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ABSTRACT 

A gas turbine (GT) located within a High-Temp~rature Gas-Cooled 

Reactor (HTGR) induces high acoustic sound pressure levels into the pri-

mary coolant (helium). This acoustic loading induces high cycle fatigue 

stresses which may control the design of the thermal barrier system. This 

study examines the dynamic response of a thermal barrier configuration con-

sisting of a fibrous insulation compressed against the reactor vessel by a 

coverplate which is held in position by a central attachment fixture. The 

results of dynamic vibration analyses indicate the effect of the plate size 

and curvature and the attachment size on the response of the thermal barrier • 
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NOMENCLATURE 

A cover~late area, m2. 
A " L . 

For a square coverplate, 

D average diameter of central attachment fixture, m 

E coverplate material elastic modulus, Pa 

f natural freque1\CY, f m w/2 'f!, Hz 

h thickness of coverplate, m 

J area normalized acoustic coupling factor 

K1 design deflection and velocity amplification 
factor 

~2 design stress amplification factor, which is a 
function of coverplate - attachment fixture 
configuration 

L length of one side of the coverplate, m 

pp peak acoustical load, Pa 

y maximum displacement of coverplate, m . 
y maximum velocity of coverplate, m/s 

n modal loss factor 

A a dimensionless C(lliStant determined by analysis. 
Note that A, K1 , K2, and J are dimensionless 
factors which are a function of the geometry of 

the coverplate •. There will be an infinite set of 
natural frequencies, which are indexed 1, 2, 3, 
••• corresp~nding to f1, f2, f3 ••• and A1, A2, 
A3 ••• in ascending order. 

v Poisson's ratio 

p coverpiate material mass dedaity, kg/m3 

o maximum stress intensity in coverplate, the 
maximum 'difference in the principal stresses, Pa 

w radian natural frequency, rad/s 

Subscript 

R condition in reactor helium 

INTRUUUC'J:'ION 

This paper documents the response of a typical 
thermal barrier coverplate rlP.Rign to acoustic excita­
tion. The rms octave band acoustic load in the HTGR­
GT has bee~ estimated at approximately 2000 Pa (160 
dB) for frequencies between 22 and 716 Hz. This 
acoustic loading induces high cycle fatigue stresses, 
which may control the design of the thermal barrier 
system. This study examines the dynamic response of a 
thermal barrier configuration consisting of a fibrous 
insulation compressed against the reactor vessel by a 
coverplate, which :l:s held in position by a central 
attachment fixture. Attention is directed to the 
response of the coverplate. It is recognized that the 
motion of the coverplate has the potential of damaging 
the fibrous insulation; however, the subject of fiber 
damage is not addressed iri this paper. 

ACOUSTIC ANALYSIS THEORY 

The response of a coverplate with a.cedtral 
fastener due to a random acoustic excitation can be 
estimat~d from Equations 1 through 4. These equations 
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were 'derived based on the following assumptions: (1) 
thin flat platP. theory applies; (2) the acoustic field 
is a narrow band random process (i.e., the plate reso­
nance response is overlayed by an acoustic driver, 
which has a smaller bandwidth than that of the plate); 
and (3) the pressure field is uniform over the surface 
of the plate. 

y 
= K1PPJ 

(1) nphw 

y = ym/w (2) 

a = 12:tlJ (~1 (!) (3) 

A2 G Eh2 }J1/2 
w = 21lf = 2 (4) 

L 12 p (1 -

Equation 3 implies that the maximum stress intensity 
in the plate to largely independent of the plate mate­
rial. Once the four dimensionless factors (K1 , K2 , J, 
and A) are deteriDined for a given plate geometry, 
Equation 3 can be easily applied to predict the 
maximum stress intensity. 

COVERPLATE DYNAMIC MODEL 

The nondimensional factors K1, K2, J, and A were 
computed for the covcrplate geometry shown in Fig. 1. 
The coverplate is flat with the edge of the inner hole 
clamped and the outer edge free. There are 320 ele­
ment~t in the meah.. The 111AtP.r1.al properties input intp 
the MODSAP computer code (1) are the material density 
(p), elastic modulus (E), and Poisson's ratio (v) as 
shown Table 1. Tiiese factors ore evaluated as a func­
tion of the ratio of the diameter of the central hole 
(D) to the side length of the coverplate (L). 

