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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 deségned to supply 1500 1b/sec of air at
2000 psi and 3900"R for a period of 30 sec. Emphasis was
placed on the application 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 this application are indicated. Procedures for procuring
qefractory elements having the requisite properties are out-

ined.

A second Trlp tee des5gn requirement is for 5000 1b./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.

PUBLICATION REVIEW
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NOTATION
area
mnoz/hh -— Appendix F
a (2/A R+ 1/2) -~ Appendix G

nozzle throat area

matrix face area

matrix flow area

1/4n (1 + A R) -~ Appendix G

specific heat, solid
{(a /Az)h]. Z
(dp/dz)y

hole diameter

heater insulation diameters -- Appendix D
bed diameter

hydraulic diameter

total duct diameter

Young's modulus

hPAe/2MC -- Appendix G
energy wasted through nozzle
hPAZ/En’wcP -— Appendix G

fﬁ—igélsz ~- Appendix D

! _( D:/DZ)
g’Aj'x3F%//7)u Grashof Number (perfect gas)

hro/k = Biot Number

effective crack length coefficient
17?0 = dimensionless length

P Ar o = mass per unit length, matrix
hD/k = = Nusselt Number

Aht// = wetted perimeter

cp/(/kg = Prandtl Number

heat flow per unit time

r/rO = dimensionless radius

ix
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Rg = gas constant

Re = PguD//“ = diameter Reynolds number

S = stress

Sr’st’sz = stresses--radial, tangential, longitudinal

St =h/éPF%Ll= Stanton Number

T = (T -T/(T, -T.) = dimensionless temperature

T = temperature

T = YVCSﬁ%'dV'= effective temperature -- Appendix F

Tb = effective temperature in volume V

Tz = effective temperature in volume V,

T = 87)/6'T = temperature change per unit of

dimensionless time -- Appendix H

Tex = vessel exterior temperature

T =<I/A)A§TdA = mean solid temperature --
Appendix H

Tmix = mixed mean temperature -- Appendix E

U = overall heat conductance coefficient

v = volume,

Vv = void volume -- Appendix F

Vb = void volume in bed and adjacent insulation

Vbed = total bed volume

VZ = void volume in bed and adjacent insulation
between top and z location -- Appendix F

Z =Tkz /t cp = dimensionless length

Z = z/rO = dimensionless length -- Appendix G

a =AHZ/2A7:Appendix G

b = mDyu/rcep

cp = specific heat at constant pressure, gas

cy = specific heat at constant volume, gas

e = 2.,71828

f = friction factor

g = 32.2 ft/sec2

h = heat transfer coefficient

h = hConv + hrad’ = total heat transfer coef-

ficient -~ Appendix D
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h = heat transfer coefficient without injec-
tion -~ Appendix E

= thermal conductivity, solid

= thermal conductivity, fluid

= heater matrix length

= mass of fluid, gas -- Appendix F

= time increment number -- Appendix G

lost = mass of fluid wasted through nozzle

* = J?’g/ﬁ?g = choked flow para-
{(7,_,_,)/2}»’/(7-;)-12 meter -- Appendix F

M = mass flow rate

= mass flow in one hole —- Appendix H

= mass flow in —-- Appendix F

= mass flow out -- Appendix F

= radius increment number -- Appendix G

3 3 3 3 & X X
I

rhhole

>

out

= pressure
= length increment number -- Appendix G

= heat flux

= Qd%q = dynamic pressure -- Appendices D & F
loss insulation conduction heat flux

= radius

= D/2 = hole radius

= hole spacing (center-to-center)

(o]

= thickness

= velocity

= length variable

= distance along heater matrix, measured from
bottom v

distance along heater matrix, measured from

N X € ~ 0O 77 7 0 g 0 O T 35 3 3
I

N
It

top -- Section 6 and Appendix F
= k/Cp = thermal diffusivity
(Pt&fpxnj/{ﬁo -~ Appendix E
= Voy TL//\Q Tev -- Appendix F
= linear coefficient of thermal expansion

R R
!

<0l
X

= cp/cV = ratio of specific heats or effective
value

xi
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= Poisson's ratio

€ = strain (in/in) -- Appendix C

€ = thermal emissivity -- Appendix D

€, = eddy thermal diffusivity -- Appendix E

s = dummy variable -- Section 6

s = €X/urj® -~ Appendix E

Ui = hPG/CM = dimensionless time

7 = r/r; ~-- Appendix E

770 = jnitial dimensionless time for non-constant
initial T approximation -- Appendix B

7? = final dimensionless time for non-constant
initial T approximation -~ Appendix B

¢ = dimensionless run time (77-—7&))

S = time

M = viscosity

v

&

= th/cp m = dimensionless length
effective upstream dimensionless length for

oM
i

non-constant initial T approximation -- Ap-
pendix B
5’ = effective downstream dimensionless length for
non-constant initial T approximation -- Ap-
pendix B
ﬁ} = dimensionless bed length (?2'52)
P = density, solid
P = density, fluid -~ Appendices E and F
Pouik = bulk density of matrix
= 1/R§ = matrix porosity
c = material porosity -- Appendix C
c = .173 x 1078 BTU/(hr ft° °R?) = Stephan - Boltzman
constant -~ Appendix D
= €BCQ/432 = Fourier Number, dimensionless time

©
t

(T - Tmix)/(Th - Tmix) —-- Appendix E

xii
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conyv
cr
cv

eXx

SUBSCRIPTS

outside boundary of tube, (adiabatic)
ambient

entering air, bottom, (cold)
center line

convective —-- Appendix D
crack

control volume

steady state, (design)
exterior, expansion
final

fluid, (gas)

top of bed, (hot)

heat transfer surface
initial

secondary flow injection
insulation

jet boundary

at z =4

max imum

nozzle

hole surface

radiative -- Appendix D
pressure vessel wall
total

at z
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INTRODUCTION

This study was undertaken to establish 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:

Mach 7 Mach 4
Design flow 1500 1b/sec. 5000 1b/sec.
Design pressure 2000 psia 400 psia
Design temperature 39000 R 16009 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
line.

Since the heater would necessarily 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 the number of individual vessels. This would
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
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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 will 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 0.D. vessels) all particles smaller
than 3 to 4 thousandths inch will be carried 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 primarily on ''state of the art" devel-
opment of stcrage heater systems. |t was assumed that the
requirement permitted complete flexibility 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, "state of the art' meant al-
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-
formance,

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

C. Survey of manufacturers of large, high pressure
vessels to establish economic implications of,
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.
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1. PRELIMINARY THERMAL ANALYSIS

As the first step in this study, it was desired to
establish 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.
[f 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
iTlustrated graphically in Fig. 2. The whole matrix is at
a uniform temperature initially. |t 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 "wave front'.

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., |t also leads to the conclusion that the length of
the temperature "wave 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 within the heat storage matrix is
uniform at any axial location, i.e., lateral
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thermal conductivity is infinite,

be There is no heat flow in the matrix material
in the axial direction, i.e., axial thermal
conductivity is zero.

Assumption a is reasonable when the lateral dimensions of
the matrix elements (between flow surfaces) are small or
when the conductivity is high. For most ceramic materials
the error due to this assumption becomes appreciable when
the lateral thickness of the element is about 1/4 inch or
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 (m) and

b Axial position related (§ ).

These parameters are defined as

. hP
nEeow ©
- hP
3 CP% z

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

This dimensionless temperature is shown for values of 7

and & in Fig. 3a and 3b, representing the temperature

of the gas and the matrix, respectively. This figure was
prepared from tabulated values appearing in Ref. 1, pp. 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.
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HAUSEN RESULTS

0 2 4 6 8 10 3 12 14 16 18 20

Fig. 3a Fluid Temperature in Regenerative Heater

0 2 4 6 8 10 € 12 14 16 18 20

Fig. 3b Solids Temperature in Regenerative Heater
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Vbed = A.F/L

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

M = Auik Af

so that the volume may be written as

Substituting for M and £ in the definitions of 7y and
El , one obtains ,

50
V = SpMSr &y
bed © Coppuk T4

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 heatl 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 By .

7%

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 Tgf ,
the ratio &y, is a minimum {(corresponding to minimum °
matrix volume) when E, is large. The value of 7 will
also tend to be large.

It is noteworthy that the foregoing results indicate
that the proportions of the heater matrix (length to diam-
eter ratio) do not affect the volume in this simplified
analysis. To be sure, the desirable large value of &g
may be achieved by increasing the Tength, £ . 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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that the heat transfer area per unit tength, P, will be re-
duced in proporticn to the increase in the length. There-
fore B¢ does not, in fact, depend on heater proportions

for this analysis.

The only geometric parameters which may be modified to
increase E¢ would be the heat transfer area per unit volume
of the matrix which should be large. A large value of gas
~to-solid heat transfer coefficient h 1is 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 matrix, so that pres-
sure drop could be a Timiting 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 {Tifting
of the elements as the pressure drop exceeds their weight).

In order to establish the size range for the Tripltee
heater, and to assess in a preliminary 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 cooling 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 will depend
on the rate of heat extraction, and the temperature differ-
ence will vary directly with the thickness of the element
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 1, it
will be possible to calculate the volume while limiting the
thermal stress (by limiting the value of the temperature ramp
slope, dT/dz ).

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
temperature ramp slope ( dT/dz ) equal to 200°F per foot.
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 will
be thermal stress resistance and the resultant value of tem-.
perature ramp slope in the matrix. The steeper the ramp the
smaller will 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
results indicate that it is possible 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 cored brick shape is shown in 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 , this results in a requirement 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
Fige 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 equal 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 is, the pressure drop for the spheres
would be about fourteen times as great for the same mass
velocity as it is for the cored brick. The pressure drop
across a matrix of spheres varies as the 1.9 power of the
mass velocitly.

This preliminary thermal analysis of the Tripltee air
heater indicates thatit will probably comprise one vessel
with a heat storage matrix of cored brick. |t also indi-
cates that thermal stress resistance will be the most
critical single factor in determining the volumeof the
matrix. It is then necessary to establish the fabrica-
tion and economic feasibility of the requisite vessel and
to determine the feasibility of procuring matrix material
of requisite thermal stress resistance.

12
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2, HEATER VESSEL

A study was undertaken to determine the fabrication and
economic feasibility 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.face area (A.) indicated by
Fig. 128, Appendix B (67 ft2), the corresponding vessel in-
side diameter would be about 11 feet. The maximum probable
matrix_.area indicated by Fig. 12B, Appendix B, is about
130 ft2 (s/D of 1.7 and' D of .15 in.). The corresponding
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 cylinders joined
by a sphere {design A), one vessel of 15 feet inside diam-
eter (design B), and one vessel of 11 feet inside diameter
(design C). These three configurations are illustrated by
Figs. 6, 7, and 8. The first and second configurations
yield face areas of.about 130 ft4., The third yields a face
area of about 65 f‘z, so that one such vessel is suitable
for the minimum face area matrix while two such vessels
would be suitable for maximum face area matrix.

