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ANALYTICAL INVESTIGATION OF MULTICAVITY PRESTRESSED 
CONCRETE PRESSURE VESSELS FOR ELASTIC 

LOADING CONDITIONS 

D. N. Fanning 

ABSTRACT 

A three-dimensional finite-element analysis of a commercial 
high-temperature gas-cooled reactor (HTGR) was made using the 
finite-element code STATIC-SAP. Four loading conditions were 
analyzed elastically to evaluate the behavior of the concentric 
core prestressed concrete reactor vessel (PCRV) of the HTGR. The 
results of the analysis were evaluated in accordance with Section 
III, Division 2, of the ASME Code for Reactor Vessels and Contain-
ments. The calculated maximum stresses were found to be well 
within the Code-allowable values. The analysis was preceded by 
an evaluation of candidate computer codes using comparisons of 
experimental data with analytical results for the Ohbayashi-Gumi 
multicavity PCRV model. This vessel was chosen as a basis for 
comparison because of its geometrical similarity to the large 
multicavity PCRV and the anticipated availability of a complete 
set of the original experimental data. Although we were unable 
to obtain the original data, sufficient data were available in 
the open literature to permit limited but meaningful comparisons 
to be made. The three-dimensional finite-element codes NONSAP 
and STATIC-SAP were used for the analysis of the Ohbayashi-Gumi 
vessel. 

INTRODUCTION 

The objective of this study was to use elastic analysis to investi-
gate the behavior of a concentric core prestressed concrete reactor ves-
sel (PCRV) representative of a current-generation multicavity vessel. The 
primary concern was to identify areas where the stress in the vessel ex-
ceeds the stress allowed by the ASME Code for Reactor Vessels and Contain-
ments. The PCRV studied is for a 2000-MW(t) HTGR designed by General 
Atomic (GA). The PCRV has a central core cavity; four steam-generator 
cavities and two auxiliary circulator cavities are situated in the wall 
of the vessel. 

The HTGR was analyzed using the three-dimensional finite-element 
computer code STATIC-SAP.1 Prior to the analysis of the HTGR, a series 
of analyses was made to provide a measure of verification of. the finite-
element computer codes utilized. The model used for the verification 
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analyses was the Ohbayashi-Gumi multicavity PCRV. This vessel was 
chosen because of its geometric similarity to the HTGR and because the 
test data were thought to be easily obtainable. Although the original 
experimental data could not be obtained, sufficient data were available 
in the open literature2 to permit limited comparisons. 

THE OHBAYASHI-GUMI TEST VESSEL 

Description 

The Ohbayashi-Gumi niulticcivity test vessel, shown in Figs. I and 2, 
is a 1/20-scale model of a lOOO-MW(e) HTGR. It has six steam-generator 
cavities arranged symmetrically about the central cavity as shown in 
Sections A and C of Figs. 1 and 2. A starlike concrete support struc-
ture (Section D) was connected rigidly beneath the bottom slab. The 
concrete had an ultimate strength of 44.6 MPa (6500 psi), and a 2.3-mm-
thick (0.09-in.) liner served as the pressure boundary. Vertical pre-
stressing was applied by 60 axial tendons, and circumferential pre-
stressing was applied by winding wire under tension around the outside 
of the vessel, which was instrumented with embedded-type gages for mea-
suring concrete strains. 

Analysis 

The first analytical model (. f the Ohbayashi-Gumi vessel was gener-
ated using 20-node elements. This type of element was selected because 
it is economical and offers advantages in modeling curved boundaries 
such as the vessel outer wall. Since the edges of the 20-node element 
are described quadratically, a smaller number of elements is required to 
represent curved surfaces than the number required when linear elements 
are employed. The in-core solution routine of NONSAP3 severely limits 
the number of elements which can be used, thus forcing the omission of 
the steel closures and bearing pads. Figure 3 shows the resulting ana-
lytical model. Curved edges of the elements are represented in the fig-
ure by two straight lines. The model consists of a 30° sector of the// 
vessel region above midheight of the reactor cavity. The midheight 
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symmetry assumed for this model represents an approximation of the 
actual vessel since the bottom head of the actual vessel is one-third 
thicker than the top head and is further stiffened by the support 
structure. 

