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The thermostructural response of cored ceramic bricks used in
hypersonic wind tunnel heaters was analyzed. The objective was te qain
an understanding of the mechanisms which can cause brick fractures. Thd
analyses were carried out by computing (1) the gross heater thermal
response which furnished boundary conditions for computation of (2} the
detailed temperature distribution in a brick segment which was input to
compute (3) the stresses and strains in the brick seqment. State-of-
the-art nume' ical analytical techniques were applied i1n each step.
Yttria stabilized z.rconia and alumina bricks were considered. Tt was
found that brick "web stresses" (caused by temperature gradients normal
to the hole su=face during heater blowdown) alone are not severe enc'nh
to cause fractures. Nonlinear temperature gradients across the whole
bricks car cause significant "body stresses", and these were analyzed
in a parametric fashion. The effects of point contacts between brick.-
and other stress affecting nhenomena were also considered. Super-
position was applied to define typical combinations of thermal and
rechanical loadings which could cause brick stresses equal to the
¢stimated brick ultimate strenqgth.
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ABSTRACT

The thermostructural response of cored ceramic bricks used in hypersonic
wind tunnel heaters was analyzed. The objective was to gain an understanding
of the mechanisms which can cause brick fractures. The analyses were carried
out by computing (1) the gross heater thermal response which furnished boundary
conditions for computation of (2) the detailed temperature distribution in a
brick secment which was input to compute (3) the stresses and strains in the
brick segment. State-of-the-art numerical analytical techniques were applied
in each step. Yttria stabilized zirconia and alumina bricks were considered.
It was found that brick "web stresses” (caused by temperature gradients normal
to the hrle surface during heater blowdown) alone are not severe enough to cause
fractures. Nonlinear temperature gradients across the whole bricks can cause
significant "sody stresses", and these were analyzed in a parametric fashion.
The effects of point contacts between bricks and other stresg affecting phenomena
were also considered. Superposition was applied to define typical combinations
of thermal and ni2chanical loadings which could cause brick stresses equal to the
estimated brick ultimate strength.
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SECTION 1

INTROLUCTION

Blowdown type hypersonic wind tunnels utilize storage heaters to
increase the total energy content of the air used as the test fluid. The
maximum operating total temperature capability is usually limited by the high
temperature integrity of the heater matrix material. For this reason, refractory
ceramics (e.g., alumina, magnesia, zirconia) are usually employed.

A performance requirement for hypersonic tunnels is minimum test stream

The primary source of contamination is "dust" resulting from

contamination.
Thus, the requirement to maintain

fractures of the heater core matrix material.
heater matrix thermal stresses safely below ultimate strengths results in major

performance and design constraints on the wind tunnel facility (e.g., Ref. 1).

Most existing hypersonic wind tunnel storage heater ceramic matrices are
of the "pebble bed" type. The desire to eliminate the high stresses associated
with the point contact of stacked spheres has led to the identification of cored
bricks as the optimum matrix configuration for large capacity storage heaters
(Refs. 1, 2). Cored bricks are also advantageous in that they enable a lower
heater pressure drop for a given heat transfer area density.

Unfortunately, the tl..rmostructural behavior of cored bricks in wind
tunnel heaters is quite complex and hence poorly understood. However, a quanti-
tative understanding of the thermostructual response of the heater matrix is
necessary to enable rational heater design and operating envelope definition.
Cored brick thermal stress calculations performed to date have been quite

approximate; usually involving gross assumptions to eaabie the application of

closed-form solutions or handbook formulas. The lack of understanding of the

thermostructural response of cored bricks is evidenced by the fracture of
bricks used in pilot heater applications, although it should be stated that
major uncertainties are associated with factors such as zirconia destabilization

{see, e.g., Ref. 3).

The objective of this study was to apply state-of-the-~art numerical
analytical techniques to analyze the thermostructurai state of cored bricks used
in hypersonic wind tunnel heata2rs. The analytical techniques iicluded multi-

dimensional numerical transient heat transfer analysis codes and finite-element

1
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structural analysis codes previously developed primarily for application to

reentry vehicle heast shields and nose tips. It was felt that understanding
of the thermostructural response of cored brick heater matrices could be

advanced through the application of these sophisticated analytical techaiques.

A typical configuration was selected to serve as a basis for the brick
response calculations, 1Initially, the znalyses were to be performed for conditions

corresponding to a pilot heater for the TTT (True Tempecature Tunnel) facility

once planned for installation at AEDC. However, the construction of this facility

remained uncertain and so conditions corresponding to a cored brick heater planned

for the AEDC APTU (Airbreathing Propulsion Test Unit) facility were selected as
a basis for analysis.

The cored bricks are of hexagonal cross~section measuring about 2.78 inches
across the flats as sketched in Figure 1.

0.2 inch diameter,
1.47.

The bricks cuntain 91 holes of nominal
This results it a hole spacing to diameter ratio (S/D) of

Variations on this nominal hole configuration were of interest, and so
S/D = 1.3 and 1.8 were also considered.

The heater bed is 86 inches in diameter
by 24 feet high.

The matrix consists of yttria stabilized zirconia (Y¥SZ) bricks

from the top down to 12 feet (middle of the bed) and alumina bricks from the
12 foot level down to the bottom.

The nominal operating condition considered was 3000 psi, 1150 1lbs/sec

flow rate, with a bed initial temperature distribution of sinusoidal uhape
given by

T(2) = Ty = %—(Tm - To){l - cos [% (24 - z)]}

where To = 500°R
- [
Tm 4500°R

L = 36 £t

z = the distance from the bottom of the heater bed in feet

Since the bed is 24 feet high, the initial bed temperature i H

EnAp=
uy 8 450

$"R at the top
The locations in the matrix of primary interest are

the top of the bed (¥YSZ bricks), middle of the bed (YSZ - alumina interface), and
the bottom of the bed (alumina bricks).

L .
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During tunnel operation ("plowdown"), high pressure air enters the heater
from the bottom, is heated as it passes up through the matrix holes, and exhausts
from the top and continues on to the test section. As the air passes through the
brick holes, heat is transferred from the brick to the air. This gives rise to
sharp temperature gradients in the brick webs between the holes, the hole surface
temperature being lower than the web center temperature. These temperature
gradients cause thermal stresses in the brick webs.

It was initially suspected that these "web stresses" were the most critical
stresses in the brick, and so major emphasis was to be given to their characteri-
zation for a variety of conditions. However, as will be discussed in detail
subsequently, initial calculations demonstrated that the web stresses alone were
very much lower than what was believed to be the material strength. Also,
observation of fractured bricks from a pilot heater and discussions with parties
with field experience with cored ceramic bricks incicated that brick thermal
stresses arise from a variety of factors in addition to web stresses. Rather
than limit consideration to web stresses, it was decided to perform calculations
to investigate some of these other stress effects.

The various effects which may give rise to brick stresses may be analyzed
vith various degrees of precision. Some effects are not particularly amenable
to analysis because the associated boundary or initial conditions are not known
le.g., temperature gradients across the whole brick and residual stresses), and
so these were analyzed in a parametric fashion.

The heater and brick thermal analyses are discussed, and some typical
results are presented, in Section 2, These analyses provided temperature
distributions which were input to the stress analyses. The brick structural
analyses are discussed in Section 3. A variety of potential failure modes are
discussed and quantitatively characterized. Conclusions are drawn and recommend-
ations are made in Section 4. Certain analytical details are included as appen-
dices. Appendix A presents some mathematical details relative to the heat conduc-
tion solution aspect of the gross heater thermal response analysis. Appendix B
documents an analysis of the potential effects on the heater thermal response of
misalignments of the holes between adjacent bricks. Appendix C discusses some
limitations on brick stress and fracture conclusions due to combined stress effects
and fracture criteria uncertainties.
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SECTION 2
HEATER AND BRICK THERMAL RESPONSE

An accurate detailed thermal history ot a given region within the heater
ccre must be supplied as input to any thermostructural analysis. In order to
assure the validity of this thermal analysis, the mathematics employed should
model as well as possible the following conditions encountered in engineering
applications:

A A B o M bt LT LA L L L Sl b R

1. Heater beds composed of multiple materials with "real" properties;
i.e., materials whose conductivities are finite and whose properties are
temperature dependent

2. Variation in heat transfer coefficient with air temperature and velocity
3. 1Initial axial temperature distributions of practical significance.

Numerical analysis techniques were chosen over closed form solutions for
the following reasons:

e Closed form solutions do not adequately model practical applications
because they require the assumption of a single matrix material with
constant thermal properties (with infinite conductivity in the radial
direction and zero conductivity in the axial direction), constant heat
transfer coefficient, and uniform initial temperature distribution

e The basic computation schemes and in some cases computer codes
already existed

® Nunerical schemes are easy to interface with numerical stress calculations.

The basis of the numerical techniques used are covered in Section 2.1, the
thermal properties of the materials analyzed are given in Section 2.2, and typical
results of the thermal analyses are presented in Section 2.3.

2.1 ANALYTICAL TECHNIQUES

Structural analysis of a given heater region requires an accurate and
highly detailed in-depth thermal history of that region. Numerical thermal
analysis of the entire heater core on the detail scale necessary ifor subsequeat
thermostructural analysis is prohibitively expensive when considered in light
of the fact that detailed thermal his*ories are not required for the entire bed
but only at selected regions in the bed where it is desired to calculate the
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thermostructural response. Furthermore, the overall thermal response of the
heater may be adequately calculated without determining the detailed in-depth
response of the bed.

In view of these considerations it was decided to divide the thermal
analysis into two parts: the first being a gross heater thermal response analysis
to determine the hole surface boundary conditions for the second detailed analysis
of a given heater brick segment.

The gross thermal analysis is presented in Section 2.1.1 and the detailed
two-dimensional transient response is discussed in Section 2.1.2.

2.,1.1 Gross Heater Thermal Resposnse

The objective of the gross heater thermal response calculations is to
determine the transient heat transfer conditions (heat transfer coefficient
and gas enthalpy) existing throughout the heater bed at various times during
the blowdown. A modification of the PANDA (Ref. 4) one-dimensional conduction
computer code was utilized for these calculations. The modified computer code
is referred to as the TACH (Thermal Analysis of Ceramic Heaters) code and the
modified in-depth conduction solution is discussed in datail in Appendix A.

To ecol nically accomplish the objectives of the overall heater analysis
the simplifyir ; assumptions are made that there is no axial heat flow in either
the bed material or the flowing air. The former assumption is justified on
the basis of the relatively low thermal conductivity of almost all ceramic
materials and the fact that, for heater geometries of interest, the radial
temperature gradients are an order of magnitude greater than the axial gradients.
The assumption that axial conduction within the air is negligibly small is quite
good considering the relative energy transfer due to bulk fluid movement.

Figure 2 shows an overhead view of the holes in a typical heater brick.
Also shown are the lines of symmetry between the holes; no heat flows across these
lines of symmetry if heat transfer conditions are constant. frxom one hole to the
next. This latter assumption implies thai flow conditions are the same in all
holes at any given axial location* and that losses at tne edge of the bed are
negligible.

Notice that cymmetry considerations effectively divide the bed into a
series of nested, adiabatic, hexagonal cylinders. The conduction heat transfer

B A —
Significant hole~to-hole flow variations can result from misalignment ¢ the
holes in adjacent bricks, and this can give rise to net temperature gradients
across the bricks. An approximate analysis of this circumstance was carriazd -ut
and is presented as Appendix B to this report.
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within these adiabatic hexagons is Iwo-dimensional in nature and as was previ-
ously discussed, need not be completely modeled for the gross heater thermal
analysis. Therefore in order to reduce the problem to a one~dimensional con-
duction situation, while still conserving heat storage capacity, an effective
adiabatic circle is assumed whose area is equal to that of the adiabatic hexa-~
gon (see Figure 2). The radius of this circle is given by

1
2
Ro¢s =< g- sz> : ,525 S (1)

This approach has the advantage that net energy is still consecved whil: reducing
computation time by at least two ordesrs of magnitude.

Utilizing the lumped parametevr approach the bed is divided, for numerical
analysis, into a number of isothermal axial stations of length 4Z. Thus the
temperature at any radial location is assumed constant over the length of the

axial station (42Z). Figure 3 depicts the essentials to be considered for the
defined lumped parameter numerical element.

The overall solution procedure followed in predicting the transient
thermal response of a numerical element is as follows:

a. A suitably small time step is determined (as described in Appendix A),
over the span of this time step all rates, material properties, and
boundary conditions are assumed constant.

b.