The consideration of multiple vessels, in light of the
requirement for a 'fixed" condition of the heater with re-
spect to the rest of the facility, focused attention on the
’rob1em gf vessel supports. The thermal expansion of a
complex of heater vessels may be expected to present some
design problems if undue siresses 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 |.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
detailed analysis would be an accompanying penalty.

The patented Multilayer construction is not econom-
ically competitive for service conditions below 3000 psi
and is limited to an 0.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 boiler 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 considerablie background in fabri-
cation experience. [t is more expensive and more difficult
to work than A212., Depending on economic factors and de-
velopment of fabrication experience, Mar-aging steels may
of fer 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 stiructure, specifically a fiberglass
reinforced plastic, may be applicable to this service when
the facility is finally designed. Current winding facili-
ties of one fabricator are limited 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
possibilities and the enlargement of current machinery are
considered to be engineering problems within the state of
the art. Approximate costs are $.65 to $3.51/1b for glass,
$2.00/1b for resin and conversion runs $2.00 to $3.00/1b of
furnished vessel.

Shop fabrication is limited by shipping considerations
rather than by technique or equipment. Conventional rail
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 Toad to give
about 70 foot Tlength, and by special rail car that carries
the load only inches from the track to approach a diametral
Timit of 15 feet. Such a car is extant, a patented design
by Newport News Shipbuilding & Dry Dock Co. Frequently tco,
exceptions to size and weight limits can be arranged with
the railroads when a design is firm and the transport prob-
lems real. Meeting at the engineering level between the

18
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fabricator and the railroad 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 limits 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 fabricable 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
while 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
lron 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 Approximate Weight Estimated Cost
A 535, 000 1bs. $450, 000

B 426,000 1bs. 500, 000

C (2 vessels) 574,000 1bs. 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
large vessel will be appreciably more economical if shop
fabricated. Certainly the question of transport deserves
most careful attention, since the cost of a single, shop
fabricated vessel appears likely to be more than $120,000
less than multiple vessels or a single field fabricated
vessel.
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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 reqguireds This follows
in ducting, allowance

because of the great simplification
is also clear that it is entirely

for expansion, etc. It
feasible to plan on a single vessel for this heater if the

matrix face area can be of the value estimated in the pre-
liminary analysis. This depends largely on questions re-

lated to thermal stress.

(e
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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 slope 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
material failure such that small pieces are separated from
a matrix element. Thus, minimization of dust requires mak-
ing the probability of mechanical failure 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 failure will depend on thermal stresses.
Microscale failure can result in the loss of small particles
from matrix surfaces, Failure of this type may result from
thermal stresses, abrasion, or concentrated loads acting on
corners, etc, |t seems likely that the factor controlling
microscale fracture at surfaces will be the surface condi-
tion. The degree to which a surface is smooth and firm will
indicate to what extent its microstructure is continuous.
The great hardness, chemical stability, and substantial
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 application. 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 that high 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 will be necessary to establish
by test results that their potentially deleterious charac-
teristics will not adversely affect the operation of the
Tripliee heater,

The undesirable characteristic of zirconia results from

a change in crystalline structure from monoclinic to tetra-
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 calcia to the zirconia.
This causes the crystalline structure to assume a third
(cubic) form which is (presumably) stable. Experience with
commercially available zirconia has suggested that the "sta-
bilization" of zirconia in this way is not necessarily per-
manent, since thermal cycling always 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 ''destabilized". 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°F. Such is actually 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°F without evidence of excessive vaporization (Ref. 4).
[t has also been used in a pebble bed air heater at the
NASA Ames Research Center at similar temperatures. As long
as excess oxygen is present, no evidence of vaporization
has been noted. It appears probable then that high purity
magnesia will 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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manuTacturers 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.

A1l 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

be. Magnesia matrix elements:
Coors Porcelain Company
Kaiser Refractories
Minneapolis-Honeywell

Ce Both zirconia and magnesia matrix elements:
Laboratory Equipment Corporation
National Beryllia 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-
quently, 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
bricke

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
will be necessary on the part of manufacturers to establish
the correct technique and process details 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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[t is recommended that small lots {several hundred
pounds) of matrix elements be procured from several manu-
facturers and that these elements be tested, both by
laboratory tests to establish 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 established. These could provide the
basis for procurement of matrix elements for either a
pilot heater or the Tripltee heater itself.
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4. INSULATION
INSULATION REQUIREMENTS

In order to prevent the pressure vessel containing the
heat storade 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 reliability.

The analytical work to determine the required insula-
tion thickness and cooling is summarized in Appendix D. This
analysis deals primarily with free convection and radiation
cooling of the heater vessel, inasmuch as this is the sim-
plest method available. : ’

Results based on the use of an insulation liner with
thermal resistance comparable to commercially available
insulating zirconia (150 1b/ft®) are plotted in Fig. 9.
The strong influence of insulation thickness on heater size
is apparent. In this calculation the influence of insula-
tion thickness on the volume in the vessel domes 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 1.D. of
12 ft, an increase in insulation thickness from 1 to 2 ft
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.d., they do not exceed the ASME code limit.
One foot of insulation in a 12 ft |.,D. vessel will give
a maximum vessel temperature of 500°F,

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

The results of Fige 9 apply directly to a zirconia heat
storage bed. In the case of a magnesia bed, at least a por-
tion of the insulation liner 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.

[f it became necessary to limit the heater vessel tem-
perature to values below 500°F, 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. 1D.

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-
tion is 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.
This ratio decreases as vessel diameter increases, and
therefore the problem is not as severe in large heaters,

An estimate of the effect of bypass flow is presented
in Fige 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°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 Fige 10 for a 12 ft 1.D. 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 facility has two primary design points:

Mach 7 Mach 4
Stagnation pressure, psia = 2000 400
Stagnation temperature, °R = 3900 1600
Mass flow rate, 1b/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 will 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 1600°R is 260 fps.

RELATION TO HEATER AND AIR RESERVOIR

Maximum utilization of the energy storage capability
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 1b/sec of ambient air (70°F)
with 1400 1b/sec at 3900°R. If the heater is sized for the
Mach 7 design conditions, this hot air flow rate will be
available only at high pressures, near the design level of
2000 psi, due to bed flotation limits.

As discussed earlier, the mass flow capability 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.,

l’?\ oC (p/T)'/z A,p

where Af is the face area of the heater bed. We are in-
terested here only in operation at the maximum temperature
of 3900°R. Therefore, with the bed designed to deliver
1500 1b/sec at 2000 psi, a flow rate of 1400 1b/sec wou 1d
require P2 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
mixXxer pressure of 400 psia.

The possibility of reducing the air storage volume by
increasing the heater diameter was briefly investigated.
lncreasing the heater bed area A would permit passage
of the 1400 1b/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 offsets the decrease in
air storage cost., Above this pressure range the total
system cost increased. Hence, there is no cost advantage
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 established the desired
size of the mixer at 6 ft diameter by no more than 25 ft
long. Attention was initially focused on the possibility
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
coaxial arrangement, the necessary mixing is readily attain-
able with more sophisticated devices, The major problem in
building such a device is the high temperature of the hot
flow. A1l surfaces exposed to temperatures on the order of
3900°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 useds 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
Fige 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 will be about 5 percent of the hot flow.
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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, supplied by a burner, through the matrix in the re-
verse Tlow direction. The specification requires that the
reheat period not exceed 5 hours between maximum energy ex-
traction runs. JSince the product of tunnel mass flow and
run time is approximately equal to the product of reheat
mass flow and reheat time, a reheat mass flow of at least
2.5 1b/sec will be necessary between runs of 30 second
duration at 1500 1b/sec, simply to replace the heat ex-
iracted.

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

—  PLATEAU
\ RAMP

BED
TEMPERATURE

DISTANCE FROM TOP

Fig. 12 Preferred Temperature Distribution

at the top of the bed, below which the temperature varies
linearly to a low value at the bottom of the bed. The basis
for this selection is discussed in Sections 1 and 8. Briefly,
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 siresses 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-
lished by the requirement that, within the heater, water
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 limitations 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 "Ramp", sloped at the maximum allowable
gradient,

C. Rather uniform temperature "plateau' 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.

Do Local fluid temperature and bed temperature are
equal.

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

de Longitudinal conduction is negligible.
Heat loss at the periphery is limited by the overall
heat conductance coefficient, U , at each location along

the bede 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
] In (fut,/ Fin) In (Bt rin
Dbhr'e,,—"{ k )Zl_}.{” ; >fz+]

where Db = bed diameter

= heat transfer coefficient, including free
convection and radiation

k = thermal conductivity
Foy = exterior radius of pressure vessel
ron, = inner radius of Tlayer
Cout = outer radius of layer

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.

TARR ;E?QELi'CF'T;mb)

Jz ¢,
where T = local temperature
amb = ambient temperature
th = mass flow
cp = specific heat, fluid
z = distance from top of bed

Imposing the condition of a fixed temperature Tp at
z = 0, and constant U , the solution is
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T Tamb * (_E—w amb) bz 0

where b = WUDb/mcp

Since b wvaries 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:

== I%;El& CT'T;mQ)"AﬂC ég

The boundary conditions with constant U are:

T:T; at z=0 and all 8% 0

T=Tams * (h';\ﬁTamb) e > at 070

o

where =1DU _~the, for large mass flow i

b, =D, u///’m c, for Tow mass flow i
= specific heat of solid

M = mass of solids per unit Tength of bed
[ = time
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The solution is:
= T + (T € - SpEmg)e™

where the function f is given by

{(S)‘—‘ e(b‘bo)g for £70

it

5= for § €0

A distribution obtained with 490 1b/hr low mass flow fol-
lTowed by 18,000 ]b/hr for a period of 3 hours, both flows
entering bed at 3700°F, 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 thcp® /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 300°F/ft at 3 ft. As discussed earlier, a curved tem-
perature ramp requires a larger bed than a linear 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 (Egs. 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 Tlower
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 will be
a process whose details depend on several factors, such as:
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Qe Time available between heater runs,
Do Flow conditions needed next run, and

Ce The temperature field existing in the heater after
the last run.

For example, if another run is desired quickly, at the
same flow conditions, the heater would be reheated with a
high mass flows This high mass flow would be the same as
t?attused 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 "idle" 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 will produce
the same end results. This is an area where actual experi-
ence will play a significant role in determining optimum
procedures.