Comparisons between the analytical results and the experimental 
data are nade for three loads: (1) vertical prestressing, (2) circum-
ferential prestressing, and (3) operating pressure of 4.9 MPa (711 psi). 
The comparisons are for the vertical cross section midway between the 
steam-generator cavities (left half of Section I of Fig. 1). In the 
figures, che positive signs signify tension and negative signs signify 
compression. The calculated axial strains due to vertical prestressing 
are slightly larger than the corresponding experimental values (see 
Fig. 4), a discrepancy which apparently is due to the use of too small a 
modulus of elasticity or too large a value of prestressing for the 
analytical calculations. 

The calculated radial strains due to the circumferential prestress 
show good agreement with the experimental data as seen in Fig. 5. The 
hoop strains produced by the circumferential prestressing are presented 
in Fig. 6. This analysis agrees fairly well with the experimental re-
sults except in the wall of the vessel near the reactor cavity, where 
the analytical results are approximately double the experimental results. 
The correctness of the experimental data is questionable, however, since 
the hoop strains measured in the walls between steam-generator cavities 
are larger than those in the wall sections where the concrete is con-
tinuous in the hoop direction. The radial strains due to internal pres-
sure are presented in Fig. 7. The agreement between the experimental 
values and the analytical values is reasonable. The comparison between 
the experimental and analytical values for hoop strain due to pressure 
is poor (see Fig, 8). In general, the analytical values are about 50 
ym/m more tensile than the experimental values. Unfortunately, the 
gages are not located in the regions of highest strain. 

In an attempt to assess the magnitude of error introduced by failure 
to model the steel closures and bearing pads, a second analytical model 
was generated which includes these features. As with the first model, 
only the portion of the vessel above the midheight of the reactor cavity 
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was modeled (see Fig- 9). The greater geometric detail of this model, 
compared with that of the first, prevented the use of 20-node elements. 
Instead, 8-node elements were used to model most of the vessel, and 
midside nodes were added where the geometry required curved edges. The 
use of the lower order elements was dictated by limitations imposed by 
the NONSAP in-core solution routine. Results of the second analysis are 
presented in Figs. 10 through 14. 

In Fig. 10 the contour lines showing calculated axial strains due 
to vertical prestressing differ appreciably from those of the first 
analysis (Fig. 4). This is particularly evident in the top slab region 
and at the haunch. Hot/ever, there is little difference between the re-
sults for the two analyses in the instrumented region of the vessel wall. 

In the case of the radial strains due to circumferential prestress, 
modol 1 (Fig. 5) exhibited a much higher concentration at the haunch than 
model 2 (Fig. 11), a difference which can be explained by characteristics 
of the elements employed in the two analytical models. The higher order 
20-node element used for the first analysis is more capable of identify-
ing regions subjected to steep strain gradients than the 8-node element 
used for the second analysis. 

The contour lines for hoop strain due to circumferential prestress-
ing, shown in Fig. 12 for the second analysis, are essentially identical 
to those of the first model (Fig. 6). The same differences in stress 
concentrations that were previously discussed with respect to the radial 
strains resulting from circumferential prestress can be seen when com-
paring the radial strains due to internal pressure for the first (Fig. 7) 
and second (Fig. 13) analyses; however, the values in the instrumented1 
region of the vessel for the two analyses are virtually the same. In 
both analyses, the central portion of the top slab has a tensile radial 
strain; but, whereas Fig. 7 shows a linear variation in strain through 
the thickness of the slab, Fig. 13 indicates a constant strain. This is 
probably related to the fact hat 20-node elements used in model 1 can 
accommodate linear strains, while the 8-node elements of model 2 can 
only have constant strains on any given edge. The only case where model 
2 appears to be clearly superior to model in that of the hoop strain 
due to pressure. The results for model 2 j11̂ ) show a compressive 
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hoop strain in the wall of the vessel between steam-generator cavities 
as do the experimental data, b>*t model 1 results (Fig. 8) show no com-
pressive strains in this region. 