The effect of plate curvature on the response of 
a coverplate was evaluated using the curved plate ge­
ometry shown in Fig. 2. The mesh and analysis proce­
dures are identical to those for flat plates except, 
of course, that in the present case the plate is cy­
lindrically curved. The plate was 1.905 em (0,75 in.) 
thick and 50.8 em (20 in.) on a side, with o central 
hole 11.7 em (4.6 iLl•) in diameter. The material 
properties of the plate are· indicate.d in Table 1. The 
outer edges were free and.the plate was clamped along 
the edge of the central hole. Cylindrical curvature 
was introduced by curling two opposite sides of the 
plate upward out of the plane of the flat plate, as 
shown in Fig. 2. Thus, the curved plates all had the 
same projected area - the area of the shadow cast by a 
distant light source. The actual surface area of the 
plate and its mass increased with decreasing radii of 
curvature. The analysis was made mode by mode by 
loading the plate with an acceleration equivalent to a 
uniform pressure. The results were obtained for the 
first 20 modes. 

Plate Damping 
The coverplate damping depends on a wide variety 

of parameters: (1) coverplate - attachment fixture 
configuration, (2) insulation material characteris­
tics, (3) gas conditions, (4) frequency and mode shape 
ot t:he plate, and (5) ~he ooverplate l!l!lt:.,r.f al proper­
ties. It is very difficult to estimate the damping of 
a given system without testing. However, based on 
available data on similar types of thermal barrier 

2 

Property 

Densi!y• p 
(kg/m (lb/1n. 3 ) I 

Elastic modulus, E 
(HPa (psi) I 

Poisson's ratio, v 

Allowable stress in 
hifh cycle fatigue, 
Sa a) (HPa (psi) 1 

TABLE 1 
MATERIAL PROPERTIES 

A Typical 
Material Carbon-Carbon 
(Metal) Composite 

7916 1716 
(0.286) (0.062) 

1.77 X 105 1. 72 X 104 
(25.2 X 106) (2.5 X 106) 

0.29 0.2 

66(b) 27(c) 
(9.5 X 10J) (J.9 X 103) 

(a)For a design life of 1 x 109 s. 

Fibrous 
Insulation, 

Saf£11 Alumina 

88 
(3.2 X 10-3 ) 

1.4 x 1o-2 
(2.0) 

--
-

(b)Por IN 713LC, which is a metallic material with high­
temperature (900°C) properties sufficient to make it a top 
candidate material for the core outlet tetbperature (highest 
temperature) regions of a gas turbine nuclear reactor. 

(c)Based on carbon-carbon with an expected average strength 
of 103 MPa (15,000 psi). 

systems (2-4), it is seen that in atmospheric air 
n > 0.02 for low frequency (f < 716 Hz) excitation. 

There are various theories for predicting plate 
damping at reactor operating conditions (i.e., helium 
at 70 bars and 850°C). In general, these theories 
indicate that the damping increases with gas pressure; 
however, there is no generally accepted theory. In 
spite of a lack of currently available test data, it 
is assumed in this study that at reactor conditions 
'lR = 0.04. 

Method of Determining Plate Response at Reactor 
Conditions 

In general, the coverplate in a thermal barrier 
system is backed by fibrous insulation that exerts a 
force on the coverplate. However, the comvuter re­
sults generated in this study neglected this insula­
tion force. Tilis insulation, together with its inter­
sti.tial gas, can cause a shift in the natural fre­
quency of the plate. For typical thermal-barrier­
size coverplates the frequency of the free coverplate 
is not significantly affected by the insulation in 
atmospheric air. However, there may be some small 
Ahift in the frequency at reactor (high pressure) 
helium conditiono. If there tA a shift in frequency, 
the plate stress (a) and deflections (y) need to be 
corrected. Tilis can be done by using Equation 5: 

(5) 

RESULTS 

Flat Plate 
Results were computed for the first 20 modes of 

six r.overplate geometries corresponding to various 
ratios of the hole diameter D to the side length L 
(Fig. 1). The numeri.r.al val1.1es used in the input are 
nondimensionalized so that the results are applicable 
to any thickness or material of a thin coverplate of 
th'il form shown in Fig. 1.. R~s.l.llt!l f&r Kl' K2 , J, A2, 
and the combined parameter l:tK1K2J/A· are given il'l 
Tables 2 through 6. For the modes evaluated, the peak 
stresses occurred around the inner hole. 
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MODE 1 

Fig, 2, curved plate modes. Radius of curvature a 86.4 em. 
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Example 
Consider a square coverplate 50.8 em (20 in.) on 

a side and 1.90 em (0.75 in.) thick with a 11.7 em 
(4.6 in.) diameter hole. The parameters describing 
the plate ·are: 

L • 50.8 ~m, D • 11.7 em, h • 1.9 em, D/L • 0.23 

The combined stress response parameter is read from 
Table 2. This parameter is at its. maximuw in the 
third mode. 