Another feature of the reheat temperature profile which
requires careful design consideration is the initial bed
temperature at the cold air inlet. In the example of Fig. 13
this temperature is 1300°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 limited) throughout the bed. It
involves limiting the temperature at the bottom of the bed
to a value low enough to prevent failure 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°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 cooling 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, preferably
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 150009F, or even higher. The maximum length of the metal
matrix will depend on the overall temperature distribution
in the bed.s 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
ceramic, a smooth temperature distribution will be produced
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 prevent-
ing complete surface-to-surface contact between the metal
elements, with ridges or bosses, for example.

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-
blem, is

3 3T\ - theer T
Sk $h) = B S

where Af is the cross section area of the bed, and r s
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
will take place. In fact, at the highest temperatures,
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. [n 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

T=T, at =z =0

k % = "CLIOSS constant  at r= —Dz—b-
where 910ss is the heat flux at the periphery of the bed.
ution is, (see Ref. 8, pages 203, 328 and 329).

The sol

-7 _ De%ess e N -6 Jo(%—f"h)}
T=h == EZ+(D) 8 Ze {a: A

h=|

where 7, =1Tkz/mcp

JO = Bessel function of first kind of order zero
J] = Bessel function of first kind of order one
and g, = nthroot of J, (@) =0, (note: pn> 0)

Using this equation, the distribution for a typical low
mass flow condition has been calculated. In this calculation,
a linear 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 radius with length a parameter in Fig. 14, 1t is evident
from this plot that the radial conduction losses, with a Tow
mass flow, cause a large radial temperature variation. Fur-
thermore, this variation still exists in the bed after the
final high mass flow heating period is terminated.s A typical
distribution when the bed is in this state is illustrated by
Fige 15« From this plot it is clear that the axial tempera-
~ture gradient approaching the plateau from below will be
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Fig. 14 Steady State Rudial 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 summarized as fol-
Tows.

1a The insulation liner should be designed with its ther~
mal conductance increasing toward the bottom of the
bed, in order to achieve a linear 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 details
of the heater system operation. [t 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 will be water cooled metal rather than refrac-
tory lined. Excess air must be available to permit com-
bustion product temperatures below 1000°F. Such values are
necessary when heating the bed from a cold temperature con-
ditions

The probtem of cooling and structural strength at
elevated temperature are greatly relieved 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 Fige 16. The required range of combustion gas flow was

PREMIX CHAMBER
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PREMIX CHAMBER

SECONDARY STREAM

AN NN NN AN NN N NN
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Fig. 16 Burner Concept
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estimated at 0.11 to 5,0 1b/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 feasibility of this design 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 1b/sec permissible. Very
Tow 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 1b/sec. (The Tower flow
limit is determined by flashback) The secondary stream re-
acts in the heater dome, which has been preheated to a high
temperature with the primary stream. Having the dJdome re-
fractories hot insures the combustion process will not be
quenched by radiation losses.

A second design concept is sketched in Fig. 17. This
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Fig. 17 Alternate Burner Concept
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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
facility. The purpose of our analysis has been to describe
with enough quantitative 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
si%uation 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 heater can be designed upon steady
state requirements alone. or instance, if the factor limit-
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 will be exceeded
during the starting process.

The start-stop study considered primarily the problems
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. 1F (in Appendix F) illustrates the effect of the lat-
ter two, since the pressurization rate is related to the val-
ue of Cy. The hot valve case yields a temperature rise factor
of Zli (= .25 in Fig. IF) over the steady state value. =
is the effective ratio of specific heats, (that # 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 - is always less than that for air
under adiabatic conditions.

The compression temperature rise decreases the time and
mass expended during the pressurization 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. Similarly, thermal stress problems, which
are most severe in the lower regions of the bed, with a linear
bed temperature ramp will 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 established 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.

[t 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. |t also per-
mits analysis of arbitrary initial temperature profiles.
Variable {(with temperature) fluid and matrix properties may
be included in the analysis, however, constant values were
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 brick and related
shapes. The higher value, 95% of theoretical density, re-
presents that which is being attained by the technical
ceramics industry in shapes similar to the tubular shape
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 will 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 onehalf 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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sred 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-
‘ial, density, hole size and spacing, matrix diameter, and
nitial temperature distribution. These are shown in Figs.
18 through 22. The length of the matrix is defined as that
which 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-hole surface temperature difference is also shown.

The matrix volumes indicated bythesecalculations are
tabulated below.

Matrix Hole Hole Matrix Matrix
Diameter Diameter Spacing Length Volume
Material Density (feet) {inch) {inch) (feet) (cu.ft)

ZrO2 75% 1045 0212 312 53.3 4600
ZrO2 95% 10.5 ) .23 15.5 1340
MgO 88% 12 . 194 .294 15.1 1700
MgO 95% 12 .13 .23 9.9 1120
MgO 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 var
ations than any other factor. Next in importance is the
choice of material with magnesia appearing to have a slight
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-
able for the Tripltee matrix elements. However, note that
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 temperature was
reduced to about 1600F %from 1200°F), while continuing the
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Fig. 18 Effect of Run on Matrix Temperature Distribution and Local
Solid Temperature Differences
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Fig. 20 Effect of Run on Matrix Temperature Distribution and Local

Solid Temperature Differences.

55



AEDC-TDR-64-48

TEMPERATURE ~° R

5000 r

4000 1

W
o
0
O

2000 ¢

1000 }

1500_LB OF AIR ENTERS AT 540° R
SEC
Dp = J2FEET, VOLUME 1120 CUFT

D = 0.150 INCH

s/D=1.534 ,tyep 080 INCH
BED MATERIAL PROPERTIES CORRESPOND
TO 95°% DENSE MAGNESIA
THERMAL CONDUCTIVITY OF BED
MATERIAL = 3.18_BTU

"HRFT°F
INITIAL DISTRIBUTION

TIME
DURING RUN
. SEC

10 x MAXIMUM LOCAL MEAN-TO-
HOLE SURFACE TEMPERATURE
DIFFERENCE (18° F ASSUMED SAFE)

— ]

A

O 2 4 6 8 10

DISTANCE FROM BOTTOM ~ FEET

Fig. 21 Effect of Run on Matrix Temperature Distribution and Local

Solid Temperature Differences

56



TEMPERATURE ~° R

5000

4000 |

W
O
o
©)

2000 ¢

1000 |

AEDC-TDR-64-48

1500_LB OF AIR ENTERS AT 540° R
SEC
Dp =10.5 FEET, VOLUME 1100 CU. FT.

D = 0.170 INCH
s/D = 1470, T,ep= -080 INCH

BED MATERIAL PROPERTIES CORRESPOND
TO 95°. DENSE MAGNESIA

THERMAL CONDUCTIVITY OF BED
MATERIAL = 3.18__BTU

[ ARFT F
INITIAL DISTRIBUTION
TIME
DURING RUN
| SEC o
e
10 x MAXIMUM LOCAL MEAN-TO-
HOLE SURFACE TEMPERATURE
DIFFERENCE (18° F ASSUMED SAFE)
ﬂ
0 2 4 6 8 10 12

DISTANCE FROM BOTTOM ~ FEET

Fig. 22 Effect of Run on Matrix Temperature Distribution and Local
Solid Temperature Differences

57



AEDC-TDR-64-48

TEMPERATURE ~ °R

5000

4000

3000

2000

1000

1500 LB/SEC OF AR ENTERS AT 540 °R

Dp=12 FEET, VOLUME = 2280 FT3

D=0.194 INCH

s/D=1514, twep=0.100 INCH

BED MATERIAL PROPERTIES CORRESPOND TO 88/
DENSE MAGNESIA

THERMAL CONDUCTIVITY OF BED MATERIAL =
295 BTU/HR FT °F

TIME DURING RUN - SEC.
0
i 18
35
o
- INITIAL O
DISTRIBUTION
- 10 x MAXIMUM LOCAL MEAN-TO-HOLE
SURFACE TEMPERATURE DIFFERENCE
(15 °F ASSUMED SAFE)
- I i i L ﬁl
0 4 8 12 16 20 24

DISTANCE FROM BOTTOM ~ FEET
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Fig. 24 Matrix Exit Air Temperature History
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same slope of the temperature ramp. The results are shown
in Figs. 23 and 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
volumetric increase will be a similar 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 properties or through de-
velopment of a matrix element geomeiry 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.

[ncreasing 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,
the 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 special rail car (see Section 2) or by a combination of
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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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 would require 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 pressurizatione.

[f it should prove to be feasible to use a horizontal
orientation of the vessel, the arrangement of the heater
could be as shown in Fige. 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
arrangement of the discharge duct. The feasibility of such
an arrangement depends on the characteristics (particularly
bearing strength) of the insulation and the practical limits
of matrix assembly. |t also depends on the feasibility 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
will discharge into the exhaust stack through two concen-
tric ducts controlled by individual valves. This arrange-
ment, discussedin Section G, 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 profile. The relative amount of reheat
gases through the center and at the periphery of the matrix
can similarly 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 similar 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
cracking, creep or other forms of mechanical failure will 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

The use of refractory elements in the heater matrix
that are specifically designed for this application
results in large reductions in the heater volume re-
quirements and an absolute minimum of dust carry-over.

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

Within present knowledge, zirconia 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.

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

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

Cooling of the heater vessel by free convection and radia-
tion is adequate; water cooling is not necessary.

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

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 application 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 materils 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 believe to be desirable are
listed 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 similar 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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Based on the information obtained from the refractories
tests, design a pilot heater to be used for a final test
of the refractories for the large heater to be designed.

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

Evaluate refractory performance in the pilot heater.
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APPENDIX A
COPY OF
EXHIBIT “A"
STATEMENT OF WORK

AF 40(600)-1039
FLUIDYNE ENGINEERING CORPORATION

A. Statement of the Problem and Objectives: Design criteria
for @ trye temperature wind tunnel operating up to 2000 psia
and 4000°R stagnation conditions 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 attached Fig. !™. A storage heater system is

" tentatively required to provide true temperature air over the
portion of the altitude~ veIOC|ty envelope shown in the at-
tached Fig. 11* The primary design points for the heater
system will 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 p 2000 psna 400 pSIa
Stagnation TempeBature Tt 3900°R 1600°R

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
stagnation temperature for a given run. True simulation 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 will 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 outlined below:

(1) Storage Heater System: The storage heater system
is required fo provnde hlgh pressurg air to the nozzle stag-
nation chagber at a minimum of 3900°R. ngher 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 will 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 material, 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.

Regenerating techniques.

Selection of a technique for rapidly bring-

ing the heater system on and off line with a

minimum depletion of air storage.

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

—
ja o)
—

(2) Mixer: It is envisioned that the 50001b/sec high
mass flow Will be obtained by mixing hot air from the stor-
age heater with cooler ambient air, or by paralleling 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 while maintaining adequate mix-
ing.

