperature would change from 12 
to 19 inches. This points to the need for accurate informa
tion if the design is not to be unduly conservative. 

Bearing on this problem of uncertainty in conductivity 
and heat transfer are the results plotted in Fig. 3D. Here 
the effect of increasing the heat transfer rate above that 
estimated for free convection and radiation is shown. An 
increase in heat transfer coefficient by a factor of two, 
gives a substan6ial reduction in vessel temperature, for ex
ample, from 500 F to near 3000 F with 1 foot of insulation. 
Such an increase in heat transfer could be provided by a 
forced draft around the heater. 

The temperature difference across the pressure vessel 
wall is plotted in Fig. 40 for a 7 inch wall thickness. 
These result~ gPply to a thermal resistance, tshell/kshelP 
= .028 hr ft F/BTU and can be scaled to other values 5y the 
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relation 

6Tshe11 = .&-r:028 (t/klshe11 

.028 
The corresponding thermal stress is 

s 

= 127 6Tshe11 (steel) 

With cool ing by free convection and radiation only, the 
te~perature difference ang thermal stresses are low, e.g., 
30 Fand 3900 psi at a 500 F outer surface temperature. In
creased cool ing by use of forced air flow wi 11 cause higher 
values; but not high enough to create a design problem. 

Heat loss from the heater for a particular case is plot
ted in Figure 40. In the range of vessel temperatures of in
t ere s t the h eat los sis abo u t 1 mil 1 ion BTU /h r • 

Air Flow Through Insulation 
There are two possible sources of insulation layer air 

flow: 
1. The cracks between the variou~ pieces of the insu

lating layer, between insulating layer and vessel 
wall, and those between heater bed and insulating 
layer, and 

2. The permeability of the insulating material itself. 

Flow Through Cracks 
For turbulent flow: 

t> 2. 
\<c.'i" ~ 

6f -~~ - p..c.~ 2.e.c:\ 0", 

where Acr = crack flow area 
f ::: friction factor 

mcr ::: mass flow in cracks 

Kcr ::: ratio of effective crack length to bed 
length 

~ ::: bed length 

e. = gas density 
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Dh = hydrau 1 i c diameter = 2 crack widths 

therefore 

o 
0\ c. .... 

In applying this equation the following assumptions were 
made. 
1 . c r a c k w j d t h = O. 03 inc he s 
2. f = 0.08 
3. e= 1.99 lb/ft 3 (2000 psi, 2250oF) 

4. Kcr = 1.5 
5. crack length = 0.8 in per in 2 of insulation 

= 9.6 ft/ft 2 

The assumption that Kcr = 1.5 accounts for brick staggering 
as one horizontal layer is laid upon another. Assumption 5 
gives the crack length in a cross section plane normal to 
the heater axis, based on construction with standard size 
bricks. The calculated results confirm the assumption of tur
bulent flow for the range of bed parameters of interest. 

Permeab i 1 i ty 
This source of bypass flow was investigated without bene

fit of permeability data for the insulating materials which 
appear desirable for Trip1tee. However, data for: alumina 
filter plates, a range of ceramic bricks, and Fiberfrax were 
examined. Among these data, the alumina filter plates had 
the highest permeabi 1 ity, which is reasonable since they 
are designed to pass flow. Cho~sing a value for the least 
permeable plates gave 4 SCFM/ft min for 2 inches water pres
sure drop across a 1 inch thick plate. This value is equi
valent to a hydrau1 ic diameter 0 of 1/1000 inch where the 
entire face area of the insulatiBn is considered flow area. 
The mass flow through the insulation material itself can then 
be calculated from 

A calculation was made for 7 inch thick insulation in 
a 12 foot 1.0. vessel with a 36% porosity bed of 1/16 inch 
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holes. Flow through the insulation material was only 0.03% 
oft h e bed flow. The con c 1 us ion is, the ref 0 r e, t hat by pas s 
flow due to the permeability of the insulation can be neg
lected. Only the flow through the cracks need be considered. 

Bypass Flow Results 
Bypass mass flow rates are plotted in Fig. 5D. The in

sulation face area for each value of vessel 6.D. was.based 
on a vessel outer surface temperature of 600 F and cool ing 
by free convection and radiation (see Fig. 9 in Section 4). 
Lower vessel temperatures would give higher flow rates. The 
results of Fig. 5D are applied to a cored brick bed in Fig. 
10 of Section 4. 
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Mixer Requirements 

APPENDIX E 

MIXER ANALYSIS 

In order to meet the Mach 4 nozzle requirements of 5000 
lb/sec, 400 ps ia, and 1600 R for mass flow, tota 1 pressure, 
and total temperature respectively, the use of a thermal 
mixer appears attractive. The basic idea would be to take 
high temperature air from the heater and mix it with low 
temperature air directly from storage. 

Requirements for Mach 7 operation are 1500 lb/sec, 2000 
psia, and 39000 R for mass flow, total pressure, and total 
temperature, respectively. The Mach 4 specification corres
ponds closely to mixing the Mach 7 heater output with 3500 
lb/sec of cold air. 

In addition to this favorable energy situation, the dif
ference in the length of the Mach 4 and Mach 7 nozzles al
lows about 25 feet for the installation of a mixing section 
which also becomes the stilling chamber for the Mach 4 noz
z 1 e. 

Coaxial Mixer Concept 
The Mach 4 nozz le wi 11 have a throat diameter of about 

3 feet. In order to provide an area ratio of at least 4, 
the mixer clear inside dimension wi 11 have tn be at least 6 
feet. Because of its inherent simplicity, a coaxial mixer 
was the first concept investigated. In order to aid in the 
appl ication of experimental data to this particular problem, 
a mathematical mixing model was evolved. A steady state 
heat balance in cylindrical coordinates is made; assuming 
axisymmetric flow, the sum of axial convection and radial heat 
flow terms is set equal to zero. The following partial dif
ferential equation results. 

Q 
r 

where T = temperature 
x = distance in axial direction 
r = radius 

u = velocity 

1: = a coefficient describing the radial flow 
of energy (thermal eddy diffusion coef-
ficient}. 

The lower bound for ~t is kg/ fCp' the thermal diffusivity. 
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The following boundary conditions were assumed. 

