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This work has been performed under contract No. F1-1W-0003-D(B) within the 
framework of the Commission of die European Communities Programme on Management 
and storage of Radioactive Waste. 

ABSTRACT 

A finite element study has been performed with four axisymmetric models of die HAW 
test field, which is an underground experimental facility used for the investigation 
of the effects of storage of heat producing and high active nuclear waste in salt 
formations. The HAW test field consists of two parallel galleries situated in the Asse salt 
mine in Remringen in Germany. From each gallery four vertical holes are drilled at equal 
distances. In each gallery one borehole is equipped with electrical heaters for considerable 
time now. The temperatures and stresses around the heaters are to be accurately analyzed, 
taking into account the geometries of the heaters in the borehole as best as possible. Since 
the geometry of die two heaters is different the analysis gives the results for bom heaters. 
In order to compare the results of these fine meshed models with the coarse meshed 
3D-models in previous analyses two additional models are made with the heaters modelled 
as a uniform heat source. In these models one heater has the same total length as in the 
above mentioned axisymmetric analyses, the other model has a shorter heater 
corresponding with the length of the heater in the coarse meshed 3D-models. The effect of 
the galleries, bending of die borehole, as well as interaction between die boreholes are not 
accounted for correctly. Friction between the liner and die salt is also neglected. 
Some remarkable results from the analyses are: 

- In die thermal analyses the maximum temperatures are not found at the locations 
of the mermoApouples. 

- The distribution of the temperature in the vicinity of the borehole is very sensitive 
to the geometry of the heaters, but outside a sphere with a diameter of about the 
height of die heaters no significant differences are found. 

- The distribution of the radial stresses is not very sensitive for die geometry of the 
j heaters. 
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1 INTRODUCTION 

In die predictive analyses for the HAW test field die stresses m the salt around the boreholes 
are analyzed with 3D-[IJ as well as with 2D*[2] models. In these analyses the geometry of 
the heaters, which exists of four heated pans separated by non-heated areas» is approxknaird 
by one uniform heat source over die total heated length. However, the geometry of the heaters 
might have a large effect on die temperature distribution directly around the borehole. To 
interpret die results of the temperature and pressure measurements on die liners and around 
the boreholes the effect of die geometry on die temperatures and die stresses around die 
boreholes are analyzed in detail. 
Refined axisymmetric models of the Al- and Bl-borehole are analyzed with die FE-code 
ANSYS Rev. 4.4 [3] which is installed at die CONVEX computer of the ECN datacentre. 

First die temperatures around die borehole are calculated for die Al- and Bl-borehole widi 
4 heater sections and liner using die real dimensions of the heaters. 
Secondly structural (linear elastic and creep) analyses are performed on the models usmg the 
temperature loading calculated in the thermal analysis. In die predictive thermal analyses no 
liner was used and in die structural analyses die liner was simulated by constraint equations 
fixing the diameter of die borehole. In the two axisymmetric models of the Al* and 
Bl-borehole the steel liner is modelled and connected to die salt by means of constraint 
equations. The temperature analyses and the structural analyses are performed separately and 
are discussed in die following chapters. 

In the above mentioned predictive 3D-analy$is a heat source length of 6.00 meters was 
chosen. This analysis represents a test field with an infinite number of heated boreholes. In 
order to compare the measurements in die test field with die two actual heated boreholes with 
die analysis results a new 3D-analysis [4] was performed. Based on [S] the length of the heat 
source in this analysis was 5.29 meter. Afterwards die real total length of die heat source 
appeared to be 5.79 meters. To investigate the influence of these differences two 
axisymmetric models with uniform heat sources over the above mentioned lengths are 
analyzed. The results of these analyses are discussed in Appendix A. Some results of the Al
and Bl-boreholes in this chapter are compared with a reference borehole. This is the borehole 
whh die long heater in Appendix A. 
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2 THERMAL ANALYSIS; DESCRIPTION 

2.1 Modelling description 

2.1.1 Assumptions 

The models are axisymmetric and therefore represent only one borehole with heaters. The 
effect of the galleries as well as interaction between the adjacent boreholes in the galleries 
thus are not taken into account correctly. For the Al- and the Bl-borehole and the reference 
borehole three different FE-models are used. See Figure 2.1.1 and 2.1.2. 
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Figure 2.1.1 Modelled geometry of the boreholes. 

Also the thickness of the liner in the Al-borehole (18 mm) is less than in the 81-borehole 
(25 mm) which is taken into account in the models. No gap is modelled between the steel 
liner and the salt in the Bl-borehole. The reference borehole is a modified model of the 
Al-borehole. In mis model the liner is also included but not connected to the salt. 
The part of the salt that is considered is 100 meter in radial direction measured from the 
centre of the borehole and in vertical direction 100 meter measured downward and 3 meter 
upward from the floor of the gallery. The 4 meter wide square cellar is modelled as a 
cylindrical cellar with the same depth but equal surface area. The equivalent cellar radius is 
2.33 meter. No equivalent gallery radius is introduced in the model. Although the influence 
of the gallery is not properly taken into account the analyses of the near field temperature 
distribution can be considered to be very accurate given the long distance between the heaters 
and the gallery and the considered time period. 
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The heater in the Al-borehole has shorter heater elements than the heater in die B1-borehole. 
As the total length in both cases is 5.794 meter the gaps between the heaters m the 
Al-borehoie are longer. The length of the reference borehole thus is also set to 5.794 meter. 
A schematical picture of the heater geometry and dimensions is given in Figure 2.1.2. 