The results of the Ohbayashi-Gumi multicavity PCRV model analytical 
studies conducted thus far using NONSAP have indicated that the geometric 
representations used in the analytical model were too crude to accurately 
represent the actual physical model. Consequently, the three-dimensional 
finite-element code STATIC-SAP was used to conduct a final analysis of 
the Ohbayashi-Gumi model prior to analyzing the proposed multicavity 
PCRV design for a commercial HTGR. STATIC-SAP has an out-of-core solu-
tion routine which enables it to accommodate a uuch larger problem than 
NONSAP. 

The finite-element model of the Ohbayashi-Gumi vessel developed for 
use with STATIC-SAP is shown in Fig. 15. It represents a 30° sector of 
the vessel as did the previous models, but it also models the full height 
of the vessel, thereby eliminating the previous assumption of midheight 
symmetry. Twenty-node elements are used throughout the model except for 
the two layers of elements designated by the cross-hatching in Fig. 15. 
Sixteen-node elements are used in these regions to significantly reduce 
the bandwidth of the structural stiffness matrix. The bearing pads for 
the vertical prestressing cables, the steel plate pressure boundaries 
above the steam-generator cavities, and the support structure were in-
cluded in the analytical model. 7 

The contour lines in Fig. 16 showing calculated axial strains due 
to vertical prestressing are essentially identical to those of the second 
analysis (Fig. 10), which indicates that it is not necessary to use the 
higher order elements for this loading condition. This conclusion is 
not surprising since the vertical prestress does not cause appreciable 
bending. A comparison of the axial prestressing strains for the last 

,7 
two models with the first shows the importance of modeling the bearing 
pads for the vertical prestressing tendons for accurate results in the 

.i region of the top slab near the prestressing tendons. | 
The radial strains resulting from circumferential prestress, Fig. 

1/t 17,'/show tension along the inner surface of the vessel wall as in Fig. 5 
for model 1. As mentioned previously, the use of lower order elements 
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in the second model is probably the reason why the tensile zone of Fig. 
11 does not extend to the haunch. To accurately calculate the radial 
strains due to this loading, it appears to be necessary to use the 
higher order elements. The hoop strains due to circumferential pre-
stressing shown in Fig. 18 are almost identical to those presented in 
Figs. 6 and 12. 

The hoop strains due to internal pressure shown in Fig. 19, like 
those for model 2 (Fig. 14), agree well with the experimental data. 
Figure 19 also shows a linear variation in strain through the thickness 
of the central portion of the top slab similar to the analytical re-
sults of model 1 (Fig. 8). 

Because the experimental data were restricted to regions where the 
strains varied relatively slowly, the Evaluation of the relative merits 
of the three models had to be made with little regard for the actual 
experimental and analytical comparisons; fortunately, the results of all 
the models were reasonable and essentially the same in the instrumented 
region of the vessel. However, by looking at other regions of the ves-
sel, such as the area under the vertical prestressing bearing pads, it 
was apparent that model 1 lacked sufficient geometric detail. Also, the 

(i 
radial strains along the inner surface of the vessel wall indicated that 
the lower order elements of model 2 could not give a good representation 
of the complete vessel behavior. Some of the results of model 3 showed 
a distinct lack of symmetrical behavior above and below midheight of the 
reactor cavity. For the abovo reasons we elected to model the full 
height of the vessel using the more desirable 20-node elements for the 
subsequent analytical studies of a concentric core multicavity PCRV. \ 

ANALYSIS OF HTGR 

The analytical model of the concentric core PCRV is shown in Fig. 
20. A 30° segment o£ the vessel is modeled using 213 20-node elements 
and 1667 nodes. The wall of the PCRV for the HTGR contains six cavi-
ties, 'fear for steam generators and two for auxiliary circulators (Fig. 
21). Since the vessel has two planes of symmetry, an accurate geo-
metric model would consist of a 90° segment of the vessel; however, 
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the error introduced by modeling only 30° should be very small. Although 
the refueling penetrations in the top slab are not geometrically repre-
sented in the analytical model, their effect has been parti illy accounted 
for by modifying the material properties of the elements in this region. 
Five load cases were analyzed: (1) vertical prestressing, (2) circumfer-
ential prestressing, (3) pressure, (4) dead load, and (5) fbprmal load. 
The actual loading conditions were simulated by superposing the results 
of these five loads. 