T 

JT 
or 
T 

= 

= 

Th at x = 0 for r < rj 

o at r = 0 
= T. at r = r 'J for x ~ o. mix J 

This model deals with a circular jet initially 
temperature for r ~ r., where r. is the rad ius 
Beyond r. there is in1tially (x J= 0) flow at a 
ture. J 

AEDC-TDR-64-48 

at a uniform 
of the jet. 
lower tempera-

T . mix = the enthalpy average temperature of the two 
streams (that temperature obtained if all the 
flow is mixed perfectly). 

Defining the f 01 low i n g new variables, 

cP= T - Tmix 
lh -1;,;1< 

1( = L 
r. 
J 

S = (;:t. X 
U r;z 

J 

the solution is (for Et = constant), 

.".0 

¢(f I Y() =ZL ef9n Jo (f9i'r() 
Pi J,(P;) 

;=/ 

where the (l. 's are zeros of the Bessel Funct ion of the 
first kind, tero order, i.e. J (~) = O. This model leaves 
much to be desired but gives oRe a basis upon which to examine 
the experimental data and apply it to other situations. The 
first term of the solution (i = 1) is generally the largest 
and the one upon which attention was focused. This first 
term suggests that a relatively simple representation of 
coaxial mixing might be. 

€. X 
,-/... ",.. e-5.79 u.\t J ( r ) 
¥-' ~ 0 2. to 5 IJ 

Experimental data from Ref. 1 was plotted on semi log paper as 
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<ft vs x/D.; where x/D. = x/2r 1. ¢<t is the temperature de
cay funct10n at r = 01 Some of this data is shown in Fig. lE. 
The data beyond an x/D. of about 4 validates the exponential 
decay hypothesis. TheJinitial centerline temperature inertia 
is to be expected, as it takes some time (i.e. x/u) for the 
thermal diffusion process to make itself felt on the center-
1 ine. It would appear that more terms of the series solution 
would better represent reality at low x/D.'s. The data in 
Ref. 1 was used to determine values for t based on the as
sumed mathematical model. Semi log slope v~lues for t~e data 
bey 0 n d the 1 ow x /D j s tag e imp 1 y E:t 's 0 f abo u t 1 f t / sec. 

The solution suggests that mixing length requirements 
for a circular jet ~re establ ished by the volume flow, if €t 
is fixed, since ur. is proportional to the volume flow rat~ 
(ft 3/sec). Inform~tion found in Ref. 2 indicates that € 
varies with Reynolds number to the 1.29 power. In applyihg 
Ref. 2 data to the Trip1tee situation, the ~ values should 
probably be increased because of the higher R~yno1ds numbers 
involved. The equation given in Ref. 2 is: 

E = Z 9 )( I 0-6 R 1.2. 9 
t ma.x e (Ft't..) 

Hr. 

For a case where the Ref. 1 data imp1 ies an effective €'t of 
1.0, the above formula predicts an €t a of 2.0. Since Et generally varies across a tube, the'ove~a11 value would be 
less than €t max and therefore the experimental value of 
1.0 seems to agree quite well with the Ref. 2 equation. 

If one uses an £ for Tripltee of 1/2 Et max = 27 ft2/ 
sec the distance requi~ed to mix to a + 5 percent uniformity 
of temperature is about twice the 25 feet available. This 
number is based on the Trip1tee mixed flow Reynolds number. 

Improved Mixer Concepts 
It is now apparent that a more sophisticated mixer than 

the simple coaxial stream arrangement wi 11 be needed. Basic
ally what must be done is to eitherincrease the thermal eddy 
diffusivity and/or break up the hot and cold streams into a 
number of substreams where the dimension across which mixing 
must take place is significantly reduced. In order to mini~ 
mlze the storage hea~er size it is advisable to run a high 
mass velocity (lb/ft sec) through the heater bed. A limit 
on the mass velocity is set by bed flotation. Because of the 
starting process etc., the heater bed will 1 ikely be designed 
top r 0 v ide a. flow pre s sur e d r 0 p 0 f 1/3 to 1/2 t hat r e qui red 
to float the bed for the maximum pressure gradient steady 
state condition. Excluding the Mach 4 specification, the 
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worst steady state condition is the one at Mach 7 and 2000 
psia. The Mach 4 hot flow requirement is nearly 1500 lb/sec, 
the exact value depending on ducting losses and the tempera
ture of the cold flow. If this hot flow is to be introduced 
into the mixing chamber at a pressure much less than 2000 
psia, it will become the critical heater design condition 
and will increase the size of the heater above that required 
for Mach 7 operation. In order to avoid this undesirable 
situation, a flow restriction is provided before the mixing 
section which forces the pressure in the heater to be the 
same as with Mach 7 conditions. This restriction would have 
approximately the same minimum area as the Mach 7 tunnel 
nozzle. Without any flow restriction, the pressure in the 
heater would run about 400 psia, the required Mach 4 total 
pressure. 

A mixer concept, Fig. 11, was developed to suggest how 
one might provide adequate mixing in the 25 feet available. 
The main function of this mixer is to break the stream into 
many substreams, whereupon mixing can take place in there
maining 19 to 20 feet. The mixer separates the flow into 10 
hot and 11 cold rectangular streams. An integral part of this 
mixer is a nozzle which serves to backpressure the heater as 
per the previous discussion. 

Because of the high temperature of the hot stream (3900 0 R), 
it is necessary to either cool the nozzle - mixer device or 
to make it of heat and oxidation resistant materials. Since 
possible disturbance of th~ flow field is of 1 ittle concern 
in a mixing device, and probably an advantage, it was de-
cided to use transpiration cooling and introduce a portion 
of the cool flow through the nozzle - mixer walls. It is 
desirable, from an air storage viewpoint, to be able to intro
duce cold flow at a low pressure level. The design concept 
presented permits exhausting the air storage to a pressure 
level in the neighborhood of 500 psia. 