Geoneny of die beams 
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Figure 2.12 Schematical picture of the heater geometry. 
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2.1.2 Description of the mesh 

At first a mesh for me Al borehole was generated by means of the ANSYS preprocessor 
PREP7 without any mesh transitions. This resulted inamodd wimfartooinany eleatentsand 
nodes to get reasonable computing times and disk space. A mesh transition generaled by 
PREP7 resulted in a mixed mesh of quadrilateral and triangular elements. The softer 
triangular elements disturbed the stress results in the static test run. It appeared not possible 
to generate a better mesh transition with PREP7, so it was decided to generate the mesh by 
means of die preprocessor FAM-build supplied by FEGS [6]. 

A part with a radius of 5 meter at die gallery floor level was not supported in order to 
lepieiem die floor of the gallery. In a static test ran with the Al model very high stresses 
were round at the location of the wall of die gallery. As this lias great mfiiience on the results 
and die cornputer-tirne of die creep analyses, it was decided to include die lower part of the 
gallery up to a height of 3.0 meters and including die lower radius of 1.0 meter to the model. 
This resulted in the finite elements model for the Al borehole as shown in the Figures 2.13, 
2.1.4 and 2.1.5. 

Al-faMMr 

Figure 2.13 Finite elements model Al-borehole. Entire model. 
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Figure 2J.4 Finite elements model Al-borehole. Detail. 

The Al and Bl boreholes require a different element model because the element lay out is 
specifically adapted to the different heater geometries. The modified part of the finite element 
model used for die Bl borehole is also shown in Figure 2.1.5, For the thermal analyses of the 
Al andBl boreholes die liner is connected to the salt by means of connected duplicate nodes 
on the liner and die wall of the borehole. During die modelling phase this is piepaied by 
defining duplicate nodes at the location between liner and salt. 
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The mode) of the reference bole is also a modified Al model and is also shown in 
Figure 2.1.5. 

Al-borehote Bl-borehote Rtf. borehole 

Figure 2.1.5 Finite elements models of the boreholes. Heater zone. 

For die thermal analysis of the reference borehole die heat flow is directly input into die salt 
wall of die hole, because this is die way die heat flow is input in die predictive analyses. As 
die model is used for both die thermal and creep analyses die liner, which is necessary to 
build up die stresses in die salt, is also included in die model. In die reference borehole die 
duplicate nodes of die liner and die salt are not connected in die diermal analysis to prevent 
heat flow into the liner. 
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2.2 Element choice 

The element type used for the thermal analysis is ANSYS STIF77 with the 4 comer nodes 
used only. This element is a higher order version of the 2-D isoparametric thermal solid 
STÏF55 that can be used as an axisymmetric thermal element with a two-dimensional thermal 
conduction capability if only the four comer nodes are used, with one single degree of 
freedom, temperature, at each node. 
This type of element is used for the thermal analyses in stead of the commonly used STIF55 
elements because in axisymmetric problems the extra temperature shapes of the SÏTF55 
elements will produce an inaccurate temperature field over the model. For the STIF55 
elements it appeared impossible to switch off the extra temperature shape functions. 

2.3 Boundary conditions and loading 

2.3.1 Description 

See Figure 2.3.1 for the boundary conditions and loading of the boreholes. 

Uniform heal flow 2400 W per healer element 

H I Uniform heat flow 9600 W total 

—> Convection film coefficient JO W/m'C 

Figure 2.3.1 Thermal boundary conditions and loading. 

The thermal loading for the models with the heater sections is applied by heat flow on the 
nodes at the inside wall of the liner, representing the heater sections inside the liner. The liner 
is connected to the salt by means of constraint equations. 
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For the analysis of the reference borehole the heat flow is applied directly to the salt at the 
nodes at the inside of the borehole. In this case the liner is not connected to the salt by 
means of the constraint equations. The total power of the heaters equals 9600 W. 
At the cellar and the gallery the surface has a boundary condition by a prescribed convection 
film coefficient of 30 W/(m2 K) and a prescribed bulk temperature (gallery air temperature) 
of 36 *C (309 K) to account for heat flow towards the gallery. 
The remaining outside nodes and the not loaded nodes in the borehole have no boundary 
conditions, which means in ANSYS that heat flow through those nodes is impossible. 

Note: As the analysis is performed using the time in days the heater power and the convection 
film coefficient are multiplied by 24 * 60 * 60 = 86400 in the input of the program. 