B. Technical Approach: The Contractor shall conduct these
research and engineering studies based primarily upon "state
of the art" 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 available
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 listed.
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 establish the most feasible
method of mixing cold and hot air for the requirements listed.
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. 1B and 3B

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

i.e.,
dp/dz = 1/2 (1 -¢) = 1/2@bulk
where:
€ = density of matrix material
Poulk = bulk density of matrix

' bed porosity
d. The matrix geometry is comprised of circular
holes, parallel to the direction of flow,
spaced uniformly:

S

7
OQOOQOQ_TD
O O O O O O

OO0 00000

For this arrangement the porosity is

g = 0.908
=
(s/D)
and the surface area per unit volume is
A, _ P - 3.624
;bed f D (S/D)
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where:
Aht = total heat transfer area
Vbed = total matrix volume
P = welted perimeter
Af = total face area

The parameters M and f are defined as:

M= hPg , the limiting value being %, = hP 6
Y f o f

M
and f= 0P 2 |, the limiting value being fZ hP 4
cpm cpm

where:

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

total run time

W uw mw

matrix length, variable
total matrix length

N +Pq = o

n

We may write Mg and f} in terms of the matrix characteristics
as follows.

h B¢
7&=3624
C _ .08 2
e - oo /DD
and
} hAg 4

fi=3624 - N D

Dividing m and rearranging we obtain an expression

for gross mgtrxx vo lume

Voed = Ak = th CP_Q{.?OB i1
Cofl- 54 |

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 limit 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 f / M thus can be thought of as

an effectiveness factor. 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 M. results in a unique value for §fp . In
other words, any two quantities of the group Nes 2o and

¢ determine the third as per Fig. 3a. The valueof M .
reSllts from the + 5% temperature tolerance specificationg

q?gf = Tgf i Tc a2 .9,

LI
since Tgi‘= Tgi _TC ~ 1.0 for the
T - Te

range of f} 's encountered.

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

h = Nu = St = ,023] Re“'2 Pr'2/3
Pgucp RePr

Alternatively one can write h in the form
h= 0231 (k /D) ReS pr1/3,

Friction factors depend on roughness and Reynolds number in
the turbulent flow regime. Fig. 1B presents the estimated
relationship between friction factor and Reynolds number.
Figs. 2B-4B relate Reynolds number, heat transfer coeffi-
cient, and mass velocity to hole diameter and bulk density
for the one-half bed flotation pressure gradient condition.
Fig. 5B gives the relationship between ¢ and E‘ for a
value of ﬂfgf equal to 0.9.

Calculations have been made to determine M., fg , and
heater volume for a range of hole sizes and for two materials,
magnesia_and zirconia. Material densities of 1971b/ft3 and
2631b/ft3 were assumed for magnesia and zirconia, respectively.
Once the material density is specified the bulk density de-
pends only on bed porosity. Mean specific heatsof 0.36 BTU/
1b® R were selected for the magnesia and zirconia, respec-
tively. The resulting values for N are shown in Fig. 6B,
while corresponding volumes appear IE Fig. 7B.

The net effect of increasing hole diameter at a constant
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spacing to diameter ratio (s/D) is a reduction in the value

of £2 the increase of heat transfer coefficient being domi-
nated by the decrease in wetted perimeter (P). This reduc-
tion in the value of 7. results in a larger fp / ne factor
(see Fig. 5B) and therefore increased matrix volume. Compari-
son of the results for zirconia and magnesia, Fig. 7B, indi-
cate the importance of the quantity Ce on matrix volume. Al-
though lower values of Cp result in smaller fg / 7Mf values,

the heat storage effect dominates. Hole spacing is seen to
be of minor importance in the range of s/D's of interest.

The volumes indicated in Fig. 7B are clearly the least
possible under the assumed conditions. However, if matrix
element fracture is to be avoided, they are not realistic.
A uniform initial 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 ofq
(see Fig. 3B) 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 § at constant® , (Fig. 3B). Recalling the
definitions of T , f and m we can relate the quantities
to the maximum initial matrix temperature gradient, ( aT/’3z)O,
as follows: _

( f) - Ti’-Tc (390

and
Gf) =& (%) 7= ()
or

3T 7 cp
(W)o - TAC} %)2 3[.2324 T,.I—7; ( 37;)0
For each value of'&?%) there is an unique value of

??o corresponding to that characteristic curve which has as
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its maximum slope that partacular value. (See Fig. 8B). One
can thus take an allowable ( 4T/ dz)_ number computed from
thermal stress considerations, and, 81ong with the geometric
and flow conditions, compute a value for We now assume
that adequately represents the actual tgmperature distri-
bution gt the beginning of the run. M is computed as it
was for the initially uniform temperature case. Adding o
and %, we obtain the value of M characterising the final tem-
perature distribution in the matrix (Fig. 3b) and gas (Fig.
3a); call it m* . The temperature droop specification is used
to determine the final T _ value {( T f) desired, which for
TTT will normally be abou? 0.9. Usnng Fig. 3a we now find
the value of f corresponding to and %' ; call it f’
At this point we can make the fo]loglng observation. For most
values of 7 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
little 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 =, curve on Fig., 3b, at its maximum
slope location. The curve formed by the tangent line from
the T = 0 line (or f-axis) to the maximum slope location
plus the mn_ curve from there on is the one we now define as
our initial%emperature distribution. We shall call the value
of on Fig. 3b, where the tangent line crosses the f ~aXis,
O_and assume that this temperature distribution givés us
the“same heater performance as the complete m_, curve. For
reasons stated above and because of the prelim¥nary nature
of this analysis the assumption is justified. The differ-
ence between f"and f is fr and in conjunction with m
enters directly into determining the necessary matrix vol-
ume as it did in the initially uniform temperature case, Thus
we can write

- _ | hep 8
Vbed =Apd = 6’{ : qfoa J/"’Zf

fi=§-§-
Ne = N'~No

Numerical calculations were made for the case where the @exuu
mum initial temperature gradient was given the value 200°F/ft,
a number typical of those based on thermal stress consldera=
tions although numbers apprecnably 1arg@r and smaller also re-
sult. Values of | 377,/8f and are plotted vs. hole
diameter in Fig., 9B. While H8%e spaclﬁg is a variable, the

results with djfferent s/D ratios don't differ enough to war-
rant consideration in th'is preliminery analysis. There is

where

and
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only a 2 to 3 percent difference in | bT//Jf )max comparing
s/D's of 1.5 and 2.0. Similarily, material denSity has 1lit-
tle effect over the range of values to be cons:dered A
density change of 50 percent changes ( JT / éf by only

4 percent. Values of § versus hole dlameter a@e plotted in
Fig. 10B. The matrix v Pumes predicted by this approach ap-
pear in Fig. 11B. 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 similar. 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 4T/ d=z.
However, these results serve to give us a more realistic pre-
liminary matrix volume estimate 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. 12B.
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 likely to be on the order of 1500 ft° and the
matrix face area about 100 ft< Also, for a matrix inlet
temperature ramp slope of EOOOF per foot, the effect of hole
size, hole spacing, or material on volume is not large. The
volume of the matrix is likely to be strongly influenced by
the slope of the temperature ramp. Therefore thermal stresses,
which will determine allowable values of temperature ramp
slope, are likely 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 Tripltee Heater requires a matrix in which heat is
to be stored. This matrix will be exposed to temperatures of
approximately 4,2000R maximum. The material will be sub-
jected to stresses due to pressure drop of the air passing
through the material, and it will 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 will 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 facilities or extending the manUfactur-
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 Tlevel
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 temperature 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 resulting 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 stabili-
ty under conditions of thermal cycling, and ability to with-
stand a large number of cycles of heating and cooling with-
out ltoss of strength. The oxidation resistance of refrac-
tory metals, e.g., molybdenum or tungsten at these tempera-
tures, even with the best protective coatings, 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 severa] oxides that have high enough melting points
(greater than 4500°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 crystalline transformation that is ac-
companied by a volume change. The material is not able to
withstand extended thermal cycling without deterioration.
fts 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 available 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- purlty
material (say less the 1/2% impurities). Creep strength is
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 propert:es An example of this would be a very high
qua16ty alumina brick which shows a modulus of rupture at
25007F of a little over 2,000 pounds per square inch. In con-
trast, the same kind of materlal but somewhat purer and of
higher density shows a rupture strength of more than 8,000
pounds per square inch at the same temperature. This 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% while the other alumina has a porosity of
only about 5%. There was also some silica present in the
brick. |t has been demonstrated that silica in conjunction
with many refractory oxides forms glassy phases which tend
to accumulate at the grain boundaries and serve as a lubri-
cant, promoting slippage 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~-/0 (where o= 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 @ =49 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 realized 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
sintered at high temperatures. As has been noted, grain
growth occurs with extended periods of time at high temperatures.
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However, Ryshkewitch has noted in his book "Oxide Ceramics"
(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
case the apparent effect seems to be similar to that of pre-
cipitation 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
radii. Although the literature 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 literature 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 properties.
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 ability 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 thermal cycling. The American Society for Test-
ing Materials has a standardized test to determine spalling
resistance of refractory shapes. This involves cycling from
a relatively high temperature to a low temperature with a
rapid cooling being effected by an air and water spray blast.
The test is deliberately designed 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
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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 liners 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-
mal cycling, thermal shock, abrasion 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 value 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 porosity. 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
probability of fracture of the material. Then why is porous
material used when high spall resistance is needed? The ap-
parent reason is that although cracks do occur, the pores tend
to act as crack stoppers, and even when the material has been
fractured through and through, the fracture does notform 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
probability of material loss. However, in our case where
we must avoid all fracture, any increase in material 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 resistance, ability to withstand large pressure drop and
the ability 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 literature 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 limited amount of data from several
different investigators which appears to be reliable and
which correlates well. A body of data which appears to be
reliable 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°R. The author determined the ultimate
bending stress, the modulus of elasticity, the linear 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 temperature 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 reliable 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 linear 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-
stalline 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
stabilize 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
portion of it is so converted. The reason given for partial
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 stabilized zirconia
does possess a lower coefficient of expansion in the tem-
perature range up to approximpately 2200 F. However, at tem-
peratures above 2200 to 2300°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
that the thermal cycling stability of partially stabilized,
relatively impure zirconia of standard commercial quality

is not adequate for heater use. Fully stabilized zirconia

of a very high purity is desirable since it appears to pos-
sess much greater resistance to change due to thermal cycling.
The most severe conditions 8f thermal shock occur at temper-
atures on the order of 2500°R where the partially stabilized
material would have the same thermal coefficient of expansion
as the fully stabilized material., |t would appear then that
the stated thermal shock advantage of the partially stabilized
material dependg 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 al. |t 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,
stabilized, zirconia the conductivity and the specific heat
should be taken from Goldsmith et-al. 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 readily corrected to zero por-
osity since the value of the porosity was not known. Rysh-
kewitch's values of diffusivity are a little 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 linear 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 1C through 8C.