A system energy balance is performed for the assumed constant rates
and boundary conditions.

c. New material properties and boundary conditions are determined and
the first step is then rcpeated, etc.

The system energy balance is discussed in Section 2.1.1.1, and check
solutions are shown in Section 2.1.1.2.

2.1.1.1 Syst~a Energy Balance

Three eisrgy conservation equations may be written for the numerical ele-
ment of Figure 3; they are

1. A net energy balance on the flowing air

2. A surface energy transfer rate balance on the shell/air interface

3. An in-depth energy balance on the cylindrical shell.
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é The net rate at wanich energy 1s entering the air flowing over the axial
& station is

;:;

E S

= = -

¢ Q= m(H ., = Hyp) (2)
E

b

?E where

% m = air mass flow rate

5 Hy = bulk enthalpy of incoming air

% H,,¢ = bulk enthalpy of outgoing air

, For the first axial station the enthalpy of the incoming air (Hin) is a constant
§ equal to the supply air enthalpy and for all subsequent down stream stations

1 Hin' as a function of time:, is known from the transient solution at the previous
' station.

? The enthalpy of air as a function of temperature is input tabularly to

: account for temperature teriations in specific heat capacity.

g The flux of energy between the flowing air and the solid heater is given
by

; q = h(T, - TD) (3

1 where

% h = the local heat transfer coefficient

§ T, * the solid wall temperature

3 .

E Tp * the gas "driving" temperature

For purposes of calculation the gas driving temperature (TD) is sot equal to the
average of the inceming and outgoing bulk gas temperature

T + T
in - cut (4)

TD=

The local heat transfer coefficient (h) is calculated by the method
recommended by Colburn as presented in Reference 5:

h = .0231 (EDS-) Re;; pr /3 (5)
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where
kg = thermal conductivity of the fludd
D = hole diameter
Re, = 3%2-= Reynolds number based on hole diameter

Pr = Prandtl number of the fluid

Equation 5 represents a correlation for fully turbulent (i.e. ReD > 10,000)
and fully developed (i.e.Z > 50 D) pipe flow. The Reynolds numbgrs of
interest here are typically greater than 25,000 and 2 = 50 D occurs at
approximately 10 inches from the bed inlet, and thus both conditions are
well satisfied. During the course of calculation the heat transfer -oefficient
is constantly re-calculated (at the conditions existing during the previous
time step) to account for fluid property variation with temperature. This

latter variation can amount to over a 50% change in heat transfer coefficient
over the length of the bed.

The in-~depth energy balance on the cylindrical shell of heater brick
material is accomplished by a fully implicit finite difference approach which

is described in detail in Appendix A. Using this fully implicit method the
energy flux conducted from the surface is given by

-q = a + BT, (6)

where o and 8 are defined in Appendix A. The constants ¢ and 8 result from a
first pass Gauss reduction of the implicit finite difference tri-diagonal
conduction matrix, and are functions of the material properties and the in-depth
temperature profile of the previous time step.

Combining the surface energy balance with the results of the in-depth
energy balance (Equations (3) and (6)) the following is obtained:

-a - BTD

g=h = function (Tp) (7)
h +8

Note that the net heat rate to the flowing air must be equal to the surface heat
flux times the surface area or

Q=aq Asurf (8)

11
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The system energy halance is accomplished iteratively as follows:

1. Guess TD

2. Calculate ¢ from the combined in-depth and surface energy balances,
Equation (7)

3. Calculate the net heat rate from Q = q Asurf

4. Calculate Hout from the net energy balance, Equation (2), knowing Hin
5. Look up Tin and Tout from Hin and Hout in the enthalpy temperature table.

6. Calculate a new TD from

7. If the new TD is within an allowable error of the old TD (say + 5 deg
Rankin) go to the next time step; if not return to step 1. with the new
TD as a new guess.

Using this method the transient thermal response of each axial station in the
heater bed is calculated.

2.1.1.2 TACH Check Solutions

Following its development phase TACH was run on a battery of test cases
to determine:

1. Reliability of its one-dimensional conduction solution

2. Agreement of numerical solution with a closed-form solution for simple
conditions

3. Optimal nodal spacing and time step size.

The one-dimensional conduction solution of TACH was checked by inputting constant
material properties and running for one axial station only. The output was then
compared with an analytical solution from the Schneider charts (Ref., 6). Good
agreement was obtained (less than 1% error).

TACH performance on the total bed was compared with Hausen's analytical sol-
ution (Ref. 7) which assumes infinite conduction normal to the flow, constant
material and gas properties, and uniform initial axial temperature distribution.
The results of this comparison are shown in Figures 4 and S. Fiqure 4 presents
comparisons of non-dimensional wall temperature racios (Tw/Twi) versus non-dimen-
sional distance (g¢) at various normalized times (n) where

12
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Figure 5 shows similar comparisons for gas temperatures where

Tq ™ Tgas ~ Tentering gas

Again, good agreement was obtained.

The optimization of nodal spacing and time step size was accomplished
by varying either one by a factor of two and then comparing with previous results.
This optimization resulted in the selection of twelve axial nodes over the length
of the 24 foot bed, five radial nodes and a minimum time step of 0.2 seconds.

The check solutions and optimizations lend confidence to the conclusion
that the TACH code adequately models the gross transient thermal response of
ceramic heater beds composed of multiple materials with variable properties sub-
jected to arbitrary initial temperature distributions and accounting for variations
in heat transfer coefficient.

2.1.2 Brick Segment Two-Dimensional Tran.ient Response

The detailed two-dimensional transient thermal response analysis of indi-
vidual brick segments was performed using a modified version of the ASTHMA (Ref. 8)
(Axi-symmetric Transient Heating and Material Ablation Program) program. The
computation method used is an alternati.g direction implicit-explicit method with
an internally computed time step. The heated wall boundary condition is specified
by a tabular list of the time dependent heat transfer coefficient and gas enthalpy
at the bed location of interest. Both of these guantities were calculated by the
TACH code.

The necessary ASTHMA modifications involved deletion of the material abla-
tion portion of the code as well as conversion from avisymmetric tc plane two-di-
mensional. The conversion from axisymmetric to plane two-dimensional was accomp-
lished by noting that, for a constant thickness body, the axisymmetric conduction
solution approaches the planar solution as the radial dimension becomes large
with respect to the body thickness. Therefore a two-dimensional planar conduction

15
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solution may be accomplished with an axisymmetric code by simply treating it as

a pseudo axisymmetric problem with a sufficiently large radius of curvature. The
necessary radius of curvature was determined from conduction theory such that
computed heat fluxes were well within 0.1% of their planar values,

Figure 6 shows the adiabatic hexagon, previously determined from
symmetry considerations (see for example Figure 2) together with additional lines
of symmetry that exist within the hexagon. The shaded area indicates the basic
symmetry element of the core heater brick; it was on this basic symmetry element

that all detailed two-dimensional conduction solutions for web stress analyses
were performed.

The thermal grid developed to model the symmetry element for the nominal
cored brick geometry is shown in Figure 7. The ASTHMA code, supplied with a
thermal grid of the region of interest, material properties, and time dependent
boundary conditions, was employed to compute the brick segment temperature dis-
tributions for any desired bed locations or flow conditions. The ASTHMA code

provides punched card output of temperature distribution data for input to thermal
stress analyses.

2,2 MATERIAL THERMAL PROPERTIES

As discussed in Section 1, the two materials of interest were yttria stab-

alized zirconia and polycrystallire alumina. The thermal properties of these

materials are required over the operating temperature range of the heater bed
(i.e., 1500°R to 4500°R).

The thermal properties used and the sources from which they were obtained
are covered in Sections 2.2.1 and 2.2.2 for YSZ and alumina respectively.

2.2.1 Yttria Stabilized Zirconia Thermal Properties

Zirconia is a highly refractory material with an operating temperature in
excess of 4500°R. The major drawback of zirconia is that it experiences a des-
tructive crystalline structure change in the temperature range of from 2000 to
2400°R. To counter this structure change, zirconia is stabilized by additinn of
oxides such as calcia, magnesia, or yttria (see, e.g., Refs. 1, 3).

The thexrmal properties of yttria stabilized zirconia (YSZ) were measured
by Southern Research Institute and obtained by Aerotherm through References 9
and 10. The YSZ thermal properties used in analysis are summarized in Table 1.

2.2.2 Alumina Thermal Properties

Alumina is a commonly used refractory material with a maximum service
temperature of about 3600°R. The properties used were for the more stable alpha
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TABLE 1

THERMAL PROPERTIES OF YTTRIA STABILIZED
ZIRCONIA USED IN COMPUTATIONS

Conductivity Specific
k Heat Capacity
Temperature | gy, ft-gec®R) c
(°R) x 10" (Btu/1b°R)
500 3.26 .111
1210 3.26 .130
1960 3.256 .150
2460 3.31 .161
2960 3.37 .171
3460 3.47 .178
3960 3.58 .186
4460 3.94 .195
4700 4.11 .199
Density = 345 1b/ft3

TABLE 2

THERMAL PROPERTIES OF POLYCRYSTALLINE
a - ALUMINA USED IN CALCULATIONS

Conductivity Specific
k Heat Capacity
Temperature (Btu/ft-sec®R) C

(°R) x 10" (Btu/1b°R)
500 5.83 .170
1000 2.86 .255
1500 1.81 .280
2000 1.22 .310
2500 .92 .320
3000 .83 .330

l Density = 248 1b/ft3
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alumina in a polycrystalline, 100% theoretically dense form. Thermal properties
were obtained from Reference 11 and are summarized in Table 2.

2.3 TYPICAL RESULTS OF THERMAL ANALYSES

Results of the TACH calculations of gross heater thermal response are pre-
sented as plots of wall or gas temperature versus axial length at various times
during blowdown. Figures 8 and 9 present such plots for the nominal bed operating
conditions (i.e., mass flow rate = 1150 lb/sec and sinusoldal initial temperature
distribution and S/D = 1.47). Notice the effect of the sinusoidal initial tempera-

ture distribution on reducing strong temperature gradients in both axial length
and time.

Typical output of the detailed transient response analysis (2STHMA) is
shown as an isotherm plot for the basic brick web symmetry element. Figure 10
presents such an isotherm plot for an element near the mid-bed location in the

zirconia material (Z = 13 ft) at 10 seconds after beginning of blowdown for the
nominal operating conditions.

Brick wall temperature distributions, such as shown in Figure 10, were
input to the thermal stress analysis which is described in the next section.,
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SECTION 3
HEATER BRICK STRUCTURAL P"SPONSE

A variety of phenomena can potentially give rise to stresses .in corec

ceramic bricks in hypersonic wind tunnel heaters. Some can be analyzed quartita-

tively with high confidence, some can be analyzed parametricslly, while others

can only be considered qualitatively. These stress~affecting phenomens are -is-

cussed and analysed here in Section 3.3, However, piior to detailed discuss.»n
of the analyses, the material mechanical properties used are presented (in S::.tion
3.1) and the numerical stress analysis computer core uzed is discussed (in Section

3.2). Conclusions and recommendations based on these analyses are presented in
Section 4.

R T o TR R T T R, €T R T Y o T SR TR AR T N, TN TR T Y A g e

3.1 MATERIAL MECHANICAL PROPERTIES

VAR S AT TR T R 12

The thermal-mechanical properties of Yttria Stabilized Zirconia (YSZ) were
determined experimentally by Southern Research Institute (Reference 12). Since
the material is isotropic (mechanically), the relevant properties needed for a
thermal stress analysis are (a) E, the elastic modulus,

ipte R P ]

(b) v, Poisson's ratio,
(c) o, the coefficient of lirear thermal expansion and (d) Y, the yield stress
which in this case is the uitimate stress.

for the temperature range 0 - 4000°F,

ot ki

e

All of these properties are regquired

The shear modulus (G) and shear yield
stresses (k) were deterrined from the issatropic formulas

Ty TSI T

E

€= 3T+

gt

. 4
and k 7?