2.4 Material parameters 

2.4.1 Linear thermal properties 

Steel : specific heat p % : 7850 * 500 [ J/m3 K ] 
conductivity K 35 [ W/m K ] 

2.4.2 Non-linear thermal properties 

Salt: specific heat : p*cp = 1870490 + 387.72 T [ J/m3 K ] 
conductivity : K = 5.734 - 0.01838 T + 2.86*105 T - 1.51*10"8 T [ W/m K ] 
(Temperature T in "Q 

Note : As the analysis is performed using the time in days, the conductivity thus must be 
given in I J * day'1 * m'1 * K'1 ] which means that the coefficients have to be 
multiplied by 24 * 60 * 60 = 86400 in the input of the program. 

2.5 Analysis scheme 

2.5.1 Description of the analysis scheme. 

The analysis is performed for one year of constant heat production. The thermal analysis 
preceeds the creep analysis. The temperatures of the nodes calculated in the thermal analysis 
is used in the creep analysis in the period of 675 - 1040 days. 

2.5.2 Description of the control parameters. 

In a thermal analysis, the integration time step is related to the "conducting length" of the 
element. The larger the thermal gradient to be resolved, the smaller both the integration time 
step (ITS) and the element "length" should be. 
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In the ANSYS User's Manual [3] the following guideline is provided. 

(ITS) = (P/(4a) 

where: 
(ITS) = initial time step 
d = relevant conducting length of an element 
a = K/pcp = thermal diffusiviry 

For the finite element model this means that for the radial direction the smallest initial time 
step is .0007 days and for the axial direction mis value is .004 days. 
When at a node the temperature is suddenly raised, the temperature at the next node can 
decrease to a value somewhat lower than the initial temperature. As in the present analysis 
the temperature is not suddenly raised an initial time step of .01 days is considered to be 
sufficiently low. 
The ANSYS program has a time step optimization procedure, based on the second time 
derivative of temperature with respect to time. The normalized value for the second 
derivative, set by the ANSYS program to 10 'C, is for this analysis modified to a value of 
5*C. 
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3 STRUCTURAL ANALYSIS; DESCRIPTION 

3.1 Modelling description 

3.1.1 Assumptions 

For the creep analysis the same geometry is modelled as for the thermal analysis. The model 
represents only one borehole with heaters. The effect of the galleries, bending of the borehole, 
as well as interaction between the adjacent boreholes in the galleries thus are not taken into 
account accurately. Friction between the liner and the salt is also neglected. For the Al- and 
the Bl-borehole two different FE-models are used since the heater geometry in both holes 
differs. Also the thickness of the liner in the Al borehole (18 mm) is less man in the Bl 
borehole (25 mm) which is taken into account in the models. No gap is modelled between the 
steel liner and the salt in the Bl borehole. The reference borehole is a modified model of the 
Al borehole. Again the gallery is taken into account to a height of 3 m above die floor level. 

3.1.2 Description of me mesh 

For the creep analysis the same finite element model is used as for the thermal analysis. 
The liner is modelled separate from the salt, so it can be connected or disconnected to the salt 
using constraint equations or by direct coupling of the nodes. 

3.2 Element choice 

The element type used is the ANSYS STIF42 element with the extra displacement shape 
functions suppressed. This element is commonly used for this type of creep analyses. This 
element is a 2-D isoparametric solid which is used as an axisymmetric element. The element 
is defined by four nodal points having two degrees of freedom at each node: translation in 
the nodal x and y directions. The element has plastic, creep, swelling, stress stiffening, and 
large rotation capabilities. The extra displacement shape functions of the element are 
suppressed by using KEYOPT(2) = 1 because those extra displacement shape functions will 
cause irregularities in the stress results, using the element as an axisymmetric element. 

3,3 Boundary conditions and loading 

The row of nodes from the gallery wall to the outer radius of the model at 100 m are 
constrained in vertical direction. To avoid instability in the calculation process the nodes in 
the centerline of the axisymmetric model are also constrained in the horizontal (radial) 
direction. The outside vertical row of nodes at 100 m and the bottom nodes are loaded with 
a uniform pressure load of 11 MPa. 
During the isothermal part of the analysis all nodes have the initial global temperature of 
36 'C (309 K). In the heated part of the analysis all nodes are loaded with temperatures 
calculated in the thermal analysis. See Figure 3,3.1. 
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Temperature load: Temperatures at all nodes from thermal analysis 

Figure 33.1 Static boundary conditions and loading 
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3.4 Material parameters 

3.4.1 Linear elastic properties 

Steel : 

Salt 

Youngs modulus E - 206000 [ MPa ] 
Poissons ratio x> = 0.3 [ - ] 
Thermal expansion coefficient = 12.0 10* [ K'1 ] 

Youngs modulus E = 7600 [ MPa ] 
Poissons ratio \) = 0.3 [ - ] 
Thermal expansion coefficient * .00004 [ K'1 ] 

3.4.2 Non-linear properties 

Steel 

Salt 

No non-linear properties are assumed. 

The elastic properties are described by the Young's modulus and the 
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Poisson's ratio. It has been stated that the BGR recommended a Young's 
modulus of 25000 MPa , however the smaller ECN value of 7600 MPa is 
used to account for primary creep effects. For the secondary creep law die 
following creep law is used. 