The maximum stress-in the plate can now be found 
directly from Equation 3: 

For Pp • 2216 Pa and n • 0.04, 

a • 0.9360 ~~~Sr 0~04 x 2216 Pa 

a • 37 MPa (5400 psi) 

The remaining nondimensional parameters in the third 
mode ·are: 

Kt • 2.286 

K 1 • 8.8195 

~2 - 14.73 

J - 0.8394 

The natural frequency of the plate in the third mode 
is given by Equation 4 with the material properties 
indicated in Table 1. 

f (Hz) ·{161.6 Hz, carbon-~arbon 
243.6 Hz, steel 

The maximum displacement can si~ilarly be calculated 
from Equat.ion 2. 

Table 7 summarizes the response of selected sizes 
of flat plates with integral attachment fixtures. If 
the maximum modal stress aa in Table 7 is compared to 
the allowable stress (Sa) (per Table 1), it is seen 
that, for a metal plate made of IN 713LC, most of the 
sizes selected are within the allowable stress in the 
plate. However, a plate of similar size made of a 
r.arbon-carbon (C-C) composite will have stresses above 
the allowable stress for that material. 

Table 7 was generated based on the simplified 
assumption that the maximum platP. stress can be calcu­
lated based only on the most severe mode. This 
implies there is no need to combine modal stresses. 
This is justified based on the fact that the st.ress 
parameter in Table 2 for this most severe mode is at 
least an order of magnitude larger than for any other 
mode, and it has been assumed that Pp/n is independent 
of frequency. If this latter assumption is not tru~, 
it would be necessary to combine modal stresses. 

Curved Plates 
The results for the mode with the highest stress 

for each radius of curvature are given in Table 11. It 
can be seen from Table 8 that curving the plate: 

1. Increases the natural .frequency. 
2. Decreases the modal stress. 
3. Decreases the modal displacement. 

Curving the plate substantially. increases the plate 
stiffness, raising both the natural frequencies and 
the resistance of the plate to respond .to all dynamic 
loads. As with the flat plate, the peak stresses 
occur around the inner hole. 

The mode shapes of a flat plate and the plate 
with r • 86 em (34 in.) are compared in Figs. 1 and 2. 
The first twu mod~a of the flat plate are missing in 
the curved plate. However, the higher modes are very 
similar. Both the maximum stress and maximum dis­
placement were found always in all cases to arise in 

TABLE 7 
·sUMMARY OF MAXIMUM STRESS IN A FLAT COVERPLATE WITH AN INTEGRATED CENTRAL ATTACHMENT FIXTURE 

(Based on Eqs. 3 and 5, Table 2, and ~ • 0.04) 

Area~ 
A • L 

(m2 (in. 2)) 

0.372 (576) 
0.258 (400) 
0.258 (576) 
0.372 (576) 
0.258 (400) 

(a)Based 

(h)Based 

Thickness, h 
(em (in.)] D/L 

1.9 (0.75) 0.192 
1.9 (0.75) 0.23 
2.54 (1.0) 0.23 
2.54 (1.0) 0.192 
3.8 (1.5) 0.23 

on Eq. 4 with material 

on Pp • 2216 Pa (0.321 

12K
1
K2J 

Frequency, f(a) Maximum 
-~-4- Plate Stress, 

(Hz) aa<b> 
l'er Table 2 Metal c-c (MJ'a (ksi)) 

1.172 172 112 66.4 (9.83) 
0.936 247 161 36.8 (5.34) 
0.936 330 215 20.7 (3.0) 
1.172 229 149 37.4 (5.42) 
0.936 -- 99 9.21 (1.34) 

properties per Table 1 and ~ as given in Table 6. 

psi) and assuming f/fa • 1. 