The material behaves in an elastic-brittle manner, and consequently the yield
stress is the ultimate stress.,

oot A MM o i

The experimental results were interpreted by
both AFMI and ARL in conjunction with Aerotherm and Weiler Research to determine
the most probahle valves to use in the thermal stress analyses. The results of
this interpretation are shown in Figures 1lla and 11lb.

et

i

Poisson's ratio (v) was
assumed constant over the temperature range, Experimental data points are
grown by encircled pointe in these figures. The data showin above 3400°F are
2xtrapolations since they are needed for the analysis. It is understood that
the melting temperacure of YSZ is approximately 4500°F and so the valves shown
above this temperature are fictitious and only used for the purposes of the

thermal stress analysis, Additionally, the coefficient of linear thermal

24
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expansion, o, was determined from the thermal strain eth data by o = eth/(T -
To) where To was the reference temperature (70°F),

All of these properties are
listed in Table 3 as functions of temperature,

E
3
¥
3
¥
%
5
g

TABLE 3

YTTRIA STABILIZED ZIRCONIA MATERIAL PROPERTIES

Temp E a Yield Stress
g °F psi x 1076 v in/in x 10+S | psi x 10~3
: 70. 26.0 .30 .4390 12.5
3 2000. 14.8 .30 .5606 11.0
] 3000. 9.0 .30 .6229 8.0
% 3400. 6.8 .30 .6360 6.8
: 4000. 3.3 .30 .6514 5.0
; 5000. .01 .30 -6800 2.0

3.2 FINITE ELEMENT THERMAL STRESS ANALYSIS CODE

v st o

The different models to be discussed in subsequent sections were analysed

using the DOASIS thermal-stress analysis computer code (Ref. 13). This is a
: general 2-dimensional (plane and/or axisymmetric) code which can analyse solid
§ structures composed oi temperature dependent materials and loaded by thermal

3 gradients, boundary pressures and body forces. For the present cases, only
linear thermal elastic stress analyses were performed.

To use this code, the body is first subdivided into a large number of small,

discrete pieces, called finite elements. Relationships are written describing

the state of displacement within these elements based upon the element's tempera-
ture, material properties, etc. These relationships (linear algebraic eguations)
are then comnected mathematically such that displacement continuity exists between
the elements. The resulting set of equations are solved and yield.the displace-

ments of the corners (nodes) of the elements, from which the strair and thus stress
within each element may be calculated.

. it i

b Gl
Lratt i I T ST R A g

e b4

Once the resulting stresses are known
for the body in question, iso-stress contour plots can be made which show lines
of constant stress existing within the body.

For each of the different models
analysed, a finite element mesh was generated and the appropriate boundary con-
ditions for these models were applied.
result: were plotted.

A stress analysis was performed and the
The finite element discretation (mesh) used will be shown
along with the resulting iso-stress contour plots for each of these models, where

appropriate. For further details concerning structural finite element analysis
techniques, see References 13, 14, or 15.
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3.3 BRICK STRESS ANALYSES

il

2r.alyses performed is to lend insight

The objective of the thermal stress
into the question, "what type of thermal stresses developed in the cored bricks

could give rise to thermal stress failures, i.e., cracks induced by thermal stress?"
To accomplish this objective, it was originally planned to examine primarily the

web stresses existing at the hole surfaces due to the rapid brick cooling around
the holes during blowdown. Subsequently, additional types of thermal strcss

analyses were performed to help lend insight into possible stress producing con-~
ditions which could lead eventually to fracture.

Consider the cross section of a hexagonal cored YSZ brick as shown in
Figure 1. The brick measures approximately 2.78 in. across the flats.
hexagonal brick contains 91 holes in a hexagonal pattern.
the holes is called the web.

This
The section between
During a blowdown condition, air passes through
the holes, heat is rapidly transferred from the web material and thereby creates

thermal gradients throughout the bricks. If the geometry of the bricks was

perfect, the connections between bricks resting on top of one another perfect,
flow conditions were uniform, and no heat was transferred from the edge of the

bricks or bed, then the thermal gradients induced in the bricks due to this

rapid cooling would be uniform and regular. However, since these conditions are

not true in practice, irreqularities do occur and therefore ideal conditions are
not realized.

Consequently, concern arises for other stress producing conditions
which will occur due to these irregularities, such as concentrated loads due to
two irregular surfaces resting on top of one another.

The major effect of irreqularly shaped bricks is that nonlinear thermal

gradients are induced across the bricks, and these give rise to thermal stresses.
The reason for this is as follows: If a body (with constant material properties)
is heated uniformly, the whole body expands uniformly and no stresses are induced,
assuming that the body is not constrained in any manner.

It is also true that
if a linear temperature gradient is imposed on a body, the body will deform

linearly and again no stresses are induced.

This follows from thermal elas-
ticity theory (e.g., Ref. 17).

Thus, that portion of a temperature gradient which
induces thermal stresses into a body is the nonlinear part.

In this case, po-
tential effects of nonlinear temperature distributions across the heater bricks

were investigated, in addition to the previously discussed simple web stresses.

To summarize, after reviewing the cored brick heater matrix constr
and operatiocn, three different stress conditions were analyzed quantitatively

relative to their potential for causing stresses large enough to cause brick
fracture.

notion

First, the thermzl gradients induced into the web sections of the
bricks during blowdown create thermal stresses, as previously discussed, since
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these thermal gradients are not linear through the brick web. Secondly, noné
linear thermal gradients can be induced across a whole brick due to one side
being cooled faster than the other. This would arise if some of the holes in
one side of the brick didn't match up correctly and thus constrict the air flow-
ing through these holes (see Appendix B). Consequently, both radial {across

the bricks) and axial (along the bricks) nonlinear temperature gradients could
be induced creating ithermal stresses., Thirdly, if the end surfaces of the
bricks ars not perfectly flat, then when the bed is assembled by stacking bricks
on top of one another, these non-flat surfaces will transmit the weight of the
bricks at points (small areas of contact) rather than uniformly across the

whole cross section. This will give rise to what is called contact stresses.
Obviously, the compressive components of these contact stresses will be high,

but there will also be tensile stresses induced, which are the ones of impor-
tance here.

The next three subseccions will present the analyses of these three dif-
ferent stress conditions. Following thesa discussion, the combined effects of
these three will be discussed, and fracture condiiions will be jllustrated.

Since these three conditions are not the only situations which can cause stresses
to occur in the bricks, other effects, which do not easily lend themselves to

analytical investigation, will be discussed qualitatively in subsequent subsec-
tions.

3.3.1 Web Stress Analyses

In general, an accurate, detailed stress analysis of any one cored brick
would result from a three-dimensional model, accounting for all irregularities
in geometry, etc, Howevev, for the present case, the thermal stress response
of the cored bricks will behave fairly uniformly at each axial station along
the length of the brick, where deviations from this uniformity will cccur only
on the ends of the brick. It was therefore decided that a generalized two-
dimensional plane strain or plane stress analysis of a typical cross-section
would yield results fairly typical of what any detailed three~dimensional
stress analysis would produce for stresses in th: web.section of the brick.

The term generalized plane stress (or strain) means that the stress (or
strain) normal to the two-dimensional plane of analysis is known and given for
purposes of analysis. For the analyses in question, three different types of
generalized plane analyses were performed. First, if the brick is sufficiently
long, a cross-section in the middle of the brick will not displace axially due
to the material above and below it preventing such movement. This constitutes
a state of plane strain in which the axial component of strain is zero. Seccnd,
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if the brick is sufficiently thin, the axial components of stress on the top

and bottom surfaces are zero and therefore axial stress developed through the
thickness of this section cannct be too different from zero. Therefore, a state
of plane stress exists in which the axial component of stress is zero. Third,
if one considers a typical section existing midway in the whole bed, then 12

feet of bricks above the cross-section of interest will exert a dead wight

loading on the cross~section of inte-est. This dead weight may be considered

as a specified axial stress equal to the reacting pressure given by

_ . X _ 1b . in? .
p = density x height = 345 —— x 12 ft * 144 —— = 28.9 psi

ft? ft?
i.e., the axial component of stress =

28.9 psi and is constant across the cross-
section of the bed.

Therefore, a state of generalized plane stress exists in
which the normal (axial) component of stress is known.

Now, when examining the geometry of the cross-section shown in Figure 1,
an additional simplifying assumption may be made, namely, symmetry. Due to the
large number of uniformly placed holes (in a hexagonal pattern) one would ex-

pect a symmetrical temperature response to exist in the webs as discussed in

Section 2.1.2. Similarly, a symmetrical thermal stress response will exist

except near the sides of the cross-section where the symmetry conditiong do not
hoid. However, in ths center of the brick, symmetry conditions do hold and may
be used. Therefore, a typical symmetry web section was chosen for the above

mentioned three types of plane analyses.

This typical section was shown in Fig-
ure 6.

The actual geometry of the symmetrical section is determined by the

spacing (S) and diameter (D) of the hole pattern. The boundary conditions used

in these plane thermal stress analyses are shown in Figure 12, where the sym-
bolic rollers indicate that points along the three cut boundaries may move along
these cut edges but not normal to them.

The fourth side which is the hole sur-
face is considered free.

The predicted temperature distributions were translated from the thermal

analysis grids to the stress analysis grids following the extension technique

described in Reference 16, Appendix E. This extension involves an extrupola-

tion of the temperature field from interior points to the three interior bound~

aries formed by the lines of symmetry. Since these three boundaries were all

assumed insulated in the thermal analysis, this extension technique was simpli-
fied and proved to be highly accurate when performed.

Cue to the three boundary ccnditions shown in Figure 12, any uniform
rise in temperature applied to the symmetrical section will cause a uniform
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expansion of this material, and thereby induce compressive stresses which in

reality would not be present. It is well known in the theory of thermal stress

analysis, that a free body will contain zero stresses due to a constant or lin-

eavr varying thermal gradient as explained earlier. Considering the brick as a

whole, being free, then a uniform rise in temperature will create zero stresses

throughout the brick. To duplicate this condition in the symmetrical section

web stress analysis, the weighted mean temperature was found via

N EX:
Tmean "_f_a';_

and used as the stress free reference temperatuvre in the analysis.

The nominal S/D ratio chosen for the web stress analyses was S$/D = 1,475

with a hole diameter of D = 0.20 inch. These were the values used for determin-

ing the geometry of the symmetrical section shown in Figures 6 and 12,

The in-plane stress analysis for the symmetrical section described here
was calculated for three cases. They are: Case I, 0, = -28.9 psi which corre-
sponds to the dead weight of 12 feet of ¥YSZ bricks, Case 1I, o, = 0 which is

the plane stress case and Case I1I1I, €, = 0 which is the plane strain case. The
time at which stresses were to be analyzed for these cases was selected with

the objective of considering the maximum thermal stresses. The temperature dis-

tribution predictions were interrogated to determine the time at which maximum

('rweb center ~ Thole surface) occurs. This corresponds closely to the time of

maximum thermal stresses and it occurred at about 10 seconds for the §/D = 1.47
nominal blowdown condition.

The stress results for Case I are shown as iso-stress contour plots (i.e.,

lines of constant stress) in Figures 13a through 13f. The finite element dis-

cretation and temperature distribution for this nominal blowdown case at time
10.0 seconds are also shown,

The nominal blowdown case is for p = 3000 psi,
mass flow rate = 1150 lbs/sec and a sinusoidal initial temperature distribution

T = 4500°R to 1520°R with a brick geometry of S/D = 1.47, as described earlier

in this report. The axial location of these in-plane stress analyses is at the

Ysz - A1202 interface which is at the middle of a 24-foot column of bricks.

Wnen examining Figures 13 a through 13f, one notices that the maximum
tensile stresses occur at the hole surface and are

direction around this hole, with a value of ¢
cmax)' This was as expected.
stress Txy shown in Figure 13e.

a1~

almsst in the hoop tension

hoop = 3000 psi (c.f., Figure 13f,
The other interesting stress plot is of the shear

Here we see that a large amount of shear distor-
tion occurs near the hole surface and along the longer of the two cut symmetrical
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sides which are perpendicular to the hole surface (along the tcp side of the

symmetrical section shown in Figure 1l3e). This shearing is caused by the fact

that the hexagonal web section, when subdivided into symmetrical sections as
shown, does not have the same shape as seactors of an equivalent cylinder.

In an
equivalent cylinder sector model, the shear stresses would be zero.

In the
analysis presented here, they are not zero but rather 40 percent of the magni-

tude of the maximum stresses. This is significant when considering the overall

effects of the stregses produced within this symmetrical section.

The plane stress (oz = () case (Case II) produced results which were al-
most identical to this generalized plane stress (oz = 28,9 psi) case (Case I)
and so were not plotted.

The reason for the similarity is that an axial stress
of o, =

~-28.9 will interact through the noupling expressed by Poisson's ratio

0.30) and only produce stresses in the plane of approximately 8.5 psi which
is negligible as compared to 3000 psi.