£-22.9<£« T 

3.5 Analysis scheme 

3.5.1 Description of analysis scheme. 

The structural analysis has been split up into the following parts: 

1. t = 0 days. 
Elastic (static) analysis. The liner is not yet fitted into the borehole. To simulate this the 
liner in the finite elements model is at a top node only connected to the salt to suppress 
the rigid body motions and hanging free in space. An error estimation is performed on 
the calculated stress distribution. For this purpose a separate run is necessary using only 
the linear material properties for the rock salt. 

2. t = 0 - 675 days. 
A period of isothermal free convergence of the borehole is analyzed. During this period 
the liner is not yet fitted into the borehole. The liner in the finite element model is still 
connected to the salt at the top node only. 

3. t = 675 days. 
After 675 days the liner is fitted into the borehole and this is simulated in the model by 
connecting the duplicate nodes of the liner and the salt by means of constraint equations 
without loading the liner. The constraint equation describing the radial (x) displacement 
of the nodes of the salt relative to the displacement of the nodes of the liner is defined 
as follows: 

"*/»(') - UUMW + C r C - * 7 5 days) 

In axial (y) direction the liner and salt are not connected, no friction is taken into 
accoun*. 
The top node of the liner is connected to the corresponding node of the salt in the axial 
direction to analyze the displacement of the bottom node of the liner relative to the salt. 

4. t = 675 • 1040 days. 
One year of heated convergence is analyzed. In the thermal analysis the history of the 
temperatures of all nodal points for this period is calculated and saved in file04. This file 
is input in this structural analysis. The liner remains connected to the salt as described 
above and the pressure build-up on the liner is analyzed. 
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3.5.2 Definition of control parameters. 

The secondary creep is the only non-linear phenomenon in the structural analysis. Therefore 
the control parameter for the automatic time stepping algorithm can be chosen as high as 
stability limitations permit. The initial time step depends on the maximum creep ratio mat is 
reached in the time increment. The creep ratio is defined as the ratio between the equivalent 
creep strain increment and the total elastic strain. A maximum creep ratio of .25 is chosen for 
all time steps and the initial time step is chosen so that the creep ratio is not exceeded. If mis 
occurs the initial time step is reduced in the input of the analysis. 

3.5 J Normalized error energy calculation. 

The error energy associated with a solution may be calculated for linear elastic analyses using 
2D and 3D solid elements. The error energy is similar in concept to the strain energy and 
represents the energy associated with the discrepancy between the calculated stress field and 
the globally continuous stress field. This discrepancy is due to the assumption in the ANSYS 
elements that only the displacements are continuous at the nodes. The stress field is calculated 
from the displacements and should also be continuous, but generally is not. In postprocessing 
the Normalized error energy is calculated per element. These values are then summed to 
obtain the total error energy (ENR). This total error energy is added to the total strain energy 
(SEN) to obtain the total energy. If the error energy is a significant portion of the total 
energy, the analysis should be repeated using a finer mesh to obtain a more accurate solution. 
The error energy is relative from problem to problem but will converge to a zero energy error 
as the mesh is refined. 
The fraction of the error energy to the total energy (ERR) is calculated by: 

ERR = V(ENR/(SEN + ENR)) 
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4 THERMAL ANALYSIS; RESULTS 

4.1 Temperature distribution 

4.1.1 Temperature distribution around the boreholes. 

As the models are large enough to have no influence of the boundary conditions on the results 
around the borehole in the contour plots the region around the borehole is shown only 
together with a detail around the heated part of the borehole. 

For the Al-borehole die maximum radial stress in the creep analysis is found after 704 days 
of creep and for die Bl -borehole after 701 days of creep. The temperature distributions at 
tiiese times is shown in Figure 4.1.1. The maximum temperatures in the salt are always found 
at die wall of the borehole, as could be expected. It is obvious that die temperature in die 
Al-borehole will raise faster than in the Bl-borehole, due to die shorter heaters. 

The temperature distribution after 36S days of heat production or 1040 days of creep is shown 
in Figure 4.1.2. In these figures die influence of the differences in the heater geometry is 
visible. The Al-borehole shows four separate heated parts and die Bl-borehole two, because 
die heaters of this borehole are situated in two pairs close togedier. 

For die results of the temperature analysis of die reference borehole see Appendix A. 
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Figure 4.1.1 Temperature distribution at the time of the maximum radial stress. 
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Al-Borehole with healer 
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Figure 4.1.2 Temperature distribution after 1040 days of creep. 
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4.1.2 Wail temperatures of the borehole. 
Al-bovdxMC 

To make the influence of the geometry of 
the heaters better visible than in the above 
contour plots is possible, XY-plots are made 
of the distribution of the temperature of the 
salt at the wall at the heated part of the 
boreholes. The results are combined in 
Figure 4.1.3. 
For the A1-borehole the temperatures after 
704 and 1040 days of creep are shown and 
for the Bl-borehole the temperatures at 701 
and 1040 days. 