Thirty-one vertical tendons act upon the 30° segment of the vessel 
modeled; eight of these pass through the bottom head into the support 
structure, where they are anchored, and the others are anchored on the 
lower surface of the bottom head. The bearing pads associated with 
these tendons were too small to ihodel without drastically increasing the 
size of the analytical model and the cost of the analysis. Although the 
analyses of the Ohbayashi-.Gumi vessel indicated that the hearing pads i [ 
should be included for accurate results in the top slab, we felt that 
the error introduced by omitting these pads on the llTGJt would be insig-
nificant because of the relatively large number of tendons, a condition 
which makes the vertical prestressing lead more like a uniform pressure 
than the six tendons of the Ohbayashi-Gumi vessel. A preprocessor was 
used to convert the tendon, forces into equivalent nodal* loads. 

The circumferential prestressing is arranged in 24 bands,,each 
having 12 to 14 layers of 7-wire 12.7-mm-diam (0.5-in.) strandsV Layers 
within each band alternate having 53 and 54 strands. The five bands / / 

around the top slab'have an average tension of 96.3 MN (21,650 kips), 
which is equivalent to a pressure of 6.02 MPa (874 psi) on the outer 
wall of the vessel. Twelve bands compress the wall of the vessel be-
tween the top and bottom heads and exert the equivalent of 4.84 MPa 
(702 psi). The remaining seven bands around the bottom head are equiva-;( 
lent to a pressure of 5.73 MPa (831 psi.) on the outside of the vessel. 
A preprocessor converted the pressure loadings into equivalent nodal ! 

loads for input to STATIC-SAP. ~ „ , , 
The pressure loading used for the analysis was the maximum cavity h 

pressure (MCP) of 5.35 MPa (776 psi) instead of the operating pressure 
- f • v ''' of 4.90 MPa (710 psi). This pressurewas applied to the inside surfaces 
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of the reactor and steam-generator cavities and the crossover ducts. 
The upward thrust resulting from pressure on the steam-generator closure 
plug was simulated by an upward ring load on the top slab around the 
steam-generator penetration. As with Lhe pressures on the outer wall 
which simulate the circumferential prestress. equivalent nodal loads 
were calculated by a preprocessor for the internal pressure loading. 

The dead load consisted of several parts. The rebars, vertical 
prestressing tendons, t-idon tubes, and load cells were considered to be 
uniformly disf* ited in the concrete, resulting in a weight density of 
24.55 kN/m3 (156 lb/ft3) for the mixture. Eiehtv-five percent of the 
dead loads were included in uhe above mixture of concrete, steel, etc.; 
the weight of the circumferential terdons, steel channel liners, and 
associated load cells was included as a downward surface traction on 
the outer wall of the vessel. The weight of the control-rod drive as-
sembly and the top deck was represented as a pressure on the top head. 
The steam-generator weight was distributed as a downward surface trac-
tion on the walls of the oteam-generator cavity. The steam-generator 
closure plug weight was applied as a ring load on the top slab around the 
rim of the steam-generator cavity. The weight of the reactor core, the 
core support floor, and the segmented core barrel was applied to the 
bottom of the reactor cavity, and the weight of the liners and cooling 
tubes was neglected. 