(\) =

The plane strain (ez = Q) case, denoted Case III, produced significant

tensile stresses in the axial direction of the bricks. The iso-stress contour

plots (i.e., lines of constant stress) are shown for this case in Figures l4a

through l4e. The finite element discretation and temperature distribution are

the same as for the other cases and are shown in Figures 13a and 13b,

Figures l14a through l4e show that the maximum tensile stress of 4250 and

4000 psi occur for the hoop tension direction (Figure l4e)and the axial direc-

tion of the bed, i.e., the component o_, (Figure 14c), respectively. The total

state of stress along the hole surface is triaxial since the componant Oy
(approximately normal to the hole surface) is also tensile, varying between
100 psi to 1000 psi as shown in Figure ld4a,

Therefore, this triaxijal state of
stress ox:cy:oz varies from 0.25: 1.0

: 1.0 to 0.025: 1.0 : 1.0 =long this
hole surface, the peak b.ing centered near tne longer of the two sides which

are perpendicular to this hole surface (the top side shown in these figures).

The axial stress (oz) developed for this plane strain case is caused by

the fact that the colder material at the hole surface location wants to contract

in the axial direction. However, the hotter material in the center of the web

resists this contraction, thereby causing this hole surface region to go into

tension. If the brick is long enough in this axial direction, then the center

section of the brick will be in a state of plane strain (ez = 0). Shorter
length bricks will deviate fror. this pure plane strain case and as -he length
of the brick goes to zers, and a plane stress case develops. The exact magni-

tude of plane strain (or plane stress) conditions for short length bricks

(approximately 2" in axial length) would have to be determined by a three-dimen-
sional analysis.

36

- = “ - ‘w'“ -
D ik -




th'l =d S ‘23S 0= AWIL “SNQILIANOD NMod
-mMo1a IWNIEWON (0 =23 “NIV2LS 3NVId) SNOLL 1 aNOD
,JO ISV, SISAVNY SS3ALG 83/ 40 S1nNe3ad vl 230914

Ao ‘¢5341s (g Yo ‘953a1s (v

FET L R AR PR P TR TR TR

FXCR ) o8 .11 8t
3

N e
fe
0
iod (L X
\mo{u
S o 1S
©

3
-
-
-
1
-»
03-Q,
3

1072

I R TR
10°0
—_——
—_—

\
0szt-
005t~
o £3°0 20°0 £0°0 30°0

37

62254/
L]
v
]
V’A— -
[




W

T

orYy

5l

SE e SRR L &

TR TR

TEROTIL T

RTINS CTE Y

Ak Sl

i bt e ST 2 L S 0

(@3anNILNeD) +I 320D 14

azs-br

N ‘s53d16 (a

9 ‘s53al1s (o

10°2

ARG U S RS ) 1 g 14 A A S I e o e B W

38

< s Do se




Zoihi s EA AL

LN

FURE ol L MM S L YN e Y

T FERT I

TITRET T IR YR

ees -&

D st e S A LB 3y il by B 0 s L it T

(CG3an12N0T ) $1 320514

XYWo ‘¢eaais (3

%%
3
o
3
L]
-
-
-]
-
-
L
-
L)
o
-
-
-]
-
>

$0°0 v0°0 £0°0 300 10°9 .

39

e < e o+

RSP

SarTe eps mewe e oo oo




LA ) T ' L

TR

Y

Wi

RN R

YNy

ol

D s G R

T AT T T R T T R Y oen TR YT IO AT O T T T IR LR TR

The results of the maximum stresses for all three cases are presented in
Table 4. The location where these maximums occur are indicated in Figure 1l3a.
The interesting thing about the results presented in Table 4 is that the plane
strain case (Case III) produced the maximum tensile stresses, not only in the
plane but also normal to the plane (axial direction in the bed). Both the plane
stress (Case II) and the generalized plane stress (Case I) solutions produced a

biaxial state of stress (in the plane) which had a magnitude of only approxi-
mately 75 percent of the plane strain case.

TABLE 4

MAXIMUM STRESS RESULTS OF IN-PLANE ANALYSES

I (0z = =28.192) 750 2764 ~1210 -28.192 3041 1492
II (Uz = 0.0) 747 2751 -1205 0 3028 1486
III (ez = 0.0) 1071 3952 ~1730 4229 4346 2134

The web stresses analyzed in this section will be considered vith respect
to other stresses and the material strength in Section 3.3.4.

3.3.2 Nonlinear Temperature Gradients Across Bricks

Another source of thermal stresses which could exist in the cored bricks
is due to non-uniform heating conditions which give rise to non-uniform tempera-
ture gradients within the brick as discussed in Section 3.3. Again, to repre-
sent this behavior, a three-dimensional model would be the most accurate ccurse
to follow, but the degree and type of nonlinear temperature gradients is not
known. To keep the thermal stress analyses within econcmical bounds, and in
view of the fact that the actual nonlinear temperature gradients are unknown,

an equivalent cylinder two-dimensional model was used with various hypothetical

norlinear temperature gradients. The limitations of this equivalent cylinder

approximation are further described in Appendix C.

Thic equivalent cylinder model was developed based upon the hypothesis
that the total volume of the equivalent cylinder equaled the total volume of
the hexagonal brick. Since the height of the hexagonal brick and cylinder are
the same, this reduces to finding the radius of the equivalent cylinder which

will make the total cross-sectional areas the same. This same type of geometry
problem (i.e., find an equivalent cylinder for a given hexagon) was solved in

Section 2.1.1 and is illustrated in Figure 2 where the equivalent cylinder
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cross-section is indicated. This equivalent cylinder for the entire brick has
a radius given by a = 3720 W,

The boundary conditions of the two-dimensional model representing the
equivalent cylinder are shown in Figure 15, Notice points along the centerline
are free to move axially but are prevented from moving radially as indicated by
the rollers. The free brick is fixed against rigid body motion by pinning the
point on the centerline at the bottom surface. The remaining three sides are
free. Two basic types of hypothetical nonlinear temperature profiles were zon-
sidered in the equivalent cylinder analyses. These were axial gradients and
radial gradients as shown in Figure 16. The radial gradients are specified
by two parameters, Tbase which is the base temperature and AT which is the de-~
gree of nonlinearity. Assuming a quadratic form for this radial temperature
profile, and a cylinder radius "a", then the radial temperaturc (for all axial
locations) is given by

= I
T(r) = TBase + <l a2‘>AT {all z)

The axial gradients are specified by three parameters, ’I‘Bottom and TTOP which
are the temperatures at the bottom and top of the equivalent cylinder iespec-
tively and AT which is the degree of nonlinearity. Assuming an axial height of

"h", then the guadratic form for axial gradients becomes

z z 2?2
T(2) ‘TB+H (TT-TB) +4<H’h—2->AT {(all r)

When the temperature of the bottom and top are the same, the second term in the
above formula disappears.

The complete array of cases considered in the equivelent cylinder analyses
for both radial and axial gradients are iisted in Table 5.

The reason that guadratic nonlinear temperature gradients are considered
is that for a free body, as previously discussed, a uniform or linear tempera-
ture gradient produces zero stresses within the context of linear thermal stress
analysis (i.e., when the mechanical properties are constant and not functions of
temperature). Since the whole temperature range considered for each case was at
maximum only at 3.3 percent change, the tempe-ature dependent properties could
be considered effectively constant in this range. 1In the actual analyees, they
were ccnsidered temperature dependent, but still the degree of thermal stresses
produced by this dependence was small as compared to the thermal stressee pro-
duced by the nonlinear portion of the temperature gradients.
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The stress distributions produced by nonlinear temperature distributions
were calculated but not plotted. The finite element model is graphically illus-
trated in Figure 17. The results of these stress analyses are summarized for
the maximum tensile values existing throughout the brick in Table 5. There are
three principal stress components listed in Table 5. They are 9. (radial stress),
O (hoop stress) and o, (axial stress). The location within the brick where the
maximum tensile values of these three stresses occur is shown in Fiqure 17 for
radial and axial temperature distributions. All three stresses are listed for
both locations. The direction of these three principal stresses is also shown
in Figure 17 on a typical small element. The degree of nonlinear temperature

distribution, AT, is listed in Table 5,where its meaning was fully explained
earlier.

When examining the results for radial nonlinear temperature distribu-
tions, one notices that the maximum stresses occur on the outside surface of
the brick, midway between the top and bottom. Here, a biaxial stress field
exists where ogax = o?ax. Since the elastic modulus E, coefficient of linear

thermal expansion o and the AT are known, then the principal stresses may be
expressed by

E o AT .
i—-Bi*-(-I-:-'\T)' 1-—r,6,z

i

where Bi is a numerical factor depending upon the radial temperature distribu-
tion. Using the results of Table 5, we find for the principal stresses Crr Ogs
o, for the temperatures T = 2000, 3000°F the following B-factors:

TABLE 6

AT (RADIAL) R-FACTORS

Center of Ends Mid-ray Along Outside

Length Temp Bf Bg Bg Bf B: Bg
2000 .1287 -.0172 .1287 -.0265 .4943 .5186
* 3000 1211 -.0162 .1211 -.0251 .4680 .4913

To compare these numerical results for a 6~inch brick with a closed form
analytical solution, we select a solution for an infinite long cylinder having
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3 TABLE 5

1 STRESSES ASSOCIATED WITH

: NONLINEAR RADIAL AND AXIAL TEMPERATURE GRADIENTS

£

; Type| Thase or Center of Ends Midway Along Outside

‘£ of PBrick

: AT Lengthl AT Tbottom/Ttop o, o, g o, L LA

20 2000 306.9 -41.0 306.9 -62.9 | 1172.3 | 1229.0

A 40 2000 610.3 -81.7 610.3 | =-125.8 | 2343.5 | 2458.5
D | . 60 2000 910.0 -22.1 910.0 | -188.7 | 3513.4 | 3688.7

‘ N 20 3000 196.1 -26.2 196.1 -40.3 751.3 788.0

4 L 40 3000 387.9 ~51.8 387.9 -80.6 | 1499.1 | 1574.1

‘ 60 3000 575.4 -77.0 575.4 | =-120.7 | 2243.3 | 2358.3

20 2000 162.3 7.2 162.3 -7.5 211.7 62.7

: 46 2000 321.4 -14.4 323.4 -14.9 421.6 124.9

: 60 2000 483.3 -21.5 483.3 -22.2 629.5 186.6

: 0 200¢/2100 20.9 .2 18.5 0 -2.3 -.8

3 20 2000/2100 178.5 -5.9 177 .4 -7.3 207.1 61.4

: 40 2000/2100 335.0 -11.9 335.2 -14.7 414.7 122.9

3 A 60 2000/2100 490.5 -17.9 491.8 -21.9 620.3 183.8

o 6"

3 X

] H 20 3000 104.1 -4.6 104.1 -4.8 135.2 40.1

] iy 40 3000 207.3 -9.2 207.3 -9.4 267.6 79.4

: 60 3000 309.6 -13.7 309.6 | -14.0 397.3 118.0

1 0 3000/3100 13.7 .1 12.4 0 -.8 -.3

1 20 3000/3100 115.2 -3.8 114.5 -4.7 130.9 8.7

E 40 3000,3100 215.6 -7.7 215.8 -9.2 259.8 77.0

g 60 3000/3100 315.1 -11.5 316.0 | =13.7 385.9 114.5

3 20 2000 356.9 -15.2 356.9 | -16.2 417.2 114.7

: ar 40 2000 711.7 -30.3 711.7 | -32.2 890.6 228.5

f 60 2000 1064.4 -45.4 | 1064.4 | -48.1 1330.2 341.3

] 20 2000 1035.6 -33.9 | 1035.6 | -49.3 816.4 20.7

‘ 2" 40 2000 2068.1 -67.9 | 2068.1 | -98.1 1627.4 41.6

: 60 2000 3097.4 -101.8 | 3097.4 | -146.5 2432.5 62.6
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a radial temperature distribution. Jsing this together with the previously de-

fined temperature distribution, T(r), we find that at r = a, the maximum stresses
are in the form presented above with the numerical factors 8 being

Br = 0,0
Bg = 0.5

B, = 2v = 0.6 (v = 0.3)

These analytical results are very close to the Bi numerical results ex~
cept that since only a 6~-inch brick was used, the numerical B is slightly low.
This comparison was made midway along the outside location where %% and o, are
maximum (the superscript S on the B ~ factors indicates this location).

when examining the axial nonlinear temperature distributions, the follow-
ing table of B~-factors result,

TABLE 7

AT (AXIAL) B-FACTORS

Center of Ends Midway Along Outside
Length Temp BE 55 Bg Bi Bi Bg
2000 .0682 | -.0030 .0682 -.0031 .088) .0264
2000/2100 .0727 | -.0025 | .0726 -.0031 .0886 .0263

6”
3000 .0647 | ~-.0029 . 0647 -.0029 .0835 .0248
3000/3100 .0702 | -.0025 | .0702 -.0030 .0833 .0247
4" 2000 L1501 | -.0064 .1501 -.0068 .1878 0.482
2" 2000 .4362 | -.0143 .4362 -.0207 .3432 .0088

No simple analytical solution was found in the literature for nonlinear
axial temperature distributions in finite length cylinders, and consequently
no comparison is made. One interesting fact resulting from this set of stress
analyses is illustrated in Figure 18. Here, the B~factors for both the radial
and axial nonlinear temperature distributions are shown plotted versus the
length of the "equivalent cylinder" brick. Au the length of the brick decrease. .
the axial B-factors (and therefore the stresses) increase, going to infinity as
the length goes to zero. This is as expected, since the AT was held constant
(in the actual stress analyses) as the length was shortened. This in effect
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concentrates the nonlinearity into a short length, beccoming more pronounced as
the length becomes smaller and smaller A similar effect wouald also be expected
in the radial 8-factors if the radius was decreased while holding the AT constant.