As shown in Fig. 11, high pressure cold air is provided 
to transpiration cool that portion of the nozzle from the up
stream end to about two inches past the throat section exit. 
From about two inches past the throat to the mixer exit a 
static pressure difference in favor of the low pressure cold 
air will exist. Approximately 16 inches downstream from 
the throat, the supersonic flow in the nozzle will shock 
down and become subsonic. At this point the hot flow enters 
a wedge shaped chamber where the only exits are provided by 
10 rectangular passages. The cold flow (about 3500 lb/sec) 
enters from one or more sides and discharges into the open 
mixing duct.through 11 rectangular passages (oriented verti
cally in Fig. 10) plus 2 horizontal passages (top and bottom). 
Cold flow is thus discharged com~letely around the periphery 
of the mixer exit plane in order to cool the metal walls 
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enclosing the mixer during its square to circular transition. 
A restriction in the cold flow area provided at the mixer 
exit plane causes the static pressure in the cold stream to 
drop as it enters the open mixing duct. There is no simi lar 
restriction in the hot flow slots. Thus because the flow 
area in each hot passage increases as one moves toward the 
exit plane, the static pressure also tends to increase. At 
the ex it plane, equal ity of stat ic pressure across the duct 
should nearly be obtained. Upstream of the exit plane, the 
static pressure in the cold stream wi 11 therefore be greater 
than that in the hot flow. Porous plate construction of the 
mixer and nozzle will permit the flow of cold air from the 
cold to the hot side, thereby cool ing the walls without any 
heat losses. 

The amount of flow necessary to cool the nozzle - mixer 
device was calculated on the basis of the following equation 
for the ratio of heat transfer with transpiration cool ing to 
that without. 

(from Ref. 3) 

where 

ho was computed by using the Bartz correlation, Ref. 4, for 
heat transfer at the throat, and then modifying this result 
by a multiplicative factor of 2/3 to bring it into agreement 
with experimental results for air. The appropriate h at 
other locations was computed assuming an inverse prop8rtional
ity with flow area. For purposes of establ ishing cool ing re-o quirements, hot flow and wall temperatures of 4000 0 R and 1000 R, 
respectively, were assumed. The results of the cool ing calcu
lations indicate that from 60 to perhaps a 100 lb/sec of high 
pressure (2000 psia) air wi 11 be required for the higher sta
tic pressure regions of the nozzle. A constant flow perme
ability wall would require about 100 lb/sec while with a vari
able permeab,i 1 ity wall the lower figure would be adequate. 
Similarly, to cool the low pressure regions of the device, a
bout 300 lb/sec of low pressure air should flow through the 
separating walls. 

The choice of 10 hot channels, and the specific geometry 
shown in Fig. 10, was made on the basis of the Ref. 1 data 
from which a thermal eddy diffusion coefficient of value I 
ft 2/sec was estimated. The circular jet radius rj was taken 
equivalent to 1/2 the channel width. On the basts of Ref. 2 
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the diffusivity probably is much higher than this for the 
Tripltee conditions. If such is actually the case, the de
sign as shown is conservative. 
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APPENDIX F 

START.STOP ANALYSIS 
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This appendix presents some of the mathematical analy-
ses made in studying the start-stop phase of heater opera-
tion. Of the specific cases covered, the following are most 
relevant: Cases A-l, A-4, B-1, B-2, C, D, and E. 

The model used for most of the analyses was that of an 
insulated control volume receiving and losing energy only 
by the mechanism of mass crossing its boundaries. This con
trol volume is sketched below. 

INSULATION 
DASHED LINES INDICATE 

CONTROL VOLUME 

VOLUME 

The following equations describe condit ions in the control 
volume. 

1. Conservation of mass 

:: dm 
de 

where m = 
r1l = 

mass in control volume 
mass flow rate 

e = time 
2. Conservation of energy 
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In this analysis flow crossing the control volume boundaries 
is either that coming in from the top of the heater bed or that 
leaving through the nozzle throat. The equations can then be 
written as: (with usual assumptions - adiabatic, ideal gas, 
etc. ) 

In noz = dm 
dB 

( 1 ) 

mh cp Th - mnoz cp Tnoz = d (m Cv T) 
de 

(2 ) 

where subscript h = 
subscript noz = 

flow crossing heater bed boundary 
flow crossing nozzle boundary 

The c value used to describe the internal energy of the 
mass withYn the control volume is subject to some uncertainty 
as is the appropriate temperature T for the control volume as 
a whole. The control volume contains both gas and solids 
(refractory liner) and thus its mc in reality is higher than 
that for the gas alone. Also the {emperature is not uniform. 
Heat losses by conduction have the same effect as increasing 
mc. If we write the previous equations, letting m be the 
ma¥s of the gas, which is the only component of the mass in 
the control volume which changes, the effective specific heat 
we use should be greater than that for the gas alone. This 
implies an effective ~ for the process somewhat less than 
cp/c v for the gas i nvo lved. 

Let us now consider some of the cases where an analysis 
has been carried out. 
A. Compressive Heating 

During the pressurization process compression of the con
trol volume gas by the incoming flow tends to raise the gas 
temperature above that which obtains during steady flow 
conditions. This rise could result in material problems. 

Case A-l 
This case is the hot valve situation where flow enters 

the control volume after flowing through the heater bed. The 
nozzle is plugged and therefore mnoz = O. Equations land 2 
become 
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Substituting r for c Ic and solving the two equations 
simultaneously we obtgin v 

=: d(m T) 
d;- m dT +T 

dm 

Solving this different ial equation and evaluating the con
stant gives: 

where the subscript 1 represents an initial state in the con
trol volume and 2 a later state. Since Th' the temperature 
of the fluid leaving the bed, should be very nearly the same 
as that in the control volume during steady state design 
conditions (i .e., Th~ Td ), we can write the result as 

Now the initial mass in the control volume is often small com
pared to the mass at later states of interest; we note for 
those cases that 

T2- =: o~ 
As ment ioned before the effect ive ?f is less than c Ic v of 
the gas. To decide what the effective 0' is, a det~iled analy
sis of a particular design and operational situation would have 
to be made. Even for the same geometry this number might vary 
from run to run depending to some extent on such things as 
the rate of pressurization and dome refractory temperatures. 