Nodal temperatures are required for the effect of the thermal load 
to be analyzed. A thermal diffusion analysis of a PCRV reported by 
SauB." et al.'f .»as used to approximate the temperature distribution 
wiLhin the PCRV of the HTGR under analysis. The PCRV analyzed by Saugy 
was for a lOOQ-MW(e) gas-cooled fast reactor developed by the Swiss 
Federal Institute for Reactor Research. The Swiss PCRV differs from 
the on? chat we analyzed in that it has nine cavities in the vessel wall, 
whereas the latter has six. Another discrepancy is the 30 K (54°F) 
thernal gradient between the reactor c«.vity walls of Lhe Swiss vessel 
and the external walls compared with the 39 K. (70°F) thermal gradient 
of the HTGR vessel. A preprocessor progr̂ *n was written and used to cal-
culate the temperatures at the nodes of the HTGR vessel using the ther-
mal profiles for tne Swiss PCRV. The resulting Isotherms for a horizontal 
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section at midheight of the reactor cavity and for a vertical section 
through the steam-generator cavity are shown in Figs. 22 and 23. Two 
analyses of the thermal gradient loading condition were reported by 
Saugy. One analyses assumed that the temperature within any one finite 
element was conscant and nrturally resulted in a discontinuous thermal 
gradient within the vessel. Another analysis ircluded the gradient 
within an element, thereby resulting in a more accurate continuous 
thermal gradient. Since the maximum stresses calculated using both 
assumptions were approximately the same and since STATIC-SAP uses a con-
tinuous tnermal gradieit representation, any errors introduced by using 
che temperature approximated from the report by Saugy (and shown in Figs. 
22 and 23) should be insignificant. 

COMPARISON OF ANALYTICAL RESULTS OF HTGR 
WITH OHBAYASHI-GUMI VESSEL 

Although the modulus of elasticity for the HTGR is not the same as 
that for the Ohbayashi-Guni multicavity vessel, 34.5 vs 31.0 GPa (5 * 10* 
vs 4.5 * 106 psi), they are sufficiently close to allow a reasonable com-
parison of strains and, of course, have no effect on the stresses. 
Poisson's ratio for the HTGR concrete is 0.17 while for the Ohbayashi-
Gui.i vessel it is 0.167, an insignificant difference. 

The axial strains resulting from the vertical prestress shown in 
Fig. 24 are practically identical to those for che Ohbayashi-Gumi vessel 
(Fig. 16). Both vessels exhibit a high gradient in the cop slab because 
of the concentrated prestressing forces. Both vessels also have tensile 
strains in the central portion of t-he top slab and high strain gradients 
at the haunches, and the wails of tne vessels have almost constant strain 
through the thickness. The slightly higher strains in the wall of the 
Ohba>ashi-Gumi vessel can be explained by its lower modulus of e]as- ^ 
ticity compared vith that of rhe HTGR and its higher effective pr&stress-
ing level 

The radial strains due1 to circumferentia] prestressing presented in 
Fig. 25 are very similar to the strains in the Ohbayashi-Gumi vessel for 
the same loading (Fig. 17). The inside surfaces of the walls of the 
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vessels have tensile strains of approximately 50 iim/m. The largest rom-
mssivi' strains, 300 ;'ir/rrT octur rt the haunches of the vessels Tne 
nit'hor relative L i rcumt erent ia 1 pros tress ing level of the HICK probablj 
causes the larger compressive strains in the top and bottom slabs of 
that vessel. 

The hoop strains resulting from circunferential prestress (shown in 
Fig. 26) differ from those of the Ohbayashi-Gumi vessel (Fig. 18) pri-
marily in the region of the vessel wall near the reactor cavity wnere 
the strains in the HTGR are approximately 80 jjm/m more compressive. 
Tii<_ uilit.ic.iiL n-lalivi. p r e s L r e & s m n levels., a s m e n L i o n e d previously, are 
probably the major contributor to the larger strains in the HTGR. 
Throughout the remainder of the cross section, the strains in the two 
vessels are almost the same. 

The hoop strains due to internal pressure, shown in Fig. 27, are 
very close (within 50 urn/m) to those for the Ohbayashi-Gumi vessel (Fig. 
19). For both vessels the strains are most tensile along the wall of 
the reactor cavity near its midheight and compressive in the region of 
the vessel wall beLween steam-generator cavities. 