These results indicate that nonlinear temperature distributions within the
bricks can produce significant tensile stresses. These stresses are considered
in relation to other stresses and brick strength in Section 3.3.4

3.3.3 Point Contact loading Stress Analysis

Another type of loading condition which could give rise tc stresses in

the bricks is non-thermal in nature. This is concentrated loading conditions

which could exist due to the bricks transmitting loads from one to another at
regions of small area instead of over whole load transfer areas. One such
example is the dead weight loading of bricks stacked on top of one another. 1If
the ends of the bricks are not perfectly flat, then this dead weight loading will
be transferred at points rather than across the whole end surface area. This is
shown graphically in Figure 19 where one end of a brick in a column is bowed,
thereby causing the dead weight of all the bricks in the column to be transferred
through the small contact area which here is the outer perimeter of the brick.

Again, the equivalent cylinder model described above was used to investi-

gate this loading condition. The model and bhoundary conditions were the same

as that shown in Figure 15 with the exception that the axial constraint at the
center line was replaced by a roller condition on the outside bottom circumfer-
ence which allowed radial movement but no axial movement.
loading of twelve feet of

normal pressure along the
brick. Force equilibrium

The dead weight
bricks (normal pressure of 28.9 psi) was applied as a
top surface of the equivalent cylinder model of the
then produced a concentrated line load along the out-

where the axial roller boundary condition was imposed,
thereby simulating this point contact load transfer condition,

side bottom circumference

The equivalent cylinder model described here was analyzed for this mech-

anical line loading condition. The finite element model, boundary conditions

(for line-~contact loading) and loading conditions are shown in Figure 20a. The
load was considered as the dead weight of a twelve foot column of bricks acting

uniformly over the top of the six inch brick model. The reacting load was

considered a line-contact load existing (axially) on the outside perimeter as
shown by the support condition in Fiqure 20a. The temperature of the hrick

was shown by the support condition in Figure 20a.
was assumed uniform at T = 3000°F,

The temperature of the brick

The stress results are shown by isostress
contour plots in Figures 20b through 20f. In addition, areas of tensile and

compressive loading conditions are indicated on these figures.
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These stress results indicate that for this type of loading condition,

maximum tensile stresses on the order of 40 ~ 50 psi are developed near the

area of the line-contact load. This may be seen in the radial stress o, plot

(Figure 20b), hoon stress 9 plet (Figure 20d) and maximum stress plot
(Figure 20f). The maximum axial stress o

(Figure 20c¢) developed occurs near
the center line of the brick and is approximately 2 -3 psi. In contrast, the

maximum compressive g, is approximately 150 psi at the point of line-contact

loading. The maximum shear stress Thax developed is approximately 95 psi and
also occurs at the point of contact loading.

NS o TR Yo e

RS

Fr

In an overall sense, this line~contact loading condition does not produce
any significant tensile stresses (only 40 - 50 psi) as compared to the in-plane
thermal stresses or nonlinear temperature distribution thermal stresses. How~
ever, the stress patterns and magnitudes which it does produce can contribute

to a critical condition in conjunction with the other modes of induced stresses
within the bricks.

4 3,3.4 Combined Effect of Different Loadings

} wWhen examining the stresses produced by *the three different sources of

loading, none of these loading conditions produces sufficient high tensile

stresses to cause fracture by itself. Since the material acts in an elastic-

brittle manner, fracture is defined here as a tensile stress which equals or
exceeds the yield (or ultimate) allowable stress shown in Figure lla. When
comparing predicted stresses to this ultimate stress, the combined effect of

the various loadings discussed in previous sections should be considered., This
can be done through superposition.

As an illustration of superposing two thermal stress loadings, consider
the stresses produced by a nonlinear axial and radial temperature gradient.

For the range of the 4T's considered, the material properties may be considered

effectively constant. Consequently, the principle of superposition may be used

to combine a nonlinear radial temperature stress solution and » nonlinear axial

temperature stress solution. This occurs since the governing equations in

thermal elasticity theory are linear (when the material properties are constant).
Now, the maximum axial stresses in the equivalent cylinder brick model shown in

Figure 17 occurred on the outside surface midway along the brick for both a

radial AT and an axial AT. For the radial AT lcoading, the maximum hoop stress
3

also occurred at this location but not for the axial AT loading. The maximum

hoop stress for the axial AT loa ing occurred at the top (or bottom) of the model

at the axis of revolution of the riodel (Figure 17). However, tensile hoop

stressed do exist at this midway, outside location and are given in Table 7 by
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the Bg ~ factor (as compared to the Bg - factor). Interpolaiing from Table 7

for a temperature of T = 2872°F (the stress free reference temperature used in

the in-plane solutions), we have for a six inch brick:

S _
85 = 0842
(Axial AT)
eg = .0250

When comparing the Bs- factors in Table 7 for six inch bricks and four inch

bricks, one notices that the four inch brick Bs- factors are approximately

2.15 times those for six inch bricks. Hence, assuming this generally holds

true, the above Bs—factors for a four inch brick becomes:

S _
85 = 0.538
(Axial AT)
B = .1810

Interpolating from Table 6 for

the radial AT Bs— factors at the temperature T
2872°F yields:

Bi = .4900

(Radial AT)
s _
85 = .4760

Now, the total axial stress c, and hoop stress ¢g at this outside, midway

location due to both radial and axial /T's are given by:

E
o = TEST [.1810 BTy ay + -4760 ATRadial]
o = 22 0538 47 + .4900 AT
z {1-v) {° “Axial : Radial

Interpolating for the material properties E, a and v from Figure 11 for a
temperature of T = 2872°F yields:

E = 9.742x10%psi
o = 6.149x10"%in/in°F
v = 0.300
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and therefore:

?TE%; = 85.88 psi/°F

The formulas for the axial and hoop stresses now become:

O 4.604 ATAxial + 40.74 ATRadial

Q
]

2 15,49 ATAxial + 41,93 ATRadial

These formulas represernt the stresses induced in a four inch brick at T =

2872°F at the outside surface, midway in the axial direction of the brick,
for a given 4T

Axial and ATRadial’ For example, an axial AT = 148, °F and a

radial AT = 75.°F would yield a hoop stress of Og = 3737. psi and an axial
stress of o, = 5438, psi.

Since the Zirconia is considered an elastic-brittle material, the
Coulomb-Mohr failure criteria should be used to predict fracture conditions.

In the present case where O and o, are both tensile (neglecting the radial

component °R and the shear stress), this means that the maximum stress o*

due to 9y and o, must reach the ultimate tensile stress condition Oy1t to
fracture, i.e.,

* =
gr = oUlt > Fracture.

In a two dimensional stress plane (tensile quadrant), this fracture surface

is represented by a circle as shown in Figure 21 (cf. Reference 18). For the

two example tensile stresses gy and o, given here, we have:

_,, 2 2 - .
o* = oc-+oz = 6598, psi

The ultimate allowable stress at T = 2872°F is given by the uniaxial data

presented in Figure lla as ‘Uit = 8384. psi. Therefore, the maximum stress

= s . = = .
c* = 6598, psi produced by a ATAxial 148.°F and a ATRadial 75.°F would be
78.7% towards fracture.

This illustration of superposition only considered two sources of loading,

namely a radial AT and an axial 4T. To be cumplete, one should consider all

sources of loading to determine maximum s_cess conditions.

Therefore, the
following sources should be considered:

25
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I. Body thermal stresses due to nonlinear axial temperature gradients.

II. Body thermal stresses due to nonlinear radial temperature gradients.
III. Web thermal stresses (in-plane solutions).
1v.

Body stresses due to hydrostatic pressure of p = 3000 psi acting on the
whole bed.

V. Local stresses due to point or line contact loading conditions.

i3
‘
|
£
¢
f;
;
E

VI. Other sources of stresses such as local hot spots, residual stresses
from fabrication, etc. which will be described subsequently.
g The last two sources of stresses will be ignored for the present and

only the first four will be considered.

For the example described above (i.e., due to sources I and II1), the

tensile thermal stresees due to III and the compressive stresses due to IV

should also be congidered. From the in-plane web thermal stress sclutions

described earlier, the most severe case of web thermal stresses due to blow-

4 down was the plane strain (cz = 0) solution, i.e., Case III. From Table 4,

the maximum axial and hoop stresses of Case III existed at the same location

and were:
: (Gmax)hole = 4346 psi
3 (oz)hole = 4229 psi
g where (cmax)hole was the maximum hoop stress existing at the hole surface and
; (oz)hole was the "normal” or axial stress from this in-plane solution. The
2 (o

max)hole stregsses exist in the plane and so would be additive to the 9 stresses

of the equivalent cylinder solution, The (oz)hale stress is in the axial direc-

tion of the brick {normal to the plane) and therefore additive to the o, strees
of the equivalent cylinder solution.

The stresses due to IV are compressive,
being the same in all directions, and therefore:

Oy = -3000 psi
g, = ~3000 psi

Now, when the four sources of stress, i.e., I, 1I, III and IV listed above are
combined, the resultant tensile stresses become:
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8 3737. + 4346, - 3000. 5083. psi

[4)
2
1

5438. + 4229. - 3000. 6667. psi

Wtk el

and the resultant maximum stress o* is:

Lt C e R

* = 2 2 = i
o} % + g, 8384. psi
] which is just the fracture stress Sult for T = 2872.°F. Therefore, when con-
3 sidering the first four sources listed above, with a ATAxial = 148.06 and a
E

ATRadial = 75.0, the resultant maximum tensile stress is just sufficient to

3 fracture the brick on the outside surface, midway along the axial direction

3 of the brick. 1It is also possible to have other combinations of AT

. and
Axial
ATRadial combining together with the stresses from sources III and IV to yield

« maximum stress which eqguals the ultimate stress ¢

Uit = 8384. psi for this
1 tempcrature of T = 2872,°F

3 The formulas for the o, and o, are given by
: Op = 4.604 4T, ..y + 40.74 AT, 4..5 + 4346. - 3000,
3 6 =

z 15.49 ATAxial + 41.93 ATRadial + 4229. - 30C0.

and the fracture condition is given by

o* =Ng2 + g2 =g = 8384. psi.

€ z Ult

These three equations define an interaction curve between AT and AT

Axial Radial
which will yield a fracture condition. This interaction curve is shown plotted

in Figure 22. The values of ATAxial and ATRadial used in the example civen

previously are shown by dashed lines in Figure 22.

The reason that the stresses due to source V were not included is that
the contact line loading solution indicated that the maximum tensile stresses

developed were only 40 - 50 psi, and were in the region near the end of the brick
instead of near the middle.

i

However, this does not mean that a point contact
loading condition near the middle of the brick (axially speaking) would not

contribuie, Lut high compressive stresses in the direction of the point (or line)
contact load accompany the relatively small tensile stresses developed and so

this source of tensile stresses was neglected as 21 major contributor to a condi-
tion which would produce a fracture.