Case A-2 
This is the case where the pressure gradient at the top 

of the bed is kept the same as during steady state operation. 
(Subscript d refers to steady state, i.e., design conditions). 
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where we have assumed or noted that 
the friction factor is the same for all conditions of 
interest, and 

Therefore 

Let us use T, m, V, and p when referring to conditions in the 
control volume. The above equation with Ph = p, Th :::: Td and 
pV :::: mR T, becomes 

g 

( 3) 

since 

For a choked nozz le, rTInoz :::: (const) ~ and therefore 
T 1/2 

noz 

mel :::: (const) ~I/Z. 

assuming that Tnoz :::: T we obtain 
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(4 ) 

Combining equations 1 and 2, 

d(mT) = -=--->,--.!... 

dm 
(5 ) 

Combining equations 3, 4, 5 we obtain the differential equa
tion 

dT -at -T [I + (0 -I) -V m/ met ] 

dm = m (\--ym/md ) 

The solution to this differential equation is 

2~ 
+ const (J -VWl/ 'tYId ) J (6) 

Prescribing initial conditions, which we denote by the sub
scr i pt i, t he above equa t i on becomes 

If mj/md = 0, the solution reduces to 

(7 ) 
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Case A-3 
In this case the flow into the control volume is kept 

a constant proportion of the flow out of the control volume. 

Define 

using this with equation 5, we obtain 

dT == yt - T f; -t-(r-J)Af 
drn m (I-A) 

The solution to this differential equation is: 

I +(3'-1lA ( 8 ) 

T - o~ _r '0 - -rl (1!!t~ /-A 
- I +(l-I)A L! T('d-I)A ~ \m-) 

where T., m. are the initial gas temperature ahd mass quanti
ties in1the/control volume. 

If we assume that T. = Td (the steady state value) the 
solution becomes I 

(9 ) 

With a negligible initial mass in the control volume the 
equation reduces to 

I 7f 
1; I+tr-/)A 

Case A-4 
In this case the pressure gradient at the top of the 

bed is some multiple of the steady state pressure gradient 
and there is nozzle flow out of the control volume. 
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Now 

and (at top of bed) 

We assume that the friction factor at the top of the bed is 
independent of flow conditions, and we thus can combine the 
above two equations to obtain 

mT and we define Cl by 

iTidld 

We can then write 

Recalling equation 5, i.e. 

and equation 4, i.e. 

d (mT) 
dm 
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We combine the past three equations to obtain 

dT 
dm -

-ot C, - T fe, + (0'-1) .ym/rn" 
m C, --vrn7md) 

The solution to this differential equation for any ~ is 

For d = 1.0, T/Td = 1.0 
For '0= 1.25, the solution is: 

(, )2's 
+ canst \C,~ 

.m. 

where const = 

This const for 7 = 1.25 assumes Ti = Td . 
For mj/md = ° this reduces to 
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T 1 ~2.5C, 
C, _ c,-,f[ + 2. (C,-~ J 

)2.5 

fZ.5 (rn/m,) /.5 (m/m~ 3 C;' (rn/md) 

B. Pressurization Times and Gas Mass Expended During Process 

8-1 Tillie to Pressur ize 
Conservation of mass: 

Now as shown under section A-4 we have 

For a choked nozzle 

-therefore 
o 

mnoZ. 

( 1 ) 

Note that we have assumed that pressure differences existing 
in the heater are small compared to the absolute pressure 
level in the heater. 

By the perfect gas law andaconstant control volume we have 

Differentiating the above expression with respect to 
time, and substituting the expressions given for ~h and ~noz 
into equation 1, and assuming T = T, the effective con-
trol volume gas temperature, weng~tain the differential equa
tion 
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In order to simplify the solution, T was eliminated as a 
variable by using a mean value for T and treating it as a 
constant in solving the previous differential equation, 

( 13) 

The solution is: 

( 14 ) 

where p. is the initial pressure and p is the pressure corres
ponding1to the time e 

As T decreases, i.e., Td/T increases, the dimen-mean mean 
sion1ess time rTid e /md increases. For'D = 1, Td/'Tmean is 
essentially unity and the solution becomes 

This is the upper bound to the time required to pressuri!z6"wlith 
respect to the assumptions used. However, the assumption 
that pressure differences in the heater are small compared to 
the absolute pressure level is not valid initially, when the 
pressure level is low. Thus actual pressurization times wi 11 
in general be larger than those calculated. With regards 
to the total mass expended through the nozzle during pressuri
zation, a more important quantity, this assumption is very good. 

B-2 Mass Expended During Pressurization 
The mass leaving the nozzle during each increment of 

pressurization time is 

d - 0 m I\o't- m noz. dB 

For a choked nozzle 
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therefore. () 0 r rr: de 
m~or. = mel Pel V-=r-

assuming T OZ = T, the effective control volume gas tempera
ture. Uti91zing this last equation we can write an expression 
for rfld in terms of m • Substituting this into equation 13 
( . . T (1) oz t· again uSing a we ob aln mean 

-@ 
'V \T/mean 

The solution to this differential equation is 

In 

C. Time and Mass Losses Involved in Decaying the Compression 
Temperature Rise to Acceptable Levels 

During the pressurization process the temperature of the 
gas in the control volume tends to rise, due to compression 
by the incoming gas. After the desired pressure is reached 
the i ncom i ng flow is reduced and the cond it ions tend toward 
the quasi-steady values desired. We here consider the case 
where once having reached the design pressure Pd' the incoming 
flow is varied in a manner which holds the heater pressure 
constant. We start with the perfect gas law, i.e., 
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differentiating with respect to time we obtain 

d (m T) = d (P'YR,) = 0 
de <ie 

since p, V, and Rg are constant during this process. 
Again, for choked nozzle flow with p = Pd we have 

(assume T noz=T) 

Also, from the perfect gas law for these circumstances 

m = mel 1i 
T 

Recalling equation (2), i.e., 

o I 0 -,- _L(mcvT} 
mhcp'h - mnoZ. C p Inoz - d8 (2) 

and assuming constant specific heats and Tnoz = T, we note 
that 

d(mT) = 0 
de 

Implies 

Recall equation (1), i.e., 

o 0 .d..m.. 
mh - tiI/10Z =- de 

Differentiating the expression for mcv we obtain 

( 1 ) 

Assuming T = Th, using the expression for mh Th, and the 
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above express i on we can wr i te equat ion (1) as 

( 16 ) 

The solution to this differential equation is 

( 17 ) 

The subscript i refers to the initial (e = 0) conditions 
which correspond to the time at which the pressure first 
reaches Pd' The mass expended is jr'n de; and using 
equation 16 in conjunction with m =n~zd ...J Td/ T I and as-

. T T t . noz noz sumlng noz = we ob aln 

( 18 ) 

D. Flow Distribution Through Heater Bed During Pressurization 
Gas is stored in the heater during the pressurization pro

cess. This storage of mass causes a difference in flow rate 
as one moves axially through the bed. The analysis of this 
process is based on the following equations and assumptions. 