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

100



101

LINEAR CCEFFICIENT OF THERMAL

EXPANSION ~10°° IN/IN°F

MAGNESIA -

FULLY STABILIZED —
ZIRCONIA (REE 7) ‘\

L // — ::
ALUMINAJ_______//

L PARTIALLY STABILIZED
ZIRCONIA (NORTON CO.
[ | SHAPES)

500 1000 1500 2000 2500 3000 3500 4000
TEMPERATURE ~ °R

Fig. 1c Thermal Expansion Properties

8F-v9-4AL-0q3v



201

R

[o]

LB

~ BTU
o)
W

SPECIFIC HEAT

0.4

0.2

0.1

ZERO POROSITY

TEMPERATURE -~ °R

Fig. 2c Specific Heat

I [ _ -7
POLYCRYSTALLINE - ;/
MAGNESIA ——

/// N——ALUMINA
// [ ——
—
/
- \STABILIZED ZIRCONIA
500 1000 13500 2000 2500 3000 3500 4000

8y-v¥9-4A@L1-0d3V



g0T

20

T
To
o

12

THERMAL CONDUCTIVITY

ZERO POROSITY

W\

POLYCRYSTALLINE
= MAGNESIA

\
\

ALUMINA R .
\ //
o] Te— / [
STABILIZED ZIRCONIA
—.
500 1000 1500 2000 2500 3000 3500 4000

Fig. 3¢

TEMPERATURE -~ °R

Thermal Conductivity

8¥-¥9-¥dLl-0d3vy



70T

.0012

O
L 0010
AN
°z
!
,..0008
E
>
v
D
L 0006
&
-
s
2 0004
L
xI
—
0002
0

- STABILIZED ZIRCONIA O’

=350 LB/FTB)

\

\

— — a——

)

/

—|

—ZIRCONIA NORTON CO. DENSE BRICK (f = 260 LBAFT]

—
L

e e ——

a

FOR MAGNESIA

f=224 L

8,/F13)

/

1
TO

\

_

/

Ne—
Lo
10

—

_/

FOR ALUMNA {f

=250 LB/ FT‘?)

500 1000 B00 2000 2500 3000

Fig. 4¢

TEMPERATURE -
Thermal Diffusivity

°R

3500 4000

4500

8p-p9-¥aL-Dd3aV



G071

ULTIMATE BENDING STRESS ~ PS|

100.000

10.000

1,000

500

CORRECTED TO ZERO POROSITY

—~

MAGNESIA
\4 ALUMINA
<§4’ZIRCONIA

>N\

ALUMINA
~ (UNCORRECTED)

N N\~ ZIRCONIA
N\ )\ (UNCORRECTED)

\ \

N

\

KA\GNESIA

(UNCORRECTED)

1000 1500

2000 2500

TEMPERATURE -~ °R

Fig. 5¢ Ultimate Bending Stress (Ref. 7)

3000 3500 4000

8y-¥9-301-0Q3av



AEDC-TDR-64-48

CORRECTED TO ZERO POROSITY

100 x 10° |
/—ALUMINA
|
—MAGNESIA
o ~
/—ZIRCONIA RN \—ALUMINA
| | (UNCORRECTED)
— \
7 N
‘ B\
! \
" ZIRCONIA
9 \ \
§ 10 x 1P e (UNCORRECTED)
\
by \\ \
v \
2 \~—MAGNESIA
3 (UNCORRECTED)
>-.
1 x 106

800 1000 1500 2000 2500 3000 3500 4000
TEMPERATURE ~ °R

Fig. 6c Modulus of Elasticity (Ref. 7)

106



AEDC-TDR-64-48

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 cylinder. 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 controlling the temperature of the
Globar. 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-
linder 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 necessarily the
properties of the material best suited for use in a regen-
erative heater. Neither do they necessarily represent the
properties of a final product which can be easily produced
by industry. Eventually, data should be obtained for a sam-
ple which has been processed in a production type operation
by a commercial supply of refractory oxides.

geferring to Fig. 7C it is apparent that below about
2700°R zirconia can withstand the greatest temperature dif-
ference. Since the maximum temperature difference ig likely
to exist at matrix temperatures of the order of 2500°R or
less, zirconia would rate highly. However, this must be
coupled with the thermal diffusivity which is proportional to
the conductivity. In this respect, zirconia is not as good
as magnesia. In terms of lhe 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 42007R.

With regard to creep resistance, very little work has
been done for oxide ceramics. A correlation of creep
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properties with temperature and stress for magnesia is con-
tained in a paper by Wygant (Ref. 10). A limited 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. 8C for magnesia. These data have not been corrected
for porosity, because adequate correlations are lacking.
Therefore, they are likely to be conservative. For tge 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 likely 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 unlikely 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 Tripltee Heater. (2) Data on
dense, high-purity magnesia indicates sufficient creep resis-
tance for the Tripltee Heater. The available data indicates
that zirconia will be as strong as, if not stronger than,
magnesia. (3) As long as the thermal shock limits of magnesia
are not exceeded, thermal cycling should not have any dele-
terious effect on the magnesia. (4) [f 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 application. (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 qualifi-
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 suppliers 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
believe 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 supplied by potential
manufacturers of the matrix material. This data must in-
clude accurate determinations of: rupture stirength, the
modulus of elasticity, conductivity, and linear thermal ex-
paasion 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 qualified by thermal cycling in an atmos-
phere similar to that of the actual heater before its sta-
bility, both chemical and physical, can be established.

(11) The required data probably cannot be obtained from in-
dustry without compensation. Therefore, we recommend that
test lots of material be obtained from reliable potential
suppliers at the earliest possible date. These should be
subjected to thermal cycling under heater operating conditians.
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

Gentlemen:

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 will be used to
heat 1500 pounds of air per second to 3500°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 disqualify a conventional, high tem-
perature storage heater, this analysis was undertaken with
two objectives:

a. Establish 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. |t is
known that such particles can effect combus-
tion, invalidating such tests.

b. Failure of refractory materials in heat storage
matrix due to thermal cycling 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-
tion 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 establish
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 established the
probable levels of rate of change of matrix temperature with
time and resultant levels of temperature difference within

113



AEDC-TDR-64-48

the matrix material corresponding to the matrix volumes that
are possible. |t 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 list of questions your reply to which we would greatly
appreciate receiving.

Very truly yours,

FLUIDYNE ENGINEERING CORPORATION

W. S. Hedrick
Senior Engineer

WSH:ph
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TRUE TEMPERATURE TEST FACILITY
HEATER
REFRACTORY SURVEY

The conditions of operation of the Tripltee heater and
the desired characteristics of a refractory matrix for that
heater are given in attached Tables | and Il. The speci-
fication and final design of this heater must be realistic
with regard to refractories, reflecting what now can be,
or in the near future can be, procured from the industry.
Your replies to the following questions will assist in 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, will
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 [1?

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 cycling requirements?

Please note the requirements for thermal shock resis-
tance and thermal cycling given in Table Il. ASTM Spalling
Test (panel test of fireclay brick) results will not be
applicable, because, among other things, it relates the
resistance to spalling 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
installed 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 established.
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 qualification.

8. Both zirconia and magnesia will be considered for
this application. In the case of magnesia, addi-
tional test data must be supplied. It must be
demonstrated (possibly from data obtained during
thermal cycling tests) that the loss in weight
of the MgO due to vaporization is small, 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?
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TRUE TEMPERATURE TEST FACILITY

HEATER

OPERATING CONDITIONS

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

Number of cycles required without
degradation of matrix*
Method of heating

Fuel

Max imum temperature change at
any point in matrix

Max imum rate of change of temperature

at any point
Max imum temperature of matrix

air
ambient
3500°F
Heating, 5 hours
Cooling, 30 seconds to
100 seconds

500
combustion
products
natural gas
(Texas origin)

1800°F

75° F/sec.
3700°F

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

TRUE TEMPERATURE TEST FACILITY
HEATER MATRIX
DESIRED PROPERTIES AND GEOMETRY

Geometric form

Note: This is a hexagonal shape
with a large number of
holes as shown in attached
figure 9C.
Hole size
Hole spacing (about)
Thickness
Size
Material
Strength

Thermal shock resistance
Note: This is the minimum

acceptable temperature
difference within a matrix
element due to rapid cooling
at which no fracture is to
occur
Thermal cycling resistance

1900°F to 3700°F, heating

3700°F to 1900°F, cooling

AT not less than 60°F for

20 seconds

or

118

cored brick

minimum 1/16
inch

maximum 1/4 inch
1. 8 X hole
diameter

open

open

open

total creep of
1% in 10,000
hours at 10 psi
and 3000°F

. an0
Tmin. = 60°F

100 cycles
1 hour
30 seconds

500 cycles
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1900°F to 3700°F, heating 1 hour
3700°F to 1900°F, cooling 90 seconds
AT not less than 20° for 80 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 literature 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
established as no fracture or cracks, so as to minimize the
likelihood of dusting. We have determined that the likeli-
hood of making adequate engineering calculations to define
probability 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-
ability of the highest possible values of strength and con-
ductivity to resist thermal stress fracture. They have also
shown that increasing porosity, even though favorable 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 literature (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. [t is shown in figure 10C. The length
should be, say, at least 12 inches. |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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APPENDIX D
INSULATION ANALYSIS

Radiation and Free Convection Coefficients

The analysis considers primarily 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°F and an emissivity of
0.6, thus,

LY “
e e tex-Tamy
Mg Tex — Taen

where & = 0.173 x 1078 BTU/hr ft2 94

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

Nu = .10 pr /3 g 1/3

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

_ 1/3 2 o
heony = -85 (AT/210) BTU/hr ft° °F

AT is the differense between the shell temperature and the
environment temperature (90°F).

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

_ 1/3
hConv = .19 AT
which is equivalent to
- 1/3
hConv = 1.13 (AT/210)

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
vessel temperature limit).

Insulation Properties

The results presented here are based on,a thermal conduc-
tivity for the insulation of 0.375 BTU/hr ft F. This value
corresponds to commercially available insulgting zirconia of
150 1b/ft3 density at a temperature of 2100°F, approximately
the mean temperature of the insulation for a pressure vessel
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temperature of 300°F. Increasing the pressure _vessel tempera-
ture to 600°F gives a mean temperature of 2250°F 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 Tiner composed of layers of materials of
different individual thermal conductivities is a likely con-
figuration. The use of Fiberfrax in the cool zone (below
2000°F) 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=-
ty data for this material in low density (insulating) form.