The stresses listed in source VI will be discussed in the next section.
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3.3.5 Other Stress-Affecting Pheaomena

The analyses described in Sections 3.3.1 through 3.3.4 considered only
deterministic phenomena which lent themselves to analytical investigation.
Other stress-affecting phenomena exist within the bricks which cannot be treated

analytically, at least in an economical manner. These other phenomena are stress

conditions arisirg from (a) built in residual stresses, (b) local hot spots, (c)
partial destabilization of the zirconia, (d) micro-cracks existing in bricks and

other "real world" effects which are usually not considered in analytical pre-

dictions. Some of these phenomena are always present in structural components

but are often not important since the materials are ductile, and allow local

stress rising conditions to be relieved. However, in ceramic materials like

yittria stabilized zirconia (YSZ), the material is elastic brittle, and does

not possess any ductile behavior. Stress rising conditions will not be relieved,

and will be the mechanisms which initiate fracture. Tn this section, some of

these other stress rising phenomena are discussed in a qualitative fashion.

Residual stresses occur during the ceramic brick fabrication process.
The powder is pressed (isostatically) into a green body and then fired. During
conl-down, it is possible that a small amount (i.e., 1 percent or less) of YSZ

is not fully stabilized and thus around 2000°F, the structure changes from cubic

to monoclinic which is accompanied by a 7-10 percent volume change of the mate-

rial. This creates high local stresses which remain as residual stresces when

the brick eventually cools down to room temperature. Another source of residual

stresses is due to the presence of glass in the grain boundaries of the YSZ

solid solution. Again, during cool down, the viscous nature of this glass will

allow stresses to redistribute internally and eventually to result in locked in

residual stresses at room temperature. These residual stresses can be quite

large and tend to accelerate the possibility of fracture occurring during opera-
tion of the bricks in the heater bed.

Locally severe thermal stresses would be associated with any localized
but significant perturbations in the brick matrix temperature field. Such local
hot spots (or cold spots) could arise from a variety of causes, most of which
would be associated with design or fabrication imperfections. For example,
local increases in the convective heat transfer coefficient due to hole mis-

alignments at the brick interfaces {(as considered as part of Appendix B) would

result in a local cold spot during blowdown. Similarly, irregularities at the

interior insulation could give rise to stress affecting local temperature varia-
tions.
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Partial destahilization of YSZ could possibly occur when it passes

through the temperature range of 1900-2000°F. This causes an increase in the

monoclinic structure (as compared to the stabilized cubic structure) which has

an accompanying volume change (c.f., Ref. 3). As described above, this local

volume change gives rise to quite large internal stresses which, like residual
stresses, can be quite large.

Micro-cracks can exist in the bricks due to the fabrication process. As
explained above, the mixture of yttria and zirconia may not be completely homo-
geneous. Conseguently, during fabrication, local concentrations of unstabilized
zirconia will experience a phase change, accompanied by the volume change, and
therefore create local stresses which may be high enough to create local cracks
in the material. This phenomenon is slightly different than the residual stress

phenomenon since it occurs on a microscopic scale rather than a macroscopic
scale (residual stresses).
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In addition, other phenomena also cause micro-cracks
to occur in the fabricated bricks. The result of these micro-cracks is that

they act as fracture triggering mechanisms, allowing macro-cracks to initiate
and run through the material, thereby producirg a fracture condition.

All of the above listed phenomena, plus others not listed here, have the

general tendency to aggravate the stress conditions which will eventually lead
to fracture of the bricks.

TEFER FPRTT TR TIRR T TG A

Assuming for the moment that all of these other
1 sources give rise to a tensile pre-stress of 2000 psi, then fox the example of

combined stresses shown in Figure 22, the ultimate stress needed for fracture
would only be 6384 psi (as compared to 8384 psi) and the interaction curve
would be lowered as shown by the long dashed line in Figure 22. Now, an axial
AT = 150°F and a radial AT = 40°F would suffice to cause fracture, as indicated
by the short dashed line in the figure. This example simply illustrates that

these other stress affecting phenomena tend to give rise to stresses which can
be guite large.
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S b (i n L SO

When they are considered in conjunction with the sources
analytically treated in this report, it is easily demonstrated that certain com~
binations of all these sources can lead to fracture conditions within the bricks.
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SECTION 4

CONCLUSIONS

1.
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Relatively precise calculation of web stresses was performed. For the

conditions considered, the maximum predicted tensile stress was about 4000 psi.

Recent measurements indicate that the ultimate strength of yttria stabilized
zirconia is about 8000 psi at this condition.

T RN

It is concluded that, for these
conditions, brick fracture is highly unlikely due to web stresses alone, parti-

cularly when the effect of the heater hydrostatic pressure is considered.

TR

IR

2. Brick normal stresses Cue to temperature distribution nonlinearities in

the radial and axial directions were computed.

The results were correlated in
terms of the relation

T IO RY

LcE i

where the Bi factors were defined for a variety of conditions. The actual mag-

nitudes of temperature nonlinearities across the bricks are unknown, so these
results can only be interpreted in a parametric fashion.

T TY T Y

However, an approxi-
mate thermal analysis (Appendix B) indicates that radial temperature nonlineari-

ties of the order 100°R are possible for bricks with misaligned holes. This
results in maximum tensile stresses more than half the ultimate strength.

v B

3 3. It is unlikely that point contact loading of the bricks will contribute

significantly to brick stresses.

4, The principal of superposition was employed to assecs the net effect on

brick stresses of combined thermal and mechanical loading, Again, the magnitudes
of brick net temperature distribution nonlinearities are the major unknown. An

approximate interaction curve was constructed which considers combined loading

L

and gives the fracture conditions in terms of required radial and axial tempera-
ture nonlinearities.

Limitations on the use of this curve are discussed in
Appe~ x C.
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Y
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5. The brick siresses and fracture conditions will also be affected by

phenomena which are not amenable to theoretical quantitative analysis. These

include residuval stresses, incomplete stabilization or destabilizatinn, micro-
cracks, and local hot spots.
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1 6. Uncertainties relative to the magnitudes of brick temperature distribu-

tion nonlinearities and the factors listed in Item 5 above preclude quantitative
specification of heater operation modifications or crced bric
based on the results of this study.

k design revisions
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APPENDIX A

IMPLICIT ONE-DIMENSIONAL FINITE
DIFFERENCE CONDUCTION SOLUTION

by

C. B. Moyer
T. C. Derbidge
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LIST OF SYMBOLS

nodal area, node i

constant in Eg. (A-€), defined by Eg. (A-7)
constant in Eq. (A-6), defined by Eg. (A-8)

value of bi modified by recursion relation (2-15)
constant in Eq. (A-6), defined by Eq. (A-9)
specific heat

constant in Eq. (A-6), defined by Eg. (A-10)

value of di modified by recursion relation (A-15)

thermal conductivity

nodal thickness, node i

denotes last node

heat conducted into body away from heated surface

radial distance from the center of the cylinder

temperature
initial temperature
surface temperature

thermal conductance defined by Egs. (A-11l), (A-12),
{A-13)