For any contro 1 vo 1 ume, (m is the mass of gas in the 
control VOTume) 

o 0 

min - molol+. 

The pressure is assumed uniform throughout the heater and 
thus dp/d8 is independent of locat ion. The perfect gas 
law is assumed to hold and thus for any control volume, 

v 
- R'3 T 

9.E. 
de 
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Thus, for any two control volumes, 

(min - moui), = 
(min - mQ<.\t.)2. 

v,~ 
V2. r. ( 19 ) 

where r is the effect ive temperature in a control volume, 
i . e . , 

_I =_JJ~ 
T V T 

Relating the flow at the bottom of the storage heater bed 
to that at the top of the bed we obtain the following 
formula from equation 19 

'(20) 

Subscript max refers to the bed entrance since the flow is 
a maximum here. 

= 

= 

void volume between top of bed and nozzle 
throat 
void volume in bed and adjacent insulation 

For any axial location in the bed we can similarly 
wr i fe 

= 

(21 ) 

the gas volume between a given bed 
location and the top of the bed divided 
by Vb. 
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This quantity is normally just the distance from the t/0p of 
the bed J ZJ divided by the total bed length ,f J or z/J. . 

Related to the flow distribution through the bed are the 
dynamic pressure and pressure gradient quantities. These 
parameters can be related to values at the top of the bed 
(bed exit). 

where q = dynamic pressure 
f = friction factor 

Dh = hydrau 1 i c diameter 

~= PI,J.t. ItO t RsT 
="2 A+, 2.9 e3 

Thus 

if f and Afl do not vary along the length of the bed. 

E. The Stopping Process Analysis 
After a tunnel run has been completed, the pressure in 

the heater will be returned to near atmospheric. During 
t his pro c e s s , flow' 0 f the he ate r w ill be reg u 1 ate d by the 
tunnel nozzle which will be choked for most of the process. 
The equations describing this process are: 

where 

Now 

dm =: - ml'\oz de (22) 

m = mass of air in the heater, stilling chamber, 
etc. 

elm = R~T dp (23 ) 

(from the perfect gas law) 
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where v = free volume 
p = pressure in heater 
T = mean gas temperature In heater, 

stilling chamber, etc. 

t =f~ 
v 

also 

(24 ) 

where Tnoz = total temperature at nozzle 

m*_l.rr;[ 
-~ 

and = choked flow parameter. 

Combining equations 22, 23, and 24 we obtain 

Assuming Tnoz equals the steady state temperature Td whi 1e: 

where a:: is defined in section D. 

Then 

e = -(I + ~) Vev In (P/pj) 
R5,f~ 'Ail m* 
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where p. is the heater pressure at the start of depressuri
zat ion. I 

The total mass lost is 

The energy lost is: 

E lost = m'osi Cp "L 

F. Discussion of Figures 
The following paragraphs discuss Figs. IF through 4F and 

their appl ication. These figures were drawn from results of 
the proceding analyses. 

Fig. 1 F 
This graph illustrates the effect of several factors on 

the temperature rise experienced by the gas in the heater 
dome-nozzle inlet volume (i .e., the control volume) for case 
A -4 (e qua t ion 1 1 ) . 

The parameter el relates to the rapidity with which the 
heater is pressurized. The flow rate for a given heater 
pressure and bed top temperature is directly proportional to 
el • For a finite heater pressure at the start of pressuri
zation, we note that the peak temperature and the tempera
ture when p = Prl both increase with rate of pressurization 
as characterizeo by el . 

The cur v e for z e r 0 i nit i alp res sur e is not show n J but at 
p . I p d = 0 has the val u e T ,/T d :: '0 J (1. 25 ass u m e d for 9 rap h ) • 
This curve for plPd '7 .3 becomes essentially the same as 
the plotted curves with the same el ' value. 

P·/Pd is seen to have its major effect in modifying the 
peak temperature experienced during startup. 

There is some quest i on as to the appropr i ate 0" to use 
for the pressurization process. Because of heat losses from 
the control volume gases to the surrounding refractories, 
it is clear that the Q best describing the process is less 
than c Ic for the gas. How much less depends on the parti-

p v 0 
cular geometry and process rate. The gas Y for 4000 R is 
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about 1.28, so the value 1.25 used for Fig. IF impl ies some 
allowance for such losses, etc. 

Fig. 2F 
The figure shows the relationship between pressurization 

rate, as described by C1, the average control volume gas tem-
perature, and the amount of time and mass expended in reaching 
the desired steady state pressure (Pd)from equations 14 and 
15. 

We see from this graph that there is an appreciable advan
tage, from a lost mass standpoint, in more rapid pressuriza-
t ion. T his is par tic u 1 a r 1 y t rue w hen 0 n e is 0 per a tin g wit h a 
nearly steady state pressure gradient 1 imitation on the top 
of2the bed, i.e., the slope of the curve approaches ~ as 
Cl ~ l. 

The average control volume temperature appears to have 
~ significant effect on the mass lost with a som~what lesser 
effect on time expended. Th is temperature is, recall ing 
Fig. IF, also a function of pressurization rate. 

Fig. 3F 
During the pressurization process, mass is stored through

out the heater. This storage of mass causes a flow rate re
duction in the heater as one moves towards the heater exit. 
The flow rate is a maximum at tre heater entrance and a mini
mum at the nozzle. Quantitati ,";;ly, the flow variation through 
the heater depends on the voie volume and temperature distri
butions in the heater. 