The analytical results for the HTGR vessel appear to be reasonable 
based upon the comparisons that have been made w i L h the earlier calcu-
lations for the Ohbayashi-Gumi model with a similar geometry. These 
results will be compared with the maximum allowable stresses prescribed 
by Section III, Division 2 of the ASME Code.5 

EVALUATION OF HTGR 

The following loading conditions were evaluated: (1) dead load plus 
prestressing; (2) dead load, prestressing with end-of-life losses, and 
temperature; (3) dead load, prestressmg with end-of-life losses, and 
pressure; and (4) dead load with end-of-life losses, pressure, and tem-
perature. The cnd-of-life prestress losses as obtained from the Delmarva 
Power and Light PSAR are 18 and 20% for the vertical and the circumferen-
tial prcstress, respectively. For the analysis of the temperature load-
ing, the modulus of elasticity was reduced by 50% as allowed in subpara-
graph CB-3310 (b) of the ASME Code. The 50% reduction is intended to 
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provide a conservative estimate of the reduction in stress resulting from 
creep. 

The results for load condition 1, which represents the loads on the 
vessel immediately after the vessel has been prestressed, are presented 
in Figs. 28 through 33. According to Table CB-3421-1 of the ASME Code, 
the compressive stresses for this loading should not exceed 0.50f^, which 
is 22.4 MPa (3250 psi) for the concrete of the HTGR; the tensile stresses 
should not exceed 6/iP, which is 3.34 MPa (484 psi) for the concrete of 
this vessel. The stresses shown in Figs. 28 through 32 are all within 
the allowable limits; however, the allowable compressive stress is ex-
ceeded slightly in the ligament between the reactor cavity and the steam-
generator cavity on the inside surface of the steam-generator cavity (Fig. 
33). The volume of concrete that is overstressed is insignificant. 

Results of load condition 2 are shown in Figs. 34 through 39. Since 
this loading includes secondary stresses caused by temperature, the allow-
able compressive stress is 0.6f^, which is 26.9 MPa (3900 psi), and the 
allowable tensile stress is 7.̂ -/f̂ , which is 4.17 MPa (605 psi). The 
largest tensile stresses occur in the ligament between the reactor cavity 
and the steam-generator cavity near the crossover ducts (Fig. 36). The 
stress in these regions is approximately 2.76 MPa (400 psi), which is 
much lower than the 4.17-MPa (605-psi) maximum allowable tensile stress. 
The largest compressive stresses occurred in the same regions as the 
largest tensile stresses for this loading condition (Fig. 39). The 24.1-
MPa (3500-psi) 'compressive stress that exists in the ligament does not 
exceed the 26.9-MPa (3900-psi) maximum allowable value. 

^Results for load condition 3 are presented in Figs. 40 through 45. 
The maximum allowable compressive stress for this loading is 0.45f^, 
which is 20.2 MPa (2925 psi), and the limit for tensile stress is c 
[3.34 MPa (484 psi)]. The only tensile stresses for this loading occur 
at the upper haunch (Fig. 41) and at the top of the steam-generator cavity 
(Fig. 42). The tensile stresses at the upper haunch are very low, that 
is, less than 1.38 MPa (200 psi); however, the tensile stresses around 
the top of the steam-generator cavity are in excess of 6.9 MPa (1000 psi), 
which is considerably larger than the allowable value. These large ten-
sile stresses are misleading because they are due primarily to the method 
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of modeling the effect of the pressure on the steam-generator cavity clo-
sure plug. In the analytical model, the pressure on the closure plug was 
represented by an upward ring load on the top head around the rim of the 
steam-generator cavity; in the actual vessel the load on the closure plug 
would be transferred to prestressing tendons rather than directly to the 
concrete. The net result is that the severe stress concentration in the 
analytical model does not accurately represent the conditions of the ac-
tual vessel in this localized region and the high stresses are therefore 
fictitious. This lack of similitude between the analytical model and the 
actual vessel also caused a concentration of compressive stresses at the 
top of the steam-generator cavity (Fig. 45). Except for this region, 
the compressive stresses are generally less than 6.9 MPa (1000 psi). All 
compressive stresses are less than the Code-allowable value of 20.2 MPa 
(2925 psi). 