These curves clearly show the influence of 
the geometry of the heater elements. The 
shorter heaters in the Al-borehole with the 
larger gaps between them show four 
separated heated parts, but the longer heater 
elements of the Bl-borehole have very 
small gaps between the upper two heater 
elements and also between the lower two 
heater elements. The gap between the two 
sets of heater elements is larger so this 
results in two heated parts in the borehole. 
The difference between the maximum 
temperature and the temperature near the 
12.11 meter level, the location of the 
thermocouples in the boreholes, is after 
1040 days of creep about 45 'C for the 
Al-borehole and about 20 *C. for the 
Bl-borehole. 

For the reference borehole the temperatures 
at 702 and 1040 days of creep are also 
shown in this figure. The temperatures in 
the reference borehole are about as high as 
in the other two boreholes but of course 
show only one heated part. As could be 
expected the maximum temperatures occur 
in all three cases about in the middle of 
their heated parts. 

JOO 

Borehole with uniform long heater 

Figure 4.1.3 Wall temperature distribution. 
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4.2 History of the temperature for 1 year of heat production. 

4.2.1 Maximum temperatures. 

In the temperature analysis the temperatures of all nodes are calculated and saved for a 
selected number of time steps. The time analyzed is 1 year. The analyses of the different 
boreholes are done in three runs (0 -1 day; 1 -10 days; 10 - 365 days). Due to the time step 
optimizing technique in ANSYS the time steps in the analysis runs for the three boreholes are 
different. The temperatures from these analyses are used in the creep analysis in the period 
of 675 - 1040 days. Therefore in the figures the results of the thermal analyses will be 
presented with a time scale ranging from 675 to 1040 days. Because of the greater length of 
the heater elements in the B1-borehole the increase of the temperature is slower than in the 
Al -borehole. In Figure 4.2.1 the maximum temperatures are given for the two boreholes. It 
shows that the heater geometry has little influence on the maximum temperatures. After 1 
year of heat production the Al and Bl borehole differ only 6.7 *C. Also the reference 
borehole with the uniform heater gives results in the same range. 

Maximum temperatures 

P 

I 
2 

I 

800 850 900 
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Figure 42.1 Maximum temperatures in the salt. 
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4.12 Temperatures in the 12.11 m. level. 

In the HAW-field the temperatures in and around die boreholes are measured at different 
levels at the wall and two distances from me centerline of the boreholes. For the level of 
12.11 m. die history of the temperatures is given in Figure 4.2.2. The temperatures at die wall 
of me Al-borehole are lower than the temperatures of die Bl-borehole. The reference 
borehole with die uniform long healer shows die highest temperatures. This phenomenon is 
caused by die geometry of the heaters as also could be seen in chapter 4.1. Therefore it is not 
possible to make a direct comparison between die measurements of diese temperatures and 
die results of the predictive analyses with the uniform short heaters. See also Appendix A. 
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Time (iky») 

Figure 4JJ History of the temperatures at level 12.11 m. 
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5 STRUCTURAL ANALYSIS; RESULTS 

5.1 Linear static analysis. 

5.1.1 Error energy. 

The linear static analysis is >ised to check the model, to make an estimate of computer time 
and disc space and to calculate the Normalized Enor Energy. For the calculation of the error 
energy the material properties must be linear. This calculation is done for die Al borehole 
only and die results are shown below: 

Total Error Energy ENR 
Total Strain Energy SEN 
Enor Energy Fraction ERR 

01489696 
30917.44 
0.002195 

The Error energy per element is shown in Figure 5.1.1. 
From this results it is obvious that die finite element models for all dnee boreholes have a 
sufficient fine mesh. 

_ KW 1 

E - I I 
« 
• 
1 

• 

4 

7 

I 
J 

Figure 5.1.1 Error energy distribution for the Al borehole. 
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5.1.2 Normal stresses. 

The analyses starts at the moment the boreholes are created. As the models are large enough 
to have no influence from the boundary conditions on the results around the borehole, the 
contour plots show only the region around the borehole together with a detail around the 
heated part of the borehole. 
The boundary conditions and loading of the Bl -borehole and the reference borehole are equal 
to the Al-borehole and the models differ in details only. Therefore the results of the static 
analysis for these boreholes will be equal and are shown for the Al-borehole only. 

The extremes of the principal stresses are 0.205 and -24.499 MPa. A positive value for the 
principal stresses implies a potential danger of cracking of the salt. It can be observed 
however that the elements with a positive maximum principal stress are all elements in the 
first layer of the gallery floor and the bottom of the borehole. The direction of these stresses 
is perpendicular to the gallery floor and the bottom. If cracking occurs, the effect will be 
limited to a small layer and the cracks will be parallel to the surface. 

The distribution of the radial stress components has been represented in Figure 5.1.2. 

Al-Boreholc with beater 

SIRM (MPa.) 

m I n ; 

m* % : « « J I 

Figure 5.1.2 Al-borehole. Static solution. Radial stress. 
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The distribution of the vertical stress components has been represented in Figure 5.1.3, and 
the distribution of the circumferential stress in Figure 5.1.4. 

A1-Borehole with heater 
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Figure 5.1.3 Al -borehole. Static solution. Vertical stress. 
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Figure 5.1.4 Al-borehole. Static solution. Circumferential stress. 
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In the Figures 5.1.5 and 5.1.6 an impression is given of the equivalent stresses and the 
hydrostatic stresses around the borehole. 