Fig. 3F relates the rat io of flow rate at the bottom of 
the storage bed to that at the top of the bed, as a function 
of the void volume ratio, (void volume above the bed divided 
by void volume in the bed and its associated insulation), and 
a mean temperature ratio. This plot relies simply on the 
perfect gas law and the assumption that dp/dB is nearly uni
form throughout the heater (equation 19). 

The flow rate and dynamic pressure at any bed location 
can be related to this maximum flow rate by the simple equa
tions given on the figure. A knowledge of the dynamic pres
sure distribution throughout the bed is essential in deter
mining operat ion procedures and 1 imitat ions. 

Fig. 4F 

During the pressurization process, the temperature in 
the gas above the bed tends to rise above that obtained 
during steady state operation and is sti 11 above the steady 
state (quasi-steady) value when the pressure reaches the 
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desired steady state pressure. In order to obtain a rela
tively flat temperature-time curve during the data taking 
phase of wind tunnel operation, it will be necessary to 
let this compression temperature rise decay to some accept
able level. Fig. 4F relates decay of this temperature ex
cess under constant pressure conditions to time and mass ex
pended. 

General Discussion 
Within the limitations of the assumptions implicit in 

their construction, Figs. IF - 4F can be applied in opti
mizing heater design and/or heater operation procedures. 

Pressur izat ion rate, for instance, has confl ict ing ef
fects on various phases of the starting process. In order 
to reach the desired steady state pressure with as little 
wasted mass as is possible, requires rapid pressurization. 
Conversely, this rapid pressurization results in more com
pression temperature buildup, requiring longer times to de
cay' this excess after steady state pressure is reached. Also, 
too rapid pressurization may result in excessive thermal 
shock to the bed material. 

Hot Valve 
A hot valve appears to be an attractive concept, for no 

mass is expended through the nozzle in reaching steady state 
pressure. However, during the pressurization process the 
gas temperature between the bed and nozzle throat rises to 
perhaps 25% above its steady state value. It is this closed 
hot valve situation which results in the maximum compression 
temperature rise. In order to decay the excess temperature 
to an acceptable level, enough mass may be expended through 
the nozzle to largely off~et the advantage of reduced mass 
loss during the pressurization process. These factors would 
have to be studied quantitatively to assess the value of a 
hot valve. The analyses presented here do permit such an 
evaluation to a first approximation. These analyses can be 
carried further to consider in greater detai I the real situa
t ion. The actual heat transfer and flow absorpt ion charac
teristics of dome insulation, for example, could be analysed 
and a better mathematical model generated. However, the 
analyses presented here should permit satisfactory initial 
evaluation of the various start-stop effects for heater de
sign purposes. 
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APPENDIX G 

HEATER BED THERMAL PERFORMANCE 

The prel iminary analysis of the heat storage bed was 
based on Hausen's solution (see Section 1 and Appendix B). 
This solution assumes infinite thermal conductivity normal 
tot h e flow, z e roc 0 n d u c t i v i t Y par all e 1 tot he flow, and a n 
initially uniform temperature distribution or a distribution 
which matches one of the f ''( fami ly of curves. 

The present analysis was undertaken to determine the 
influence of finite thermal conductivity in the storage ma
trix and to provide a method applicable to an arbitrary ini
tial temperature distribution. 

Two cases are considered. 
1. a. infinite conductivity normal to flow 

b. z e roc 0 n d u c t i v i t y par all e 1 to flow 
c. arbitrary initial temperature distribution 

2, a. finite conductivity normal to flow 
b. zero conductivity parallel to flow 
c. arbitrary initial temperature distribution 

Both cases assume that flow and heat transfer in all holes 
are identical. This means that case 2 considers a finite 
conductivity normal to flow only as it affects temperature 
variations in the webs between holes. It does not provide 
for any effects of temperature level variation from hole to 
hole; (i.e., the center of the bed has the same temperature 
as the edge of the bed at a given cross section). 

Case 
The time rate of change of local solid temperature is 

( 1 ' ) 

Wr i tin g a he at b a 1 an c e in the flow c han n e 1, the ins tan tan e 0 u s 
longitudinal rate of change of fluid temperature is 

If we assume , this equation reduces to 
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== ~ (I + m C
p 

) (T -1: ) 
n\cp MCu. g 

Now, the ratio m c p can be written as 

MCu 

<> m c.p _ ~ q Cp (J 

Me U - fCq- 0-) 

-2 w h i c.h iss e e n t 0 b e 0 f the 0 r d e r 1 0 for the pre sen tan a 1 y -
sis; therefore we will neglect it and write 

(2' ) 

Converting equations (11) and (2') into difference equations 
we obtain 

( 1 ) 

and 

L1 z -r; = ~ p tr -1) AZ 
mep 9 tlZ 

(2 ) 

where the (T - T~ difference is the mean value over the 
time interva~ tJ.B 9and the (T - T }AZ difference is the 
mean value over the length intervg1 f::J.z. 

Now, introduce subscripts on temperatures 

~ = solid temperature 
p 

and 1i = flu id (gas) temperature 
In 
p 

where m refers to the time i nterva 1 such that e = mAe , and 
p refers to the length i nterva 1 such that z = p t:::. z. A 1so de
fine 
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and 

are 

and 

and 

F :: h? ilZ 
2mcp 

The mean temperature differences in equations 1 and 2 

The temperature changes are 

boe T = 1% - ~-I 
P P 

Now we can rewrite equations 1 and 2 

Thp - ~-I :: E (7i + 7i.1 -~ - 7i~I) 
, P P P P 
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and 

1i -li = F (1; + ~ - Tl -~ ) 
P P-I P P-I P P-/ 

Solving each for and respectively, gives 

(3 ) 

and 

T~ = L (T~ + ~ ) +.l::E E 
p /+F P P-I /+F P~I 

(4 ) 

To use these equations one must use a "marchinglf technique. 
That is, to find a temperature at time m ~nd position pone 
must use the temperatures of the preceding interval. 