constant in Eg. (2A-18) defined by Eq. (2-19)
constant in Eq. (A-18) defired by Eq. (A-20)
finite difference tire stup

~~~~~

density
nodal time constant, Eqs. (A-23), (A-24)
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APPENDIX A
IMPLICIT ONE-DIMENSIONAL FINITE DIFFERENCF. CONDUCTION SOLUTION

The solution of the transient heat conduction problem for a variable-
property, one-dimensional circular cylinder is described.

The solution uces a siwple implicit finite difference approach. The dif-
ferential equation for T(r.e) is

Zlxa &)= cca (2-1)
wr or P s¢
with the boundary conditions
-31 =0 (A-2)
ot or=rg
T = TO(G) = T, (<) (A-3)
r=r,
' 1
where To(r) is to be determinec. from the system energy balance. The initial
condition is
T(r,0) =T (A-4)

vwhere Ta is a constant.

In the difference approuach, the cylinder is brcken into a number of zones

termeé nodes, as shown in Figure A-1.

—
—

i=1 i=2 ... i = NL

Figure A-1 E¥etch of tNodal Crid
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The temperature is defined at the center of each node and also at the heated
surface. The difference analog of the differential equation (A-1) which results

from taking a lumped parameter approach is, for each node except the first and
last:

(T?+1 _ Tn) o0t _ o+l T?+1 - phtl (A-5)
i i/ [oc .a. V1. = i-1 i _ i i+l
I pri1/1 gi-l . li 21 . li+1
ZhygBiy 0 2By ZkgAy o Zkihia

Here T? is the known (old)temperature of node i at time 8 (time step n), and T2+1
is the unknown (new) temperature of node i at time 6 + A6 (time step n + 1). For
the last (i = NL) node, the last term in the right hand side is missing, since no
heat flux leaves the insulated back wall. For the first node, the li-l/Zki-lAi-l
quantity is missing.

The solution procedure requires finding all the "new" nodal temperatures
n+l

A URTY TR

Ti at each time step. A new time step is selected, and the process repeated until

the final time is reached. For solution purposes, Equation (A-5) is written as

n+l N+l n+l _ -
a;Ti-1 * BTy Tt eyTiey = 9 (A~6)
where
a; = ug (A-7)
b, = =u; ~uy, - oniliAi/Ae i=2, ...NL (A-8)
€ = Y4 (A=9)
= - n i = -
di Tipcpiaiai/ae i 2, ... NL (A-10)
and
v = 1 . i1, i#NL+1  (A-11)
i-1 i

+
Zhiahiay 0 TKyBy
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u, = 1 (A-12)
1
2 1pll
Uy ey = O (A-13)

The entire set of nodal equations (A-6) may be arranged as (dropping the super-

script for temporary convenience).

alTO + bl'l'l + clTZ = dl

a,T; + byTy + c,Ty = d, (r-14)
a3T2 + b3T3 + c3T4 = d3
[ ]
[
®
qr-1"np~2 ¥ Pyr-1Twp-1 * Snp-1Tme = dpr 1
e Ter-1 * Pt =dy

Since the last (lcwest) equation has only two unknowns, it may be used to elim-
irate one unknown in the next to last eguation, which irn turn may be similarly used.
Thus ail the ¢, terms may be viped out of ecuaticns (A-14) in the first step of

the fariliar Gauss reduction; this results in modified bi and dg values according

to the followving recur.icn relations:

2 a: ..
b = b, - ¢, X 3 = NL-1, (A-15)
! 1 1 b NL-2,...,1
d.
» i+l
d = . - c;
1 i i bi+1
7C
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After this pass, the first equation then is

*

%
a T° + bl'I'l = d1 (A-16)

1

From an energy balance on the siurface node 9.0ond is determined as

_ n+l _ _n+l -
9cong T Y1 (To T ) (A-17)
Combining Equations (A-16) and (A-17) and eliminating T;+1
n+l
9eong = ¢ * BT, (A-18)
where
d*

u
A N (A-19)

by
(A-20)

Equation (A~18) is utilized in the system energy balance as described in Section

n+l n+l

2.1.1.1 to solve for T, - With To thus determined, Equation (A-16) determines

T, . This in turn may be substituted into the second node equation to determine T,
and so on down through the entire set of equations

*
d. - a.T
T, = At tol 1=2,3 ... (A-21)
by NL-1
d a . T.. _
TNL - _NL NL NL~1 (A-22)
b. .
ivi.
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€ince the TACH solution procedure is implicit, there are no stability

limits on the choice of time step.

However, many users still prefer to scale

the time step used on the natural stability limit of the nodal system. Therefore

the program computes the natural time corstant for all nodes at each time step

and then seeks the maximum time constant

Tnax = max [zj]

The time step selected is then 7 if 1

T

j = node index

o ! ser input
max may 90es rot exceed the use pu

raximum time step or fall below the input minimum time step.

The time step can of course not exceed the time remaining to the next

output time.
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APPENDIX B
EFFECTS OF HOLE MISALIGNMENTS
IN WIND TUNNEL HEATER CORE BRICKS
ON PRESSURE DROP AND HEAT TRANSFER
by
M. D. Jackson
C. A, Powars
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LIST OF SYMBOLS

Ty

: Ay sma%lest area associated with sudden expansion or sudden contraction é
£ ft
; ( )
£
: A2 largest area associated with sudden expansion or sudden contraction
(£t°)

£ friction factor
£ G mass flux (lbm/ft?sec) ;
é h heat transfer coefficient (Btu/hr-ft2-°F)
3 K nondimensional head loss coefficient
3 m mass flow per hole (lbm/sec hole)

r radius (ft)

R gas constant

Sukscripts

avg average

cont contraction

Qg o

4 exp expansion

? fd fully developed
max maximum
X axial distance

Ll e
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SECTION B.1l

INTRODUCTION

Y TR YTV R

This appendix summarizes the results of a brief study directed toward
estimating the effects on pressure drop and heat transfer of misalignments

in the holes through ceramic bricks used in hypersonic wind tunnel storage
. heatets.

AT T

The bricks and conditions considered correspond to the APTU (Airbreathing
: Propulsion Test Unit) facility to be installed at AEDC. These conditions are
] summarized in Table B-1 below,

P IR

TABLE B-1

WIND TUNNEL HEATER CONDITIONS CONSIDERED

Nominal pressure = 3000 psi
Nominal flow rate = 1150 lbm/sec

Initial bed temperature distribution is sinusoidal with
= ° °
Thot tom 1520°R and Ttop = 4500°R

Hole diameter (D) = 0.20 inches

PR APRTFI T T T

Hole center distance to diameter ratio (S/D) = 1.47
Heater core height = 24 ft

T LA TR,

Yttria Stabilized Zirconia bricks in top 12 ft of heater
3 Alumina bricks in bottom 12 ft of heater
: All bricks assuned to be 6 inches long.

This brief study was motivated by the fact that certain Zirconia bricks
received by AEDC for use in a pilot heater had hole misalignments significantly

greater than anticipated. Quantitative details relative to the hole misalign-
ments are available from Reference B-1,

TR

e TR D

Three cases were considered here:
0% misalignment (i.e., no misalignment; the baseline case)

*
14% misalignment (corresponds to an approximate average misalignment)

N T N T

T
w
.

*
30% misalignment (ccrresponds approximately tn worst case misalignment

considetring keying volerance and hole misalignments)

W I

Percent misalignments are defined on an area basis; blocked area/area originally
open to fiow.
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i The effects of the hole misalignments on fluid friction and pressure drop

3 are discussed in Section B.2. Estimates of the heater core pressures differentials
% for a constant flow rate, and of the flow rates through the bricks for a constant

% heater core pressure drop, are given. The effects of the hole misalignments on

é heat transfer from the heater core to the fluid being heated are discussed in

E Section B.3. A quantitative calculation of the brick temperature distribution

% histories was beyond the scope of this study, although certain limiting cases are

considered. Conclusions are drawn and recommendations are made in Section B.4.
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SECTION B.2
EFFECTS ON PRESSURE DROP AND FLOW RATE

The effects of the brick hole misalignments on the heater pressure drop
and flow rates are considered in the following subsections,

B.2.1 GOVERNING EQUATIONS

The pressure drop through aligned brick holes may be easily calculated from
2 mass and momentum balance. For a constant mass flow rate and a variable density
fluid the momentum equation expresses a balance between acceleration, pressure
force, and wall shear. The wall shear for turbulent flow in pipes may be defined in
terms of a friction factor and substituted into the momentum equation. Also, us-
ing continuity and the equation of state for an ideal gas, one can express the
momentum equation in terms of temperature, mass flux and pressure as follows:

£+ G2 (3) r o & (3) -0
where

G = mass flux

f = friction factor

r = radius

R = gas constant

Equation (B-1) is the governing equation, valid for one dimensional steady turbu-
lent flow and can be solved for dP/dx if the temperature distribution is given.

Equation (B-l) may be simplified if the temperature gradient is much

greater than the pressure gradient. This is the case for the conditions of
interest here; it can be shown that

d /Ty _1l4dr
dx \P P dx
to within 1% error. Hence Equation (B-1) reduces to

G2R 4T

dP , G2Rf (T
+ ()4»..5_3;‘.-0 (B-2)

dx Ir |F

Migaligniment of holes at brick interfaces will cause the flow to separate.
Ideally the pressure loss can be calculated from a mass and momentum balance.
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However, for flows involving separation it is convenient to express the pressure
loss in terms of a nondimersional head loss (K) where K is defined as

a4 o vt S AR G L o
wﬂ‘l
Y
*i
4
4
-«
:
.
i
"
1
4
I
I

- _LP/p -
K = 172 V2 (B-3)

k2

For turbulent flows in which separation occurs K is to a good approximation

dependent only upon boundary geometry or the amount of separation caused by a
particular boundary geometry.

T S WA

Thus K can be estimated from existing literature
values for systems with similar geometry.

B T

Fquation (B-3) is valid for steady incompressible flow. Since the region

of separation for the mass fluxes encountered in this problem is sufficiently
small compared to nominal brick length, one can assume that Equation (B8-3) is

valid at the brick interface. Solvirg for AP and using the ideal gas equation |

of state, Equation (B-3) can be expressed as follows:

LA W S

v

2
GPTR (B-4)

tp = K
2

T TR

The determination of K will be considered in Section B.2.2.

TR

Since Equation (B-4) is applicable only at discrete sections, at which

T, P are dependent on upstream ccnditions, it is necessary to rewrite Equation
{B-2) as

Atk Lot

G2r \ f a7 |
LP = - 22 + 5= Lax (B-5)
pavg ) dr “avg © Ax )

ki S e

] The total pressure drop across the heater bed may be calculated by progressing

downstream through a hole applving Equation (B-5) along the length of a brick and
4 Equation (B~4) at the brick interface.

B,2.2 ESTIMATION OF HEAD LOSS AT BRICY INTERFACE

As mentioned in Section B.2.1, K is a convenient correlation which can

be used to determine the pressure drop duc to rmisaligrrent. Figure B-~1 shows the

3 functional relationship between K and area ratio for a sudden expansion and sudden

contraction (note that .or 0.5 < Al/hz < 1.0, Kexp ~ Kcont)’ For misaligned

holes the resistance to flow is areater than a gsudden cvpansicn and 1
sudden contraction.

£33 than o
Hence if an equivclent area ratio can be determined at brick
interfaces and provided this area ratio is between 0.5-1.0 a reasonable estimate

can be rade ¢cf ¥,

78




LS T A TRE RS TE T e

Y b both

g

b0bp -y

R O

al

A

bl 1

y}'v

q’l

8

SNOILIVALINGD aNY SNQISNYLX3 N3dANs HHNQAHL MO
INFINg2ANL dod (1) KA1 AVIH SSIMNQISNIWIA (-4 AN

94

|

) _”_ _ l%i.&wm.fﬂ..._

2/,

NQuHy

2L0N372

'V

NOISNNVAX 3

gL o b it BB

S E E s ke W

o ol % r o ik R ST

ot e A el B 20 sl Gt L

79

Kb




AR B AT =T o= . b e T T = ) T e P g,
T TS NIRRT T T ¢ e - N Pt e R -l A FIEE

1
|

For turbulent flow K is a function only of system geometry, hence one
can define the area ratio in terms of equivalent flow blockage for a sudden
contraction or conversely in terms of equivalent flow expansion for a sudden
expansion. As pointed out in the introduction the two cases of area misalign-
ment of interest were 14% and 30%. Using the above formulation for area ratio
one obtains K = .026 and K = ,10 for 14% (Al/A2 = ,86) and 30% (Al/A2 = ,70)
misalignment respectively. These values of the nondimensional head loss are 3
the average of sudden expansion and sudden contraction at the given area ratio. 3

The head loss at the brick interfaces was also estimated by assuming
that K is proportional to the volume of separation, and by applying a momentum
balance while assuming all energy dissipation occurs in the region of expanding

flow. These alternative approaches yielded values of K which were in essential
agreement with the values given above,

bt e AT AR T LRI TVITRY] RUMAT T T TR e ATRTTHT 0 P A RS YR VT ugwwmw
it

Dol S A S, SN

AT

B,2.3 CALCULATION OF BED PRESSURE DROP FOR 0%, 14%, and 30% HOLE MISALIGNMENT
WITH CONSTANT FLOW RATE

Tl

Section B,2.1 briefly summarized the equations used to estimate the total
bed pressure drop through the heater bricks. Using the values of K found in
Section B.2.2 the total pressure drop can be computed by progressing through the
heater bed using Equation (B-5) along a brick length and applying Equation (B-4) at :
brick interface.

b o T

A TG ST | AT T TR

This calculation was carried out for a total heater flow rate of 1150
lbm/sec, surface roughness of 100 y inches and for a temperature distribution
corresponding to 10 seconds from the initial time. 1The results are shown in
Tables B-2 and B-3 for 14% and 30% area offset. For zero percent misalignment,
the pressure drop across the bed is 4.8 psi for these conditions. Hole mis-
alignments of 14% and 30% increased the total pressure drop to 6.7 psi and
12,3 psi respectively. Note that at 30% misalignment the total pressure drop
is still only 0.4% of the entrance pressure.

AT, B U4 T T I g e

AR VR0 AL LU s o e i A, A ST 6 B

N A1

VAT T
Athakal

Lent B

B.2.4 CALCULATION OF FLOW RATES FOR 0%, 14%, AND 30% HOLE MISALIGNMENTS WITH
CCNSTANT PRESSURE DROP

bl S50 S B

Gl

In Section B.2,3 the pressure drop across the heater was estimated assuming
a constant heater flow rate (1..0 lbm/sec) for hole misalignments of 0%, 14%,
and 30%. 1In reality, the misalignment of the holes is not uniform and varies :
from near 0% at the brick center to higher values closer to the edce of the brick.
Since the pressure drop across the bed must be the same for all holes, misaligned
holes will have lower flow rates than aligned holes. This variation in flow
rates is estimated in this section.

AP E T,

TR T, AT T

PN
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4 AXTAL LUCATIPN FRICT#THERM PRESS ORAP OFF PRESS DREP TOTAL PRESSURE 3
E o5C $03812 W00773 2999,95419
3 1,00 +04355 101018 2999,90048 %
E 1450 ,04738 01193 2999,04122
3 2,00 .0509C +01353 2999,77682 4
d 2,50 L0543 01527 2999,7088b :
: 3,00 JDHRSE ,01702 2999,6312v 3
] 3.50 «06272 201891 2906,54968 :
3 4,00 .06591 «02036 2999,46344 :
g 4,50 L6943 02196 2999,37207 :
3 5,00 ,07295 02397 2999,275%/
: 5,50 7646 202517 2999,17398
6,C0 08142 202742 2999,.06539
- 6,50 105493 +02902 2998,95123 :
7,00 ,07475 WU292¢ 2998,84/20
7,50 L7827 203084 2998,73819
8,060 OB14c V3230 2996,0244%
3 8,50 ,08406 «03376 299€,50604 !
9,00 OB722 03492 2998,38391
9,50 08042 ,U3638 2998,25714
E 10,C0 W06362 203783 2998,12573
10,50 9818 03900 2997,99060
: 11,C0 .09664 ,04017 2997 ,85482
E 11,5C TTY 04162 2997,71240