Al-Borehole with heater 
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Figure 5.1.5 A J-borehole. Static solution. Equivalent stress. 
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Figure 5.1.6 Al-borehole. Static solution. Hydrostatic stress. 
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5.2 Creep Analysis 

5.2.1 The maximum radial stresses. 

In the 675 days of isothermal creep at an overall temperature of 36 *C (309 K) the stresses 
around the borehole will decrease a little by relaxation. Then the liner is fitted in the borehole 
and the heaters are switched on. The history of the radial stresses is shown in Table 5.2.1. 
It can be observed that the maximum radial stress is reached for the Al -borehole after 704 
days of creep, for the Bl -borehole after 701 days of creep and for the reference borehole after 
702 days of creep. 

Maximum Radial Stresses ( M P a ) 

Al-Borehole 

5 

10 

20 

50 

100 

200 

300 

400 

550 

675 

685 

692 

698 

704 

711 

721 

736 

756 

782 

816 

864 

936 

1040 

-14.454 

-14.010 

-13.001 

-12.788 

-12.971 

-13.006 

-13.156 

-13.198 

-13.162 

-13.210 

-29.297 

-30,491 

-30.771 

-30.893 

-30.725 

-30.560 

-30.325 

-30.034 

-29.663 

-29.276 

-28.798 

-28.132 

-27.832 

Bl-Borehole 

5 

10 

20 

50 

100 

200 

300 

400 

550 

675 

685 

695 

701 

707 

715 

728 

746 

768 

796 

836 

897 

987 

1040 

-14.606 

-13.969 

-12.933 

-12.805 

-12.984 

-13.019 

-13.160 

-13.201 

-13.169 

-13.208 

-29.453 

-30.758 

-30.859 

-30.843 

-30.693 

-30.492 

-30.200 

-29.851 

-29.462 

-29.016 

-28.457 

-27.705 

-27.665 

Ref. Borehole 

5 

10 

20 

50 

100 

200 

300 

400 

550 

675 

685 

691 

696 

702 

709 

718 

731 

749 

773 

804 

846 

907 

1040 

-14.454 

-13.010 

-13.001 

-12.788 

-12.971 

-13.006 

-13.256 

-13.198 

-13.162 

-13.210 

-29.045 

-30.298 

-30.739 

-30.889 

-30.887 

-30.774 

-30.510 

-30.187 

-29.789 

-29.340 

-28.832 

-28.221 

-27.006 

Table. 5.2.1 History of the maximum radial stress. 
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To compare the results of the three analyses the history of the maximum radial stress is 
shown in Figure 5.2.1. As can be observed from these curves the maximum radial stresses do 
not differ very much for the three boreholes, but the stresses at the reference borehole 
decrease faster by relaxation. This can be explained by the larger part of high temperature 
near the borehole as is shown in the thermal results. A greater area than at the Al- and 
Bl -borehole will creep faster. 

Maximum radial stresses 

10-

-15 r-ia 

-20-

V3 

S 
CO 

-25-

-30-

-35-

- B - AI-borehole 
- © - Bl-borehole 

A Ref. borehole 

0 200 
—1 
400 600 

time (days) 

800 1000 

Figure 52.1 Maximum radial stresses. 

In all three analyses the maximum radial stress is found in a finite element at a mean radius 
of 0.47 m. In the Al borehole the maximum radial stress is found at level 11.21 m (about the 
middle of the second heater element from the top), in the B1 borehole at level 11.17m (about 
in the middle of the two top heater elements) and in the reference borehole at level 12.01 m 
(about in the middle of the uniform heater element). 
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5.2.2 The radial stresses in the measuring points. 

The A1-borehole is equipped with 3 measuring devices at the levels 10.5, 12.0 and 13.5 m. 
and the Bl -borehole at the 12.0 m level only. For these measuring points the history of the 
radial stresses is given in figure 5.2.2. 

Al-borcbole Locthon* of measuring points 

«oo 

Time (d»ys) 

Bl-borehole 

^/(MI«y:L0wt:O.Om 

A1-bor*ho<* 

' Ltv«l: 10.5 m 

• Lwd 12JI m 

• Lw«l:13.Sm 

B1-borate)» 

L«v«; 12.0 m 

1 L«v«l 10.5 m. 
Ltvel 12.0 m. 

• L»wl 13.5 m. 

Figure 52.2 History of the radial stresses at the measuring points. 
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5.2.3 Pressure distribution on the liner. 

The radial stress in the salt generates 
a pressure on the liners. Figure 5.2.3 
gives the pressure distribution on the 
liner of the three boreholes at the time 
the maximum radial stress occurs and 
at 1040 days of creep. Again it can be 
observed that the geometry of die 
heaters has a significant influence on 
the results of the analyses. 
The level is measured from the floor 
of the gallery 

Al-borebok 

-3-

- 101 day» 
lOM>d*y* 

Borehole with uniform long heater 

Level (m.) 