Suppose the temperatures 

li" ) m.. ) I~_I ) 3-hd I~ 
P P-I P P~I 

are known. Then, the temperatures T and T are uniquely 

§ ~ 
determined by equations 3 and 4. One finds however, that in 
addition to the known temperatures above, one needs the re
sult of equation 4 to use 3 and vice versa. This difficulty 
was eliminated by solving'equations 3 and 4 simultaneously 
for To That is 

~ 

+ £: (/+F) Ig 
}+£+F I~-I 

+ £F T; 
J+E +F P-I 
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(5 ) 

The temperature history for this problem ca n now be worked 
out by machine using the fa 1 low i n g procedure. 

( 1 ) I nit i a 1 sol i d temperature (m = 0) , 

(2 ) Entering 
given 
fluid temperature (p = 0) , 

(3 ) I nit i a 1 
given 
fluid temperature (m = 0) , 
Eq. 4 

(4 ) So 1 i d temperature at rn = 1 , p = 0, 
Eq. 3 

( 5 ) So 1 i d temperature at m = 1 , p = 1 , 
Eq. 5 

(6 ) Fluid temperatures at m = 1, p = 1 , 
Eq. 4 

(7 ) Continue (5 ) and (6 ) at m = 1 , p = 2,3,4,5, etc. 
(8 ) Repeat (4 ) , (5 ) , (6 ) , and (7) at m=2,3,4 etc. 

Case 2 

In the cored brick matrix the fluid channels are circu
lar holes arranged in the equi lateral triangular array. 
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The heat storage matrix was assumed to consist of cylin
drical walls of inside radius ro and outside radius ra' The 
outside radius was defined as the radius of a circle having 
an area equal to that of the adiabatic hexagon around each 
hole as illustrated in the sketch on the preceding page. The 
radius of this circle is such that 

Ra = r a = 1.05 

ro 

s . 
1) 

The differential equation for radial heat conduct ion in the 
cylinder is 

JT = o<..(iI +1.. dT) (6) 
dB J r1. r d r 

The heat transfer boundary condition in the hole is 

(7) 

The adiabatic boundary condition at the outside surface is 

at r -= ra 

Certain substitutions make the equations dimensionless; they 
are: 

R =L ~ Ra n and LlR=Ar r;, ro ro 

1: =~ t;2. ~ 6.1:= G(~f 

H _ hro 
.... k 

a. = 
.6 R2 

) (a. ~ I and a~ 
/+ HAR 

2 t1't I 2 
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must be satisfied for stabil ity). Introduce the following 
subscr ipts on temperatures, n, m, and p, 
(i .e., Tn = sol id temperature at radius r = ro + n ~r 

~ 
and T = fluid (gas) temperature) 

~ 
where n refers to rad ius increment, m refers to time i ncre
ment, and p refers to length increment. 

The conversion of Eq. 6 into a difference equation was 
found in NASA TR R56, giving 

(8 ) 

Now, to make the computations economically feasible, a rea
sonable number of radius increments is required. This is 
because the total number of computations varies with the 
cube of the number of radius increments used (see defini
tion and requirements of a above). The number of radius 
increments chosen for use with this program was five. 

The radius ratios R , (or hole spacings siD = R_/l.05), 
contemplated are such th§t a considerable fraction of the 
heat will be stored in the outer and inner volume elements. 
For this reason it seemed unrealistic to set up difference 
equations which would take into account only the temperature 
gradients at r = r o' and would be independent of the heat 
capacity of the material in these elements. 

Equation 8 is essentially a balance of the heat flowing 
through the interfaces midway between rand r - ~r, and rand 
r +c.r, the difference resulting in a change in temperature 
at r. This same type of heat balance can be done for the out
side element. Assume the temperature gradient at the inter
fGce midway between r = rand r -J6.r is (Th- T)/~r. 

a a a h&~1 
I'l1 rn 
p p 

The thickness of the element between this interface and the 
out sid e is .6. r 12 • We can now w r i t e 
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This can be converted to 

(9 ) 

Consider finally, the heat flowing into the cylindrical 
element of volume bounded by the inside surface of a hole, 
r = r o' and the surface r = ro + Ar/2. Assume that the rate 
of heat flow per unit length Into this volume element is 

and the average over the interval AS is 

The rate of temperature rise of this element is related to 
heat input as 

Equating the righthand sides and substituting 

A 
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and introducing p subscripts and solving for 
tain 

T , we ob-
@ 

A-B-\-\, \'" 
~ 4r' \'0 *" \-\ ""_, 

( 10) 

f 

Solving this equation simultaneously with equation 4 for 
T gives 
~ p 

( 11 ) 

Temperatures for this problem can be computed by a ma
chine using the following procedure. 

(1) Initial solid temperature (01= 0) 
given 

(2) Entering fluid temperature (p = 0) 
given 

(3) Outs ide sol id temperature for 01 = 1, n == na" 
all p, Eq. 9 

(4) Intermediate solid temperature for m == 1, 
If: nf=:.n -1, a 

all p, Eq. 8 
(5) Ins i de surface temperature for m = 1, n == 0, 

for p == 0, 
Eq. 10 

(6) Fluid temperature for m == 1, p = 1, 
E q. 1 1 
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(7) Ins ide surface temperature for m = 1, n = 0, p = 1, 
Eq. 10 

(8) Repeat (6) and (7) for m = 1, p = 2,3, etc. 
(9) Repeat (3) through (8) for m = 2,3,4, etc. 

When a high conductivity material is to be used in the 
upstream portion of the bed it is possible to make computa
tions assuming the combination case 1 and case 2 problem. 
The procedure follows. 

( 1 ) 

(2 ) 

(3 ) 

(4 ) 

(5 ) 

(6 ) 

(7) 
( 8 ) 

(9 ) 

( 1 ° ) 

Initial solid temperature (m = 0, all p:::' 0), 
given 

Entering fluid temperature (p = 0, all m2.. 0), 
given 

Initial fluid temperature for all m = 0, all p>O, 
Eq. 4 

Sol id temperature for m = 1, p = 0, 
Eq. 3 

Sol id temperature for m :::; 1, p = 1, 
Eq. 5 

Fluid temperature for m = 1, p:::; 1, 
Eq. 4 

Repeat (5) and (6) for m = 1, p = 2,3,·· .. PL 1 - 1, 

Intermediate sol id temperature for m = 1, n = 1, 
P :::; PLl 

Eq. 8 
Fluid temperature for m = 1, p = PL1' 

E q. 1 1 
Inside surface temperature for m = 1, p = PLl 

Eq. 10 
(11) Repeat (8), (9), (10), for m = and all p:;;> PL1 

( 12 ) 

( 13 ) 
( 14 ) 

( 15 ) 

Intermediate sol id temperature for m = 1, n = 2, 
all p> PL1 

Eq. 8 
Repeat (12) for n = 3,4, .... na-l 
Outside solid temperature for m = 1, n = n , all a 
p ~ PL 1 

, Eq. 9 
Repeat (4) through (14) for m = 2,3,4 .... 1 im m. 