3 12,00 L10208 ,042€4 2997 ,56769
3 12,5¢ 010433 004367 2997 ,41974
13,00 10689 204483 2997,26804
13,50 ¢10913 04585 2997,11310
- 14,00 11137 04687 2996,9%490
3 14,50 211362 « 04790 2996,79340
] 15,00 S 11586 ,04892 2996,62866
15,50 W11779 . 04979 29906,46112
16,00 12045 «05096 2956,289806 :
16,50 12196 05169 2996,110624
: 17,CC ¢ 12420 05272 2995,93936
3 17,%u 12645 05374 2995,7%922 ' :
3 18,00 212596 U546} 2995,878¢7
18,50 12789 05549 2995,39532 i
: 19,00 . 12982 «05637 2%95,20917 :
: 19,50 W13174 ,08725 2995,n2024 :
: 20,C0 13335 205798 2994,82895
20,50 ¢ 13560 .08900 2994,03437 :
21,00 £1351C 05944 2994,43986
- 21,50 « 13639 +0%003 2994,24347
3 22,0L 13708 136062 2994,04520
4 $2,50 J13R97 W06120 2993,845C6
3 23,00 .14058 L06104 2993,04258
23,50 S14105 6248 2993,43869
24,00 ,14220 LUCU0Q 2993,2905}
TeTAL FRILTIONS 4,8210 PS8y TETAL PFFSFTe 1,8840 P81

TABLE B-2

AXTAL PRESSURE DROP ACRO3S HEATER BED, 14% MISALIGNMENT
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Axlal LOCATION FRICTISTHERM PRESS pHaAP P“FF PRESS NRUP TOTAL PHESOUKE
.1V JNIRL2 030843 2999,93100
1.C0 e 04 3H% 08072 299984080
150 s047 38 V4770 2999,75174
7.C0 L1l LY RO 299¢,0407Y
2450 ROULEPAR! «06309 2999,53101
1,CC «NHHH? «0HBO7 2999,40439
de5L WN6272 « 07564 2999,260(95
4,00 oNHHY2 «UB140 2909,11864
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TABLE B-3
AXIAL PRESSURZ DROP ACROSS HEATER BED, 30% MISALIGNMENT
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To obtain a simple relation for calculating the mass flow rate per hole
at a given pressure drop and degree of misaliygnment, it was assumed that the total
% pressure dron could be expressed in the functional form of Equation (B-4)
This amounts to defining an effective net head loss for 0%, 14%, and 30%
misalignment. Using Equation (B-3) the following ratio may be formed:

2 AP

; . bed (B-6)
g K - (.01“)‘/ across

] 0%, 14, 30% 0y 148, 308

where m is the mass flow per hole and has units of 1lbm/s2c. The AP's refer to
those calculated in Sectior B.2.3 for total mass flow rate of 1150 lbm/sec.

From Equation (B-6), the following mass flows rates per hole were computed:

. AP = 4.8 psi

across bed
m (0%) = .0144 ibm/sec-hole

m (14%) = .0122 lbm/sec-hole
m (30%) = .0086 lbm/sec-hole
e AP = 6.7 psi

across bed
m (0%) = .0170 lbm/sec-hole

He

(14%) = .0144 1lbm/sec-hole
m (30% = .0104 lbm/sec-hole

e &P = 12.8 psi

across bed
m (0%) = .0231 lbm/sec-hole

m (148) = .0199 lbm/sec-hole

m (30%)

.0144 1pm/sec-hole

The above calculated mass flow rates will be used in Section B.3.2 in
estimating the magnitude of the temperature gradient between holes.
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SECT1ON B.3
EFFECTS ON HEAT TRANSFER

One of the primary reasons for accessing the thermal response of the heater

core bricks is to predict the severity of brick thermal stresses. Hole misalign-
ments in heater cc.e bricks could augrent thermal stresses via two mechanisms:

1. hole misalignment causes the flow to separate and reattach resulting

in a substantial oxial variation in the local heat transfer rates; ancé

hole misalignment increases the flow resistance, reducing the mass
flow rate and hence the heat transfer such that significant radial

temperature gradients might exist across bricks having variable
hole misalignments.

The cbjective of this section is to evaluate the importance of the above
mechanisms. Section B,3.1 discusses the effects c¢i separation and Section B.3.2

will deal with temperature gradients between holes. The heat transfer physics

asscciated with the above mechanisms are of sufficient complexity that only
approximate estimates are made.

B.3.1 HEAT TRANSFER IN SEPARATED FLOWS

Separated flows cause a substantial axial variation in the local transfer

coefficient, Ny and hence in the local heating rates. Large axial variations
in heating rates could cause material failure due to thermal stressing. The

fluid mechanics of separated flows are highly complex and reasonable analytical

methods for predicting the flow field do not exist.

Therefore it is not possible
to analytically predict h

©? and one must rely on hcat transfer data.

Typically in separated flows the axial variation of hx follows a bell

shaped curve. That is at the point of separation hx is at a minimum below that
which exists at fully developed conditions and rises as one proceeds downstream
toward the reattachment point. At the point of reattachment hx reaches a

maximum and then decays to a value consistent with fully developed flow.

The data of Zemanick and Dougall (Reference B-2) on the heat transfer
rates downstream of an abrupt circular channel oxpansion represents the best
data available as far as being geometrically similar to the problem of misaligned
holes. From their data the ratio of the maximum local heat transfer coefficient

to the local fully developed heat transfer coefficient can be estimated.
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e 143 Area Blockage, hmax/hfd = 2,0

° 30% Area Blockage, hmax

/hfd = 3,2

The maximum h, occurs at the point of reattachment, which is dependent on system
geometry. Zemanick and Dougall data indicate that for Al/A2 = ,70 the point of
reattachment is approximately 0.1 inches downstream of the sudden expansion.
Hence h, changes by a factor of 3 in 0.1 inches. This large variation could yive

rise to very high localized temperature gradients and thermal stresses.

Separation also has the effect of increasing the overall average heat
transfer ccefficient. While this overall increase in h is not calculated here,
three approaches could be taken to estimate this increase:

° Integrating hx over the length of heater bed, where hx could be
estimated from the data of Zemanick and Dougall.

e Estimating an equivalent friction factor due to misulignment
{analysis similar to Section B.2 4) and using correlations which have

been developed for heat transfer on roughened surtaces (see for ex-
ample, Reference B-3).

e Utilizing a simple bench-scale apparatus (e.g., misaligned copper
tubes fitted with thermocouyles) to measure h axperimentally

B.3.2 EFFECTS OF HOLE MISALIGNMENTS ON HEAT TRANSFER

As pointed out in Section B.2.4, a decrease in the mass flow rate due to
misalignment could cause a substantial radial temperature gradient between holes
having different mass flows. This problem is difficult to handle analytically

due to the heat transfer coupling between holes. If one assumes that the holes

are independent, i.e., no cross conduction, and tnat misalignment does not

increase the overall heat transfer coefficient, then an upper bound on the tempera-
ture gradient between holes can be computed.

The TACH code (described in the main text) was utilized to predict the
thermal response of holes with different mass f£low rates due to misalignments.

In Sectior B.2.4 mass flow rates were calculated for 0%, 14%, and 30%
hole misalignments at a given pressure drop across heater bed. These values of
mass flow rates were then used in the thermal response code. Figures B-2 and
B-3 illustrate the effect of different mass flow rates on the heater thermal
response, subject to the assumptions discussed. As can be seen frowm these
figures, the temperature difference initially increase with time.
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The maximum temperature difference encountered at shut down time iz of

primary importance. Since the overall heat transfer coefficient for turbulent

flow in pipes is proportional to the Reynolds number raised to the .‘' power,
the largest temperature differences will occur at the lower mass flow rates or
at ihe lowest pressure drop across heater bed.
temperature difference for AP = 4.8 psi.

ered:

Figure B-4 illustrates the exit

As can be seen, two cases are consid-
AT based on 0% and 14% misalignment and AT bosed on 0% and 30% misalign-

Shut-down time wus determined when the exit temperature for 0% misalignment
dropped by 10%.

ment.

For convenience the maximum temperature differences at shut
down time are summarized below:

® AT (14% misalignment - 0% misalignment) 60°R

n

e AT (30% misalignment - 0% misalignment)

290°R
Using the above values for the maximum temperature differences at shut

down, one can nake a simple calculation to determine the magnitude of conduction

across *he holes. It is found from this calculation that conduction across

holes is the same order of magnitude as convection across brick~air interface.
Thevefore it can be concluded that the estimated maximum temperature differences
are overestimates, i.e., such a large temperature difference would not occur

since the conduction heat transfer coupling would tend to dissipate this

temperature difference. An analytical computation of this multiply coupled

heat transfer problem would be relatively crcmplex and was beyond the scope
of the preliminary study.
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SECTION B.4

SUMMARY AND CONC/,USIONS

Pressure Drop and Flow Rate

For an average misalignment of 14% the pressure drop across the heater
bed will increase from 4.8 psi to about 6.7 psi.

Pressure drop will be less thanr 1% of entrance pressure (3000 psi)
for all cases of misalignment.

For heater bed pressure drops of 4.8 psi, 14% and 30% misalignments
will reduce the mass flow rates per hole by 15% and 38% respectively.

Heat Transfer

Due to flow separation and reattachment, the local heat transfer

coefficiert (hx) will vary by a factor of about 2 or 3 within 0.1
inches of the brick interfaces for misaligned hcles.

The influence of this variation in hx on thermal stresses should be

estimated 2nalytically. If the thermal stress calculation shows

that a variation in hx is critical, the hx variation could be
defined experimentally using a simple bench scale apparatus.

Heat transfer analyses indicated that an upper limit of the temperature
gradient across a brick with variable hole misalignments is about
60°R for 0 to 14% misalignment and 300°R for 0 to 30% misalignment.

These calculations neglected cross~conduction and heat transfer

coefficient increase for misaligned hcles., 1In view of these conserva-

tive assumptions, it is estimated that the actual temperature
gradients across the brichs will be less than half this large.
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APPENDIX C

3 LIMITATIONS DUE TO COMBINED STRESS EFFECTS
AND FRACTURE CRITERIA UNCERTAINTIES
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The equivalent cylinder model used to evaluate the hypothetical non-

lincar temperature gradients within the bricks was only an approximation to the

real brick's geometry. Since the real nonlinear gradients were not known ex-

plicitly, this 2-dimensional model was used for economic reasons. however, as

shown by the in-plane analyses, the hexagonal geometry does produce stresses
which deviate from equivalent cylinder geometries as demonstrated by the shear
stress Txy (cf. text Figures 13e and 14d).

In a cylindrical geometry, these
shear stresses would be zero.

Consequently, a more accurate 3-dimensional
model of the hexagonal brick, like the one shown in Figure C-1 would yield more

accurate results for the nonlinear temperature gradient loading cases. Since

the stresses from this source of loading proved significant in contributing
towards the total stresses which could produce fracture, a more accuraie deter-

mination of the stress state within a hexagonal brick 3-dimensioral model would

be useful. However, the cost of running any 3-dimensional model is high and

this analysis should not be undertaken without knowing explicitly the aegree of

nonlinear temperature gradients which could exist within the bricks. Once an

accurate determination of these nonlinear gradients is made, then a 3-dimensional
stress analysis utilizing a model similar to the one shown in Figure C-1 would

yield results which are more accurate. These results could then be used in con-

junction with the in-plane analyses (which are quite accurate) to produce a

better interaction curve like the one shown in Figure 22. Since the interac-

tion curve shown in Figure 22 was based upon the 2-dimensional equivalent
cylinder model, it should only be used in a jualitative manner.

Another reason for only using this curve in a qualitative manner is that

the fracture criterion used did not take into account the shear stresses which

were present within the bricks. When examining the in-plane solutions, one

notices that fairly significant shear stresses can develop (cf. text Figures

13e and 14d). In fact, these shear stresses were approximately 40 percent of

the maximum tensile stresses within the biick.

When postulating a fracture
criterion for yttria stabilired zirconia, one immediately notices that the de-
formational behavior of YSZ and other ceramics falls into the class of materials

which are elastic-brittle, similar to concrete and rocks. The literature abounds

with different failure criteria for this class of materials but most of it

centers around the well known Coulomb~Mohr failure crit- rion in ong §

another., A typical failure surface of this type is shown in Fiqure C-2, where

Mohr's theory, represented by the solid Aark line, and Coulomb's theory, re-
presented by the dashed liine, are both illustrated.

The Mohr theory assumes
that the limiting shear stress is Tt =

f(g), i.e., some function of the noraal

stress acting upon a small element of material. One such possible functional
relationship would be
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where Oy = uniaxial tensile strength, o, = normal compressive stress and 1 =

shear rupture stress.

In contrast, a typical Coulomb criterion would be

where T, = intrinsic shear resistance of the material and u = coefficient of
internal friction, and 1 and o, are the same as above.

Without going into more detail (cf. Reference C-1 for further details),
one can notice that the failure of elastic-braittle materials can depend upon more
than just the uniaxial tensile strength of the material. 1In fact, even under
compressive loading conditions, when high shear stresses are present, failure will
occur as shown by the Coulomb-Mohr failure envelopes in Figure C-2, Such a con-
dition exists as shown for the point contact lcading analysis as shown in text
Figures 20c and 20e. Although these stresses were not severe enough to cause
failure, the type of stresses present were compresive normal stresses accompanied
by shear stresses.

The main point to be made here is the following. In the normal stress
"tensile" region (cf. Figure C-2), when shear stresses are present, the magnitude
of the tensile stresses needed to cause fracture are less than the uniaxial ten-
sile strength of the material. When the shear stresses are zero, then the ten-
sile stresses must reach the uniaxial tensile strength in order to cause fracture,
Since the shear stresses were neglected in the combined stress analysis, the
interaction curve shown in text Figure 22 represents an unconservative estimate
of conditions necessary to cause fracture, i.e., fracture could occur for values
of combined stresses less than that indicated by this interaction curve. There-
fore, as stated before this interaction curve should only be used in a gualitative
manner, and not as a design curve.

Reference
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