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-
quired. |f magnesia were used for the high temperature insu-
lation 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 lTimited by reactions between the materials.
Corrugated ceramics may also be used to advantage here. We
currently estimate that a magnesia bed will 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 ghere 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 liner and the steel vessel comprise two concentric
cylinders. Thus, the heat conduction equation may be written

toe | D D
- = G loss ins 1N Dl + t;be” 'h D, + _I__ Qz_
—I:’l Tamb 1 E(m‘ l-_91_ kShell _Ug "'"I h DS
D2 D,
where tins = insulation thickness
tshe]l = pressure vessel wall thickness
k = thermal conductivity
h = sum of radiation and convection coef-

ficients
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D] = jnner diameter of insulation

Do = outer diameter of insulation (I1D. of
vessel)

D3 = outer diameter of vessel

910oss = 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 resistance2 OThgrefore this term was
assumed constant at 0.028 hr ft R/BTLU, corresponding to 7
inches of carbon steel with ko 4y = 21 BTU/ft hr “F and D, =
12 feet. In the third term, D /D, was taken equal to one,
introducing an error of less t%ansl%.

Insulation Analysis Results

Results of the insulation calculations are presented in
Figs. 1D through 4D 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-
tion in heat transfer from the vessel will cause the vessel
temperature to rise. For example, 25% errors in each, with
1 foot of insulation in a 12 foot_I|.D. vessel will increase
its temperature from 500°F to 640°F. Alternately, the insu=-
lation required for a 500°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 substantial reduction_in vessel temperature, for ex-
ample, from 500°F to near 300°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. 4D for a 7 inch wall thickness.

These results apply to a thermal resistance, top 11/Kkshaty
= ,028 hr ft5 °F/BTU and can be scaled to othe?hsa]ueghgy the
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relation

OTgne11 = AT gog (t/k)gpen
028

The corresponding thermal stress is

S = %CQ\L'% DV aws

= 127 ZXTshell (steel)

With cooling 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 cooling by use of forced air flow will 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 4D. In the range of vessel temperatures of in-
terest the heat loss is about | million BTU/hr.

Air Flow Through Insulation

There are two possible sources of insulation layer air
flow:

1. The cracks between the various 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:

N

.Q VE"'\C.V' kcsr l

Lp = Aer 2€3 Oy
where ACr = crack flow area
f = friction factor
mcr = mass flow in cracks
Kcr = ratio of effective crack length to bed
length
' = bed length
= gas density
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hydraulic diameter = 2 crack widths

|-
it

therefore

\"?\c_r = [QI,E < D\‘Q} b’\c_v

In applying this equation the following assumptions were
made.

1. crack width = 0.03 inches

2 f = 0.08

3. €= 1.99 1b/ft> (2000 psi, 2250°F)

4. K .= 1.5 ’

5 crack length = 0.8 in per in~ of insulation

9.6 ft/ft2

The assumption that K., 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.

i

Permeability

This source of bypass flow was investigated without bene-
fit of permeability data for the insulating materials which
appear desirable for Tripltee. 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 permeability, which is reasonable since they
are designed to pass flow. Chogsing 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 hydraulic diameter D, of 1/1000 inch where the
entire face area of the insu]atlgn is considered flow area.
The mass flow through the insulation material itself can then
be calculated from

v e QQD
m\n; l BZ.A A“’“S

A calculation was made for 7 inch thick insulation in
a 12 foot [.D. vessel with a 36% porosity bed of 1/16 inch

135



AEDC-TDR-64-48

holes. Flow through the insulation material was only 0.03%
of the bed flow. The conclusion is, therefore, that bypass
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 &.D. was.based
on a vessel outer surface temperature of 600°F and cooling
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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APPENDIX E
MIXER ANALYSIS

Mixer Requirements

In order to meet the Mgch 4 nozzle requirements of 5000
Ib/sec, 400 psia, and 1800°R for mass flow, total 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 1b/sec, 2000
psia, and 3900°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
1b/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-
lTows about 25 feet for the installation of a mixing section
which also becomes the stilling chamber for the Mach 4 noz-
zle.

Coaxial Mixer Concept

The Mach 4 nozzle will have a throat diameter of about
3 feet. In order to provide an area ratio of at least 4,
the mixer clear inside dimension will have to be at least 6
feet. Because of its inherent simplicity, a coaxial mixer
was the first concept investigated. |In order to aid in the
application 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.

SRS RR

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

The lower bound for & Iis kg/'ecp, the thermal diffusivity.

where T = temperature
X = distance in axial direction
r = radius
u = velocity
%
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The following boundary conditions were assumed.

T = T, at x =0 for r £ r.

h J
3' = =
ar 0 at r 0

T = T at r = rj, for x 2z 0.

miX
This model deals with a circular jet initially at a uniform
temperature for r< r., where r. is the radius of the jet.
Beyond r. there is in%tia]]y (xJ= 0) flow at a lower tempera-
ture.

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

Defining the following new variables,

= I
T
g___étx

ur?

the solution is (for ét = constant),

$(Em) = ZZ &S —236(;‘;
i=l

where the @.'s are zeros of the Bessel Function of the

first kind, 2ero order, i.e. J (@ ) = 0. This model leaves
much to be desired but gives ofe 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.

e EgX
¢ &N ), (2405 )

Experimental data from Ref. 1 was plotted on semilog paper as
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<¢évs x/D.; where x/D. = x/2r;j. ¢¢ is the temperature de-
cay function at r = 0! Some of this data is shown in Fig. 1E.
The data beyond an x/D. of about 4 validates the exponential
decay hypothesis. Thedinitial 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-
line. 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 ¥ based on the as-
sumed mathematical model. Semilog slope vélues for tBe data
beyond the low x/Dj stage imply € 's of about 1 ft /sec.

The solution suggests that mixing length requirements
for a circular jet gre established by the volume flow, if €
is fixed, since ur.” is proportional to the volume flow ratg
(ft3/sec). Informdtion found in Ref. 2 indicates that €
varies with Reynolds number to the 1.29 power. In applyiag
Ref. 2 data to the Tripltee situation, the €, values should
probably be increased because of the higher Réynolds numbers
involved. The equation given in Ref. 2 is:

€ma=29%10° R (£E)

For a case where the Ref. 1 data implies an effective €, of
1.0, the above formula predicts an €i ma of 2.0. Since €4
~generally varies across a tube, therovera§] value would be
less than € .4 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 € .y = 27 ftz/
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 Tripltee mixed flow Reynolds number.

Improved Mixer Concepts

It is now apparent that a more sophisticated mixer than
the simple coaxial stream arrangement will 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=
mize the storage heater size it is advisable to run a high
mass velocity (1b/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 likely be designed
to provide a flow pressure drop of 1/3 to 1/2 that required
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 reguirement is nearly 1500 Ib/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 the re-
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°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 the flow field is of little 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, |t 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 1b/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 completely 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 similar
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 exit plane, equality of statiec pressure across the duct
should nearly be obtained. Upstream of the exit plane, the
static pressure in the cold stream will 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 cooling 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 cooling to
that without.

h oo
A o< (from Ref. 3)

where

o = EYCe)in;

(-]

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 prop8rtiona1-
ity with flow area. For purposes of establishing cooling re-
quirements, hot flow and wall temperatures of 4000°R and 1OOOOR,
respectively, were assumed. The results of the cooling calcu-
lations indicate that from 60 to perhaps a 100 Ib/sec of high
pressure (2000 psia) air will be required for the higher sta-
tic pressure regions of the nozzle. A constant flow perme-
ability wall would require about 100 1b/sec while with a vari-
able permeability wall the lower figure would be adequate.
Similarly, to cool the low pressure regions of the device, a-
bout 300 1b/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 1
ft2/sec was estimated. The circular jet radius rj was taken
equivalent to 1/2 the channel width. On the basis of Ref. 2

142



AEDC-TDR-64-48

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

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-1, 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.

e \

}/ —— - /

y _______ _Jr

prcevesd

BED |4  DASHED LINES INDICATE
INSULAT 10N~{ ¥ CONTROL VOLUME

% %

/

1 %

11

4 FLow

CONTROL VOLUME

The following equations describe conditions in the control
vo lume.

1. Conservation of mass

o __ dm
3§d"‘ 40
where m = mass in control volume
m = mass flow rate
6 = time

2. Conservation of energy

jgcgrdn1=ji§§Qw77<ﬂn1 (neglecting velocity terms)

etc,
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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
writ%en as: (with usual assumptions - adiabatic, ideal gas,
etc,

My = Mgz = 90 (1)
d
. cp Th = Moz ch Tnoz = %5_(m cy T) (2)
where subscript h = flow crossing heater bed boundary
subscript noz = flow crossing nozzle boundary

The ¢ value ‘used to describe the internal energy of the
mass within 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/cV for the gas involved,

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-1

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 = 0. Equations 1 and 2
become
o dm
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Substituting 7 for c¢ /cv and solving the two equations
simultaneously we obt8in

_dwD) _ . dT

Solving this differential equation and evaluating the con-
stant gives:

L= (T-7T) G+ T,

where the subscript 1 represents an initial state in the con-
trol volume and 2 a later state. Since Ty, 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¢z Td), we can write the result as

L= - oD + T

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

T,= 71

As mentioned before the effective 7 is less than c /cV of

the gas. To decide what the effective < is, a detailed 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).

éﬂ) < feur o« M2l =pzle
dz/
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where we have assumed or noted that
the friction factor is the same for all conditions of
interest, and

eyt =t
h h 2

Therefore

{
. z
o _ .o T,
M, =th, |Bb le
oo [Pd TJ

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

L ’ (3)
o = (4 _El_z —_ [ mT T
M m‘*(ﬁg) M <W‘a L>
since
P_mRTVY _ m T

E=de3—’;v - my Ty

and therefore

|
O
O
-
v
—
©

For a choked nozzle, Moz

My = Const) :E‘Tz

assuming that Tnoz = T we obtain
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L 1
% ,ﬁId_)z - Lﬂ.kl)z
thq Pa\T ma\ Ty (4)

Combining equations 1 and 2,

’D’ @h-rl; _‘ r%nn: —I—r—\b‘t.) —_ d (YHT) (5 )
o - o d
My~ Muoz m

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

a7 _ 7T -T [+ =)V m, ]
dm m (1-ym m, )

The solution to this differential equation is

ml T, FZXV M mg | + const (/——M}zfl (6)

md= dL_ 27—

Prescribing initial conditions, which we denote by the sub-
script i, the above equation becomes

I :.._ij. [27\/"\/}7\4"',_’,_//_. m/md 4 my _(27\/”"/”14 "/)‘J
T, m 271 /"\/mf/md; M 27—/ /

if mi/md = 0, the solution reduces to

(7)
7_&[ =(2m’3:/)m [27\/%:“/ +(/~‘/:/?_:>i]
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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 A = Dnez
My

using this with equation 5, we obtain

dT _ 7 T-T §i+r-nA}
dm m(I-A)

The solution to this differential equation is:

+(a‘- )A (8)

T 1?:(;-) [/+(2’-/)A~7j(m

where T., m, are the initial gas temperature and mass quanti-
ties in the control volume.