Figure 5.2.3 Pressure distribution on the liner. 
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5.2.4 Stress distribution after 675 days of creep. 

After 675 of isothermal creep the liner is fitted into the borehole. In the analysis this is done 
by connecting in radial direction the duplicate nodes of the liner and the wall of the borehole 
by means of constraint equations. As the results of the three analyses arc identical for this part 
of the analysis only the results of the A1-borehole are given. Comparison with the results of 
the static analysis shows that there has been a little relaxation around the borehole. 
See figure 5.2.4 for the radial stress distribution. 

Al-Boiebole with heater 

Figure 52.4 Radial stress distribution'after 675 days of isothermal creep. 
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The distribution of the Von Mises stress and the Hydrostatic stress after 675 days of 
isothermal creep is given in the Figures 5.2.5 and 5.2.6. 

A1-Borehole with heater 

Stress (MP».) 

a . o o i 
7 . « » • 

0 
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Figure 52£ Von Mises stress distribution after 675 days of isothermal creep. 
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Figure 52.6 Hydrostatic stress distribution after 675 days of isothermal creep. 
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5.2.5 Stress distribution at maximum radial stress. 

After 675 days of isothermal creep the liner is inserted and the heaters are switched on. The 
heating of the salt causes the pressure to rise and in the same time the stresses relax. After 
704 days of creep (29 days of heat production) the maximum radial stress of 30.735 MPa in 
the Al-borehole is reached. The maximum of 30.791 MPa in the Bl-borchole is reached after 
701 days of creep. Figure 5.2.7 gives the stress contours at the times of those maxima. It can 
be observed clearly that the maximum compressive stresses occur at some radial distance 
(r = 0.468 m) from the liner. 

A1-Borehole with heater 
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Bl-Borehole with heater 
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J J 
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1J 
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I 0 
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Radial stress after 701 days of creep 

Figure S2.7 Radial stress distribution at the time of maximum radial stress. 
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Figure 5.2.8 gives the Von Mises stresses at the times of the maximum radial stresses. 

Al-Borehole with heater 
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Von Mises stress after 701 days of creep 

Figure 5J.8 Von Mises stress distribution at the time of maximum radial stress. 
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Figure 5.2.9 gives die Hydrostatic stresses at the times of the maximum radial stresses. 
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Hydrostatic stress after 701 days of creep 

Figure 52,9 Hydrostatic stress distribution at the time of maximum radial stress. 
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5.2.6 Stress distribution after 1040 days of creep. 

To illustrate the relaxation of the stresses in the salt the radial stress distribution after 1040 
days of creep is given in the figure 5.2.10. This is also the time at which the analyses arc 
stopped. 
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Radial stress after 1040 days of creep 
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Radial stress after 1040 days of creep 

Figure 52.10 Radial stress distribution after 1040 days of creep. 
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Figure 5.2.11 gives die Von Mises stresses, also at 1040 days of creep. 
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Figurc 5.2.12 gives the Hydrostatic stresses, also at 1040 days of creep. 
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Figure $2.12 Hydrostatic stress distribution after 1040 days of creep. 
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5.2.7 Displacement of the liner in the salt. 

In the analyses the top node of the liner is connected in vertical direction to the salt. The rest 
of the liner nodes can move in vertical direction with respect to the duplicate nodes in the 
salt. As the only connection between the liner and the salt in vertical direction is the top node 
of the liner with the corresponding node at the same level in the salt and as there is no further 
loading on the liner the movement of the top node and the bottom node of the liner will be 
the same during the first 675 days of isothermal creep. The liner will follow the upward 
movement of the gallery floor due to the creep of the salt into the gallery. The vertical 
displacement of the bottom node of the borehole in the salt creeps also upward, but much 
slower. When the heaters are switched on the vertical displacement of the liner is still coupled 
to the vertical creep of the salt, but for a short time the bottom node will go downward due 
to the thermal expansion of the steel. The bottom node of the borehole will also be pressed 
downward due to thermal expansion. The movement of the bottom node and of the top node 
of the heater of the Al-borehole is given in Figure 5.2.13. After one year of heat production 
the difference in the elongation of the liner and the salt is less than 0.5 cm. 

Liner displacements 

-0.5-

-1.0-

- Q - lop liner 
<fr boltom liner 

—*- bottom tall 

200 400 600 
Time (days) 

800 1000 

Figure 52.13 Movements of the liner and the salt of the Al-borehole. 
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6 CONCLUSIONS 

The temperature distribution and the stress distribution in the salt are very sensitive for the 
geometry of the heater elements in the two boreholes. 

As the measuring points in the boreholes are situated between the heaters it is quite likely that 
not the maximum temperatures are registered. 

The temperatures found in the 3D-analysis [4] apparently are too low, due to the coarse mesh 
in the finite elements model and too high due to the shorter assumed length of the heaters. 
Therefore a very careful comparison between the measurements, the 2D-anaIysis [2], the 3D-
analysis [4] and the results of the axisymmetric analyses is necessary. This comparison will 
be performed and reported in a separate report. 