The results of load condition 4, which is essentially the normal 
operating condition [except the pressure is MCP instead of normal working 
pressure (NWP)], are presented in Figs. 46 through 51. For this loading 
the allowable compressive stress limit is 0.60f^ [26.9 MPa (3900 psi)]; 
the tensile stress limit is 7.5/f^ [4.17 MPa (605 psi)]. Except for the 
region around the top of the steam-generator cavity, the largest tensile 
stresses appear at the outer wall of the vessel at midheight (Figs. 46 
through 48) and at the upper surface of the top head near the centerline 
of the vessel (Figs. 47 and 48). Stresses in these two regions are ap-
proximately 2.78 MPa (400 psi), which is within the Code-allowable limit. 
The large tensile stresses calculated for the region at the top of the 
steam-generator cavityjjare fictitious, as explained in the discussion of 

V 

load condition 3. The compressive stresses are generally less than 6.9 
MPa (1000 psi) . The lacic. of similitude for the closure plug hold-down 
also results in a calculated concentration around the top of the steam-
generator cavity; however, even the 12.4-MPa (1800-psi) compressive stress 
reached in this area is much less than the allowable limit. 
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CONCLUSION 

According to the results of the elastic analysis, the HTGR vessel 
appears to be within the Code-allowable range for concrete stresses. The 
only region where the analysis indicated stresses exceeding the allowable 
limit is in the region around the top of the steam-generator cavity im-
mediately below the steam-generator cavity closure plug attachment. The 
large tensile stresses calculated in this region of the vessel for load 
conditions which included internal pressure resulted from a lack of simil-
itude between the actual closure plug hold-down and the method used for 
modeling the hold-down. The loading imposed on the analytical model re-
sulted in a sizable stress concentration which does not exist in the ac-
tual model. 

Compressive stresses exceed the Code-allowable values for point 
stress in a very small region of the ligament between the reactor cavity 
and the steam-generator cavity. However, all compressive forces can be 
resisted by the compression sectional area remaining when the concrete 
subjected to point stresses above those allowed is neglected as in para-
graph CB-3440 of the A.SME Code. 
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Fig. 3. Analytical model 1 of the Ohbayashi-Gumi vessel. 
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Fig. 4. Axial strains due to vertical prestressing for Ohbayashi-
Gumi model 1. (Contours represent calculated values and points represent 
experimental values in millionths.) 



Fig. 5. Radial strains due to circumferential prestre.ssing for 
Ohbayashi-Gumi model 1. (Contours represent calculated values and points 
represent experimental values In millionths.) 
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Fig. 6. Hoop strains due to circumferential prestressing tor 
Ohbayashi-Gumi model 1. (Contours represent calculated values and 
points represent experimental values in millionths.) 
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Fig. 7. Radial strains due to design pressure for Ohbayashi-Gumi 
model 1. (Contours represent calculated values and points represent 
experimental values in millionths.) 
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Fig. 8. Hoop strains due to design pressure for Ohbayashi-Gumi 
model 1. (Contours represent calculated values and points represent 
experimental values in millionths.) 
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Fig. 9. Analytical model 2 of the Ohbayashi-Gumi vessel. 
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Fig. 10. Axial strains due to vertical prestressing for Ohbayashi-
Gumi model;,2. (Contours represent calculated values and points repre-
sent experimental values in millionths.) 
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Fig. 11. Radial strains due to circumferential prestre^sing for 
Ohbayashi-Gumi model 2. (Contours represent calculated values and point*? 
represent experimental valuus in iiulliontlis.) 
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Fig. 12. Hoop strains due to circumferential prestressing for 
Ohbayashi-Gumi model 2. (Contours represent calculated values and 
points represent experimental values in millionths.) 
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Pig. 13. Radial strains due to design pressure for Ohbay.ishi-Gumi 
model 2. (Contours represent caLculdLud values dtir' points represent 
experimental values in nulliontlis.) 
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Fig. 14. Hoop strains due to design pressure for Ohbavashi-Gumi 
model 2. (Contours represent calculated values and points represent 
experimental values in millionths.) 
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Fig. 15. Analytical model 3 of the Ohbayashi-Gumi vessel. 
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Fig. 16. Axial strains due to vertical prestressing for Ohbayashi-
Gumi model 3. (Contours represent calculated values and points represent 
experimental values in millionths.) 
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Fig. 17. Radial strains due to circumferential prestressing for 
Ohbayashi-Gumi model 3. (Contours represent calculated values and points 
represent experimental values in millionths.) 
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Fig. 18. Hoop strains due to circumferential prestressing for 
Ohbayashi-Gumi model 3. (Contours represent calculated values and 
points represent experimental values in millionths.) 