If we assume that T, = Td (the steady state value) the
olution becomes

T _ (9)
T l+(¢r! [/*(?/)A /]

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

L_-_7
T I+@-)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 éﬂ) = .F ﬂozhz_.—[LRﬁ_
dz h h AFI P4

and Eﬂl = thg Ty Ry (at top of bed)
dz)d fo=ats,

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

L
h-mfe) 3]

mT and we define C] by
Py Ml

G- %2),%)

We can then write

=
e)
=
D
il

[» 1 Yo I

%
mh=ﬁh(mT>

my T,

Recalling equation 5, i.e.

'a’ @57;" ,;’no: 7;01. — d(mT) (5)
”?15 -~ r;?,voz. dm

and equation 4, i.e.

N~
=

)

i~

o c m
m,, = My—
NoZ dmd(
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We combine the past three equations to obtain

dT:.— TEC,"T{C,‘*(’I—I) '\/!’Y\/md} (10)
dm m -V 7my)

The solution to this differential equation for any 77 is

T oy e 2 &~ ’“"r\ &I -|

T .m 1
T FTC; 29— - 3"EV§E/ rmc 271, ()

For ¥ = 1.0, T/Td = 1.0
For 2= 1.25, the solution is:

X 25C{ (C 1/_> +const C-‘/——)
T 250 15

d

where const =

m;in, 4+ 5C, _ C?
Crmom ) " 3E ~mmg)”  (C, )

This const for 7 = 1.25 assumes Ti = T

. d-
For mi/md = 0 this reduces to
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2.5
j.. =2.SC' g CI — Cu'—'\/:g%:‘ )} _,,___2-__ (C'_./%)

T 2.5 m) 1.5 (m/m, 3 C7(m/my

B. Pressurization Times and Gas Mass Expended During Process

B-1 Time to Pressurize

Conservation of mass:

o e — dm (])
mh mnoz d9

For a choked nozzle

Mpog —317;_ therefore ﬁqnoz = my —gﬂ/_—]’,_;
hoz

noz

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 anda constant control volume we have

Differentiating the above expression with respect to
time, and substituting the expressions given for mh and mnoz

into equation 1, and assuming T T, the effective con-
trol volume gas temperature, we o%taln the differential equa-

tion
maPa (C\/;: PﬂF) (/T)
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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,

g P _ 2 |1 _n dbr.)
My { C'\/; s @mean} (Té do
The solution is:

<: ‘D (14)
ool oS
g

where P, is the initial pressure and p is the pressure corres-
ponding 'to the time @

(13)

Se

. As Toean decreases,‘l.e., d/Tmean increases, the dimen-
sionless time th, & /h increases. For 7 =1, Tq/Tyogan 16
essentially unlgy and the solution becomes

ﬁ)dg — Z!n C|—~m
My Cf—QP/Pd

This is the upper bound to the time required to pressurize 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 will
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

— o
dmhoz = Mpo, db

For a choked nozzle
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<
Mpoz o« Troz therefore Ppoz = f’;’ld

ture. Uti this last equation we can write an expression
for My in terms of mnoz. Substituting this into equation 13

(again using a Tmean) we obtain

assuming TTOZ.= T, the effective control volume gas tempera-
izing

dmw: _ 1) (%%)  dCn) -
M4 Tmean CI\P/PA"'@/P‘,)'\/Z—_E/_DmeM

The solution to this differential equation is

=2V, VB, (-2

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 incoming flow is reduced and the conditions tend toward
the quasi-steady values desired. We here consider the case
where once having reached the design pressure p,, 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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eV
mT .

9

differentiating with respect'to time we obtain

deoT) _ dCPVR) _ 0
46 d6

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

Ty

o] - 5 _Id
Moz = Ma \/ 7 (assume TnOZ=T)

Also, from the perfect gas law for these circumstances

_ myTa
m —_
ol
Recalling equation (2), i.e.,
o o _d
thPTl: — Mpoz CP.T_noz - —(E- (vaT) (2)

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

that noz

é(m__r) = 0 }mplies Y?’Ih Th = Y\g\nozT

dbo
Recall equation (1), i.e.,
4 o - dm
My~ Moz = o (1)

Differentiating the expression for m

dp--mi (" 45 (1)

Assuming T = Th’ using the expression for mh Th’ and the

W tain
oy Ve obtai
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above expression we can write equation (1) as

fu - (5 &t
md - i lg ! (16)
R

The solution to this differential equation is

T o JHEEE o
T ) )

The subscript i refers to the initial (& = 0) conditions
which correspond to the time at which the pressure first

reaches p,. The mass expended is fmnoz 5 and using
equation ?6 in conjunction with mnoz = m w/T 7T and as-
suming TnOZ = T we obtain

1e) Mum— (B L) /ng) ‘((77_/77_3}

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 control volume, (m is the mass of gas in the
control Volume)

dm — ° [
d - min = Moy

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

’ﬁin‘”e’wt = _RMT—" i—%
9
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Thus, for any two control volumes,

(:in—ﬁ']cuf). —_ \A:’;_ (]9)
(min - r?\out)z Vz T

where T is the effective temperature in a control volume,

i.e.,
.l_.= 1 (dV
] Vf?

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

@), & (e

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

o = Vc"i'?-
vb T;v
ch = void volume between top of bed and nozzle
throat
Vb = void volume in bed and adjacent insulation
For any axial location in the bed we can similarly
write ‘
My ——<) mno)l/zll (21)
Moz Vi T,
where VZ/Vb = 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 top of
the bed, z, divided by the total bed length £ , or z/4

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).

de _
d= “'FC{,/Dh
where q = dynamic pressure
f = friction factor
Dh = hydraulic diameter
q = Lu =L )2 Re T
() Z\Ag €9

Thus

if f and AJr“I 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
this process, flow of the heater will be regulated by the
tunnel nozzle which will be choked for most of the process.
The equations describing this process are:

dm=~rh,,, db (22)
where m = mass of air in the heater, stilling chamber,
etc.
Now \V

(from the perfect gas law)
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where V. = free volume
pressure in heater

—~4 ©
i

mean gas temperature in heater,
stilling chamber, etc.

Y _[dv
T ¢7
also
* *
. L m'pA
noz Thoz (24)
where TnOZ = total temperature at nozzle
s
and "ﬁ-_lfgé = choked flow parameter.
(X+I)-n*%
2

Combining equations 22, 23, and 24 we obtain

dp _ RyT _A'm"
P \% Thoz dé

P i VYT
Pi Rﬁ -T_ A*m*

In

i

6

Assuming Tnoz equals the steady state temperature Td while:

l_/_zéJr—'—) 7
T */ Ty
where o s defined in section D.

Then

M=~ . \Av ,007@)
9 (‘ * d') Rg]/TTA* m*
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where p. is the heater pressure at the start of depressuri-
zation.

The total mass lost is

LY Vo (p-pi)
Miost =~ (| +o) ~% '
(+=) g5
The energy lost is:

Elos'l: = Miost Ce —Ei

F. Discussion of Figures

The following paragraphs discuss Figs. 1F through 4F and
their application. These figures were drawn from results of
the proceding analyses.

Fig. 1F

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 (equation 11).

The parameter C, 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
Ci. For a finite heater pressure at the start of pressuri-
zation, we note that the peak temperature and the ftempera-
ture when p = p, both increase with rate of pressurization
as characterizeg by C].

The curve for zero initial pressure is not shown, but at
pi/pd = 0 has the value T/Td = ¥ , (1.25 assumed for graph).
This curve for p/p, > .3 beécomes essentially the same as
the plotted curves with the same C]’value.

L

p./pd is seen to have its major effect in modifying the
peak %emperature experienced during startup.

There is some question as to the appropriate ¥ to use
for the pressurization process. Because of heat losses from
the control volume gases to the surrounding refractories,
it is clear that the 7 best describing the process is less
than ¢ /cV for the gas. How much less depends on the parti-

cular geometry and process rate. The gas ¥ for 4000°R is
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Fig. 1f Pressure-Temperature Yariation During Heater Pressurization
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about 1.28, so the value 1.25 used for Fig. IF implies some
allowance for such losses, etc.

Fig. 2F

The figure shows the relationship between pressurization
rate, as described by C,, 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-
tion. This is particularly true when one is operating with a
nearly steady state pressure gradient limitation on the top
ofgthe bed, i.e., the slope of the curve approaches ee as
C] — 1,

The average control volume temperature appears to have
d significant effect on the mass lost with a somewhat lesser
effect on time expended. This temperature is, recalling
Fig. 1F, 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 the heater entrance and a mini-
mum at the nozzle. Quantitatively, the flow variation through
the heater depends on the voic volume and temperature distri-
butions in the heater.

Fig. 3F relates the ratio 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/d@® 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 operation procedures and limitations.

Fig. AF

During the pressurization process, the temperature in
the gas above the bed tends to rise above that obtained
during steady state operation and is still above the steady
state {quasi-steady) value when the pressure reaches the
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Fig. 4f Time and Mass Lost in Decay of Compression Tempetature Rise
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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 accepti-
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. 1F - 4F can be applied in opti-
mizing heater design and/or heater operation procedures.

Pressurization rate, for instance, has conflicting 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. |t is this closed
hot valve situation which results in the maximum compression
temperature rise. In order to decay the excess temperature

to an acceptable Tevel, enough mass may be expended through
the nozzle to largely offset 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 detail the real situa-
tion. The actual heat transfer and flow absorption 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 preliminary 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
to the flow, zero conductivity parallel to the flow, and an
initially uniform temperature distribution or a distribution
which matches one of the f » M family 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.

a infinite conductivity normal to flow

b zero conductivity parallel 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. |t 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

2 me (o 0

Writing a heat balance in the flow channel, the instantaneous
longitudinal rate of change of fluid temperature is

If we assume Aﬁy/39‘= JT//QQ , this equation reduces to
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Q-
s
po
0
T~

oo )(T-T,)

Q-
N
3o
N
-

Now, the ratio m cp can be written as

fr’]Cp _PngC— Nfi.