• 12~~J (L\2 PP 
~ --;:;--- tt} Q.07; 

(c) Cuwliining Eqo, 3, t. ,. ami l yields 

. 
y- a (pE.12\-1/2(>.2) 

R 1 - }j K2 

6 

Maximum 
Plate Velocity, 

;<c> 
(cm/s (in./s)] 

Metal c-c 

76 (30) 540 (210) 
46 (18) 330 (130) 
25 (10) 180 (72) 
43 (17) 310 (120) 

83 (33) 
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TABLE 8 
CHARACTERISTIC OF MODE WITH GREATEST RESPONSE TO A PRESSURE FIELD 

Radius of Ratio of Ratio of Ratio of 
Curvature, Natural Maximum Maximum 

Dimensionless rCa) Fre,uencies, Modal Stress, Modal Displacement, 
Factors 

[m (in.)] Mode fr fr=m(b) Or/ or=m(c) Y/Yr=m J Kl K2 >,.2 

m (flat) 3 1.0 1.0 1.0 0.8394 2.286 8.09 14.73 
5.38 (212) 2 1.15 0.93 0.72 0.8579 2.12 10.4 16.94 
2.03 (80) 2 1.50 0.73 0.35 0.8733 1. 75 16.9 22.10 
1.02 (40) 1 2.07 0.51 0.20 0.9048 1:75 21.4 30.49 
0.864 (34) 1 2.26 0.4& 0.17 0.9128 1. 75 22.8 33.29 
0.508 (20) 1 3.06 0.34 0.087 0.9372 1.67 31.6 45.07 

(a)The results were generated for metallic plates with a projec.tP.d area of a 50.8 em x 50.8 
em flat plate (t.e., A= 0.258 m2), a thickness of 1.90 em, and with a central hole 11.7 em in 
diameter. 

(b)f 
r • natural frequency of the mode with the maximum stress for a coverplate with a 

radius of curvature r 
fr="' = natural frequency of the mode with the maximum str.ess for a flat (r=m) coverplate 

(e)or • maximum modal stress for a given radius of curvature r 
or-m = maximum modal stress for a flat plate (ram) 

the umbrella-like mode (mode 1 for r • 86 em and mode 
3 for the flat plate). This mode also had the highest 
area normalized acoustic coupling factor J. 

No attempt was made to reduce the results further 
as was done for t.he flat plate since thin plate theory 
io not applicable t.o curved plates and the available 
theories for cylindrically curved panels do not permit 
simple generalization of the finite element results. 

CONCLUSIONS AND RECOMMENDATIONS 

A set of equations has been given that is useful 
for predicting the dynamic response of a flat cover­
plate. The equations show that the maximum stress 
intensity in a plate is largely independent of the 
plate material. Based on the work done to date, a 
reasonable size (per Table 7) thermal barrier cover­
plate can withstand the low frequency design acoustic 
loading currently predicted for the HTGR-GT plant. 

Based on the present study of the response of 
cylindrically curved coverp1ates to acoustic loads it 
is found. that the introduction uf curvature reduces 
the response of a coverplate. The natural frequencieo 
of a coverplate increase with increasing curvature and 
both the maximum stress and maximum displacement fall 
with increasing curvature. It is recommended that the 
general method for flat plates be applied to curved 
coverplates since it yields a conservative estimate of 
the plate response. If additional margin is required, 
credit for curvature can be obtained only from a case 
by case study such as is presented in this paper. 

Before a given coverplate - attachment fixture 
can be designed with confidence in an HRGR-GT, it is 
necessary to obtain a more precise def1.nition in the 
following areas: 

1. Aeousting loading: Need to increase 
confidence in the acoustic load as a function of 
frequency and location in the primary coolant loop. 

2. Hatodal strur.r.ural properties: Need to 
determine the high cycle fatigue strength of the 
candidate high-temperature materials in reactor 
helium. Currently there are only limited data on 
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materials capable of withstanding the design 
temperatures in the core outlet region of an HTGR-GT. 

3. Plate damping: Need to determine 
experimentally the damping characteristics in reactor 
helium. Currently the plate damping in reactor helium 
is based on limited testing of similar structures and 
on theory, which needs vorificatf (>n. 

4. Loading on attachment fixtures: The results 
of this study do not include the loading on the 
attachment fixture; this information is needed. 

5. Verification of plate boundary conditions. 
6. The effect of the plate motion on fiber 

damage needs to be determined experimentally. 
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