Fig. 19. Hoop strains due to design pressure for Ohbayashi-Gumi 
model 3. (Contours represent calculated values and points represent 
experimental values in millionths.) 
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ORNL-0*6 77-3226 

Fig. 20. Analytical model for PCRV igned for a commercial HTGR. 
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Fig. 21. General arrangement of PCRV for a commercial HTGR. 
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Fig. 22. Isotherms on horizontal section at midheight of reactor 
cavity of the HTGR vessel. 
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Fig. 23. Isotherms on vertical section through steam-generator 
cavity. 
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Fig. 24. Axial strain due to vertical prestressing for HTGR vessel. 
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Fig. 25. Radial strain due to circumferential prestressing for HTGR 
vessel. 
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Fig. 26. Hoop strain due to circumferential prestressing for HTGR 
vessel. 
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Fig. 27. Hoop strain due to internal pressure for HTGR vessel. 
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Fig. 28. Maximum principal stress due to initial prestressing for 
HTGR vessel . 



ORNL-DWG 7 7 - 3 2 6 6 

Fig. 29. Maximum principal stress due to initial prestressing for 
HTGR vessel. 
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Fig. 30. Maximum principal stress due to initial prestressing for 
HTGR vessel. 
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Fig. 31. Minimum principal stress due to initial prestressing for 
HTGR vessel. 
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Fig. 32. Minimum principal stress due to initial prestressing for 
HTGR vessel. 
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Fig. 33. Minimum principal stress due to initial prestressing for 
HTGR vessel. 
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Fig. 34. Maximum principal stress at end o£ life due to temperature 
gradient for HTGR vessel. 
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Fig. 35. Maximum principal stress at end of life due to temperature 
gradient for HTGR vessel. 
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Fig. 36. Maximum principal stress at end of life dua to temperature 
gradient for HTGR vessel. 
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Fig. 48. Maximum principal stress at end of life due to tempera-
ture gradient and maximum cavity pressure for HTGR vessel. 
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Fig. 38. Minimum principal stress at end of life due to temperature 
gradient for HTGR vessel. 
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Fig. 39. Minimum principal stress at end of life due to temperature 
gradient for HTGR vessel. 
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Fig. 40. Maximum principal stress at end of life due to maximum 
cavity pressure for HTGR vessel. 
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Fig. 41. Maximum principal stress at end of life due to maximum 
cavity pressure for HTGR vessel. 
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Fig. 42. Maximum principal stress at end of life due to maximum 
cavity pressure for HTGR vessel. 



ORNL-DWG 77-3236 

Fig. 43. Minimum principal stress at end of life due to maximum 
cavity pressure for HTGR vessel. 
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Fig. 44. Minimum principal stress at end of life due to maximum 
cavity pressure for HTGR vessel. 
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Fig. 45. Minimum principal stress at end of life due to maximum 
cavity pressure for HTGR vessel. 
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Fig. 46. Maximum principal stress at end of life due to tempera-
ture gradient arid maximum cavity pressure for HTGR vessel. 
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Fig. 47. Maximum principal stress at end of life due to tempera-
ture gradient and maximum cavity pressure for HTGR vessel. 
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Fig. 48. Maximum principal stress at end of life due to tempera-
ture gradient and maximum cavity pressure for HTGR vessel. 
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Fig. 48. Maximum principal stress at end of life due to tempera-
ture gradient and maximum cavity pressure for HTGR vessel. 
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Fig. 48. Maximum principal stress at end of life due to tempera-
ture gradient and maximum cavity pressure for HTGR vessel. 
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Fig. 51. Minimum principal stress at end of life due to tempera-
ture gradient and maximum cavity pressure for HTGR vessel. 
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