These procedures were programmed for calculation by a 
digital computer. The results reported in the text, (Section 
8), were obtained in this way. The physical properties of 
the heat storage materials were evaluated at the arithmetic 
mean of maximum and minimum initial bed temperatures. The 
fluid properties were evaluated at the arithmetic mean of 
inlet and outlet air temperatures. 
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APPENDIX H 

HEATER BED THERMAL STRESSES 

The thermal stresses under consideration here are those 
due to temperature variation in the heat storage material in 
the direction normal to the heat transfer surfaces. During 
heat extraction, the heat transfer surfaces wi 11 be the cold
est areas at any given station along the heater matrix. There
fore, these areas will be in tens i on, and fracture will resu 1 t 
if ult imate strength is exceeded. Wh i 1e all cracks are poten
tial sources of dust, those open to air flow are particularly 
bad. 

The heat storage matrix has numerous parallel circular 
channels for the air flow, in an equilateral triangular ar
rangement. As was done in the analysis of thermal performance 
in Appendix G, this geometry has been approximated by a cir
cular tube with purely radial temperature gradients. This 
model neglects the nonuniform wall thickness around the hole 
in a cored brick but compensates in part since it employs a 
mean wall thickness. Results with this model should be quite 
accurate for cored bricks with hole spacing ratios, siD, 
greater than 1.2. Thermal stresses in the infinitely long 
cylindrical wall are given by the relations: 

Sr:: ot. elC E _I ~Y'Z - ro'2 -r - SrT d~' 1_ v rZ 2. 1m r r 
ro 

radial, 

tangential, and 

+ STr dr - TrJ 
ro J 

( 1 ) 

(2 ) 

(3 ) 

longitudinal (Ref. 1). 'The mean temperature Tm is defined 
by 

2 fa 5 Tr dr 
ro 

The maximum stress during heat extraction wi 11 be ten
sion at the hole surface (r = r). Here the radial stress 
equation reduces to zero, and tRe tangential and longitudi
nal stresses become 
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(4 ) 

I ntroduc i ng the tens i le strength of a mater i ali nto equat ion 
(4) gives (T - T ) allowable as a material property. Elim
ination of tWerma~ stress fracture therefore requires de
signing so that the allowable mean-to-hole surface tempera
ture difference is not exceeded. To do this requires re
lating this temperature difference to the matrix element 
dimensions and the heater operating con~itions. These rela
tions are developed in the following discussion. 

The conduction equation for purely radial heat flow in 
cylindrical coordinates is 

~ R (R dd :) = R ~;' 
in dimensionless form. (The dimensionless variables used 
here are defined in Appendix G). Except for a very short 
period at the beginning of a run dT/dr is constant across 
the IN all t h i c k n e s s . Set tin g d T / d't = Tan d h old i n g i t fix e d 
we obtain a quasi-steady temperature distribution shape which 
is independent of ~ The boundary conditions are: 

and 

dT = 0 

dR 
T == To 

The solution is 

at R == 1. 

( 5 ) 

Now, the mean-to-hole surface temperature difference be
comes 

(6 ) 
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where: 

Equat ing the cool ing of the sol id to the convect ive heat 
transfer per unit length we obtain: 

~nd substituting the dimensionless variables and solving for 
T, there results 

(7) 

Substituting this into the righthand side of equation 6 
yields a convenient relationship for mean-to-ho1e surface 
temperature difference; 

Th'I-l;, = H (To -7;) Ra.z 
( 8 ) 

where R = R! (lhRa.-t)+R!-t 
a1 (R~- /)2 

Similarly, equating the cooling of the solid to the 
heating of the fluid per unit length we obtain: 

- - ~r;~'l. - r:z') tOe ~eT mO c..ffi 
I' \1... ~ ~ (] -= hole P d Z 

~nd substituting the dimensionless variables and solving for 
T, there results 

t = --21 ~kk Re Pr i1 
(R:-J) JZ 
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Substituting this into the righthand side of equation 6 
yields a second convenient relationship for mean-to-ho1e 
surface temperature difference. 

( 10) 

This relationship with dimensional notation is 

( 11 ) 

where 

T~e funct ions Ral' Ra2' and Ra3 are plotted versus R in 
Fig. l-H. a 

Having these relationships, it is possible to set up al
lowable initial bed temperature distributions. We shall as
sume that aT / az = aT/ ~z. If the shape of the matrix 
longitudinal t~mperature distribution is linear there is a 
value of entrance temperature which makes this assumption 
val id for the complete matrix ramp section of the heater. 
At other matrix entrance temperatures this assumption, whi 1e 
not va 1 id near the entrance, wi 11 improve as one moves away 
from the entrance. . 

The assumption that T does not vary with,R is quite 
valid. At the matrix entrance, variation of T is negligible 
during most of a run. Higher in the matrix, it is constant 
with both time and radius for a 1 inear ramp. In each case 
the assumptions lead to predicted T - T values which are 
conservatively high. m 0 

An optimum longitudinal initial bed temperature distribu
t ion for a given matrix material and geometry which wi 11 be 
allowable from the thermal stress standpoint is therefore one 
having the maximum allowable T -To' This is one having a 
sol id to fluid temperature dif~erence at the bottom in ac
cordance with equation 8 and a straight ramp with an allow
able slope as per equation 11. 

A typical radial temperature distribution calculated 
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from equation 5 is shown on Fig. 2H. Thermal stresses calcu
lated from equation 1, 2, and 3 using this temperature dis
tribution are given on Fig. 3H. 
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