MCu ~eCi-a) ~

which is seen to be of the order 10_2 for the present analy-
sis; therefore we will neglect it and write

),  hP | .
dig _ - (2')
dz r?’vCP(TE)
Converting equations (1') and (2') into difference equations
we obtain

2sT =———(‘I‘cJ ~T),, A6 (1)
and

- hP /7T

4z1 chG_-ELZAZ (2]

where the (T - T) dlfference is the mean value over the

time interva¥ a8 “%and the (T - 5 difference is the

mean value over the length |nterv%1
Now, introduce subscripts on temperatures

solid temperature

il

and fluid (gas) temperature

v3% ’°§o~‘
i

where m refers to the time interval such that & = maé , and
p refers to the length interval such that z = pAz. Also de-
fine
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F Eigﬂz 06
and
F Eghg——az
!'HC.P
The mean temperature differences
are
_ =1 — (T ;
6T =2 [ )~ %)
and

[ —
- = — o =+ Jo — 9
<T -’;)AZ 2 [(7:3? Tﬂt} ( % M ?ﬁ-l)__]
The temperature changes are

8T = T - Tin

and

szj;=='1% ~Ta

P-1

Now we can rewrite equations 1 and 2

P P
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and

Solving each for T and Tg respectively, gives

_E 1-E
T =g (B R) g T (3)

P

and

=F o [-F
Ta =77 (B~ '.»“.,>+1+F [ )

To use these equations one must use a "marching” technique.
That is, to find a temperature at time m and position p one
must use the temperatures of the preceding interval.

Suppose the temperatures
A I [ 9 d |2
T; —,:r_t\-’ ) _E-l ) anh —{;;_,

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

P

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

b

_(=E)I+F) E (+F)
T =Ter Bt eE B

+E/—F)7E 4+ EF I (5)
P~
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(5)

The temperature history for this problem can now be worked
out by machine using the following procedure.

(1) Initial solid temperature {(m = 0),
given

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

(3) Initial fluid temperature (m = 0),
Lg. 4

(4) Solid temperature at m= 1, p = 0,
£Eg. 3

(5) Solid temperature at m= 1, p = 1,
£g. 5

(6) Fluid temperatures at m= 1, p = 1,
Eg. 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 equilateral triangular array.

|
| @ ADIABATIC LINES BETWEEN HOLES
N /*\% FLUID CHANNELS
TQ % ADIABATIC CIRCLE ASSUMED

|
N =X

-~ ~N X

- 7* N~ ry
\' J
Fo

CORED BRICK CROSS SECTION
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The heat storage matrix was assumed to consist of cylin-
drical walls of inside radius r, and outside radius r;. The
outside radius was defined as tﬁe 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

R.= r = 1,056 s ,
a a -D-

"o
The differential equation for radial heat conduction in the
cylinder is

ST _ 4 [ET L1 9T
a0 d(ar‘+rér> (6)

The heat transfer boundary condition in the hole is

3T . h -
Y = (T-T,) at r=r, (7).

>

The adiabatic boundary condition at the outside surface is

{g} =0 at r=nr,

Certain substitutions make the equations dimensionless; they
are:

R=F = R, & and AR =4L
T =44 = ar-240

~ hr
Ho= e

2
a-;AR ) (a [ and a?l+HAR

A\
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must be satisfied for stability). Introduce the following
subscripts on temperatures, n, m, and p, '
(i.e., T_ = solid temperature at radius r = ro © nar

I |

and T fluid (gas) temperature)

q

p
where n refers to radius increment, m refers to time incre-

ment, and p refers to length increment.

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

_ | R
To= (-9 Tt2s {1~ ovamf T

e AR
Rty !

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 s/D = R,,/1.05),
contemplated are such th8t a considerable fraction o? 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_, and would be independent of the heat
capacity of the maferial in these elements.

Equation 8 is essentially a balance of the heat flowing
through the interfaces midway between r and r - Ar, and r and
r +ar, 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-
face midway between r = r_and r_ -ar is (T. - T)/ar.

a a r':'a (1
FF
The thickness of the element between this interface and the

outside is Ar/2, We can now write
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9 .
<T'_\a“ Tna) Qé:f: Ce =~ \ZAv \na ~ Vaany

™ Laa Laa T
) P ° P

This can be converted to

o

™
1

:(\" '\5}_‘—“8 - \E_Tna-\ (9)
e S

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

AQ o T‘(T\-T K
N = 2 —\::?‘%—; + 2w\ L_‘cx:-‘a\

and the average over the interval &8 s

S'g B ~ \a
22 = Tr( = \r-\\" —Zgl;;‘ —S;g‘\\< +‘“\(\T°(T‘\.+T - TQ _Ta )
w 2122 WMy M e
A3

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

JANC I IT-SV
7_\—; -QC_’W[(R*_{X <, e

Equating the righthand sides and substituting
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and introducing p subscripts and solving for T _ , we ob-
tain

©T30

- B T [ e
AR A*%*\—\(T‘ al ,\“\ T Raeaw (T‘S “3_\\’
i v v
- 3-
~ L’p\*ﬁwx—vm,\ (10)
?
Solving this equation simultaneously with equation 4 for
T gives
dJ
0
p
7‘ — FlAxra+w) 'T -~ G- Aasraw)
1(A+€b+9*¥% iﬁR*EYA+F\+ﬂ§
Y=\
FB VU WA WU ol
%R-VBIM—M\-\%%( ¥ “;—\\ iLRJeB\(,\-\-?)*\-Vi

4 FE(A-B- v T
i(ﬂ+6&v+ﬁ+ﬂg % \

(11)

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

(1) Initial solid temperature (m = 0)
given
(2) Entering fluid temperature {(p = 0)
given
(3) Outside solid temperature for m= 1, n = n_»
all p, Egq. 9
(4) Intermediate solid temperature for m = 1,
1< n &g -1,
al] p, Eg. 8
(5) Inside surface temperature for m= 1, n = 0,
for p = 0,
Eg. 10
(6) Fluid temperature for m= 1, p = 1,
Eq. 11
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Inside surface temperature for m= 1, n= 0, p = 1,
Eg. 10
Repeat (6) and (7) for m= 1, p = 2,3, etc.

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)

(12)

(13)
(14)

(15)

Initial solid temperature (m = 0, all p= 0),

given
Entering fluid temperature (p = 0, all m= 0),
given
fnitial fluid temperature for all m= 0, all p>0,
Eq. 4
Solid temperature for m= 1, p = 0,
Eqg. 3 .
Solid temperature for m= 1, p = 1,
Eg. 5
Fluid temperature for m= 1, p = 1,
Eq. 4
Repeat (5) and (6) for m= 1, p= 2,3, Py -1,
Intermediate solid temperature for m= 1, n= 1,
pf"'pL]
Eqg. 8
Fluid temperature for m= 1, p = PL1s
Fg. 11
Inside surface temperature for m= 1, p = P
Egq. 10

Repeat (8), (9), (10), for m= 1 and all p> P

Intermediate solid temperature for m= 1, n = 2,
all p> P

Eg. 8
Repeat (12) for n = 354, 0 ing-l

Qutside solid temperature for m= 1, n= n_, all
P= PPy

* Eg. 9
Repeat (4) through (14) for m= 2,3,4.... lim 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 will be the cold-
est areas at any given station along the heater matrix. There-
fore, these areas will be in tension, and fracture will result
if ultimate strength is exceeded. While 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, s/D,
greater than 1.2, Thermal stresses in the infinitely long
cylindrical wall are given by the relations:

—

- oﬁexE _L__ Y'z-l‘oz — . |
R e j,aT“ﬂ (1)

radial,

_kexE | |rron s _
e - rZr [ +jnTr dr TrE] (2)

S,

tangential, and
Sz=Sr +St (3)

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

fa
7;n= r?_.r;z STr dF

To

The maximum stress during heat extraction will be ten-

sion at the hole surface (r = r.). Here the radial stress
equation reduces to zero, and the tangential and longitudi-

nal stresses become
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5. 9; = == (T,-T)
(4)

Introducing the tensile strength of a material into equation
(4) gives (T T_) allowable as a material property. Elim-
ination of +Werma? 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 conditions. These rela-
tions are developed in the following discussion.

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

L (FaD)= R AT,
IR IR oT
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 4T/3dT is constant across
the wall thickness. Setting 3T, = T and holding it fixed
we obtain a quasi-steady temperature distribution shape which
is independent of = . The boundary conditions are:

T = 0 at R =R
oR
and T =T at R = 1.

a’

The solution is
o 2_ 2
T=T, +%T{&2—L —Ra In R} (5)

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

Ao
Tn=T =gz7 [TRAR-T,
I
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wheres:

R = Ry (nRa=2)+ Ri-4+
al RZ_
a

Equating the cooling of the solid to the convective heat
transfer per unit length we obtain:

- T (R -)eCsE =2mrh(T-T,)

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

e _, _H
T=-2 d= (T-7) .

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

TwT.=H <7;—7;) Raz
(8)
where R Ra (nRa=3)+R:-%
(RZ-1)*

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

- -t eC “;% = Mpote Cp Sﬂzg

and substituting the dimensionless varlables and solving for
T, there results

e 1 ka RePr 3T. (9)
Fe-gie 2k
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Substituting this into the righthand side of equation 6
yields a second convenient relationship for mean-to-hole
surface temperature difference.

W L- 2%' Re Pr g—% Rz (10)

This relationship with dimensional notation is

WS E R

where

R - R Ra (IhR,-%) +R: - Vs
as a (R2a~l)2

ETS f#nﬁthﬂS R al? Ra2’ and Ra3 are plotted versus Ra in

Having these relationships, it is possible to set up al-
lowable initial bed temperature distributions. We shall as-
sume that  dT_/ 3z = 3T/ dz. |f the shape of the matrix
longitudinal tgmperature distribution is linear there is a
value of entrance temperature which makes this assumption
valid for the complete matrix ramp section of the heater.

At other matrix entrance temperatures this assumption, while
not valid near the entrance, will 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 linear ramp. In each case
the assumptions lead to predicted T - T _ values which are
conservatively high. °

An optimum longitudinal initial bed temperature distribu-
tion for a given matrix material and geometry which will be
allowable from the thermal stress standpoint is therefore one
having the maximum allowable T Tg. This is one having a
solid to fluid temperature dlf?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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Fig. Th Hole Geometry Functions for Quasi Steady Temperature
Distributions in Cylindrical Wall
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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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Fig. 2h Quasi Steady Temperature Distribution in Cylindrical Wall

184



125

10

.075

.05

025

-.025

.05

AEDC-TDR-64-48

| [ | l
RATIO OF OUTER WALL RADIUS TO
HOLE RADIUS (Ra) =1.5

S 1= 2
o or o:exEC-T)

S 1= 2
t aexEC?T)

s

N

1

1.1 1.2 1.3 1.4 1.5
RADIUS DIVIDED BY HOLE RADIUS

Fig. 3h Thermal Stresses in Long Cylindrical Wall with Constant Cooling Rate
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