The influence of the geometry of the heaters on the pressure on the liner is only significant 
about 26 days after the heaters are switched on. At this time the largest radial stresses are 
found, but after about one year of heat input no significant differences in the pressure on the 
liner are found. 

The elongation of the liner in comparison with die elongation of the salt is very small. It can 
easily be compensated by the springs mounted in die head of me liner support. 



- 4 4 -

7 REFERENCES 

[1] Hamilton, L.F.M.; Ruijtenbeek, M.G. van de; Beemsterboer, CJJ.; Prij, J.; 
Thcrmo-mcchanical pre-tcst analyses for the HAW test field, part 10. ECN-89-167 

[2] Hom, B.A. van den; Hamilton, L.F.M.; Prij, J.; Thermo-mechanical pre-test analyses 
for the HAW test field, pan 9. ECN-89-167 

[3] ANSYS Engineering Analysis System. Swanson Analysis System, Houston, 
Pennsylvania, 15324(U.S.A.) 

[4] Heijdra, J.J.: A three-dimensional finite element analysis of the HAW test field with 
two heated holes. ECN-C--92-042 

[S] Hamilton, L.F.M.; Thermo-mechanical pre-test analyses for die HAW test field, pan 8. 
ECN-89-167 

[6] FEGS Ltd. FAM Reference Manual, Version 2.5, Release 1.3 



- 4 5 -

APPENDIX A 

A.I Geometry of the reference boreholes. 

In the 3D-analysis [4] the total length of the set of heaters was assumed to be 5.29 meter. The 
total length of the heaters as installed in the HAW test field is 5.79 meter. The geometry of 
these two 'boreholes' is given in figure A.l. 
In the previous chapters some results of the analyses of the Al- and Bl-boreholes were 
compared with a reference borehole. This reference borehole is referred to as borehole with 
long heater in this appendix. A fourth axisymmetric finite element model is analyzed to make 
a comparison with the predictive analyses and is referred to as borehole with short heater. 

50 
B-2.33 

FU0.8 

1 

Figure A.1 Geometry of the boreholes with uniform heaters. 
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A.2 History of the maximum temperatures. 

It is obvious that the increase of the temperature at the short heater will be faster than at the 
long heater. These results are compared in figure A.2. After 1 year of heat production the 
maximum temperature found in the analysis of the short heater is 284.85 'C and in the long 
heater 262.14 *C. The difference in the maximum temperatures is about 22.7 *C. The 
maximum temperature found in the same period in the 3D-analysis with the two heated holes 
[4] was 251.4 *C. This large difference with the short heater of about 33.5 *C is caused by 
the rather coarse mesh in the 3D-analysis. To check this statement a test analysis is made 
using an axisymmetric model with the same coarse mesh as the 3D-model shows in the plane 
perpendicular to the gallery. The temperatures found nearly corresponded with the 
3D-analysis. This is also shown in figure A.2. 

Maximum temperatures 

850 900 
time (days) 

Figure A.2 History of the maximum temperatures. 
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A.3 Temperature distribution around the boreholes. 

As the models are large enough to have no influence of the boundary conditions on the results 
around the borehole in the contour plots the region around the borehole is shown only 
together with a detail around die heated part of die borehole. 
For the long heater the maximum radial stress in die creep analysis is found after 702 days 
of creep and for die short heater after 703 days of creep. The temperature distributions at 
diese times are shown in Figure A.3. 
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Figure A.3 Temperatures of boreholes at the time of maximum radial stress. 
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The temperature distribution after 365 days of heat production or 1040 days of creep is shown 
in Figure A.4. In these figures the influence of the differences in the heater length is visible. 
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Figure A.4 Temperatures of boreholes after 1040 days of creep. 
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A.4 Temperature at the wall of the borehole. 

To make the influence of the length of the heaters better visible than in the above contour 
plots is possible XY-plots are made of the distribution of the temperature of the salt at the 
inside wall at the heated part of the boreholes. The results are combined in Figure A.5. 
For the long heater the temperatures after 702 and 1040 days of creep are shown and for the 
short heater the temperatures at 703 and 1040 days. 
These curves clearly show die influence of the length of the heaters. 

Tcmperatnre after HMO days of creep 

Temperature at time of maximum radial stress 
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Figure A.S Wall temperature distribution. 
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A.5 Stress distribution at maximum radial stress. 

After 675 days of isothermal creep the liner is inserted and the heaters are switched on. The 
heating of the salt causes the pressure to raise and after 702 days of creep (27 of heat 
production) the maximum radial stress in the borehole with long heater is reached. The 
maximum radial stress in the borehole with short heater is reached after 703 days of creep. 
Figure A.6 gives the Von Mises stress contours at the times of those maxima. 
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Figure A.6 Von Mises stresses at the time of maximum stress. 
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Figure A.7 gives the Hydrostatic stresses at the times of the maximum radial stresses. 
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Figure A.7 Hydrostatic stresses at the time of maximum stress. 



- 5 2 -

A.6 Stress distribution after 1040 days of creep. 

To illustrate the relaxation of the stresses in the salt the Von Mises stress distribution and the 
Hydrostatic stress distribution after 1040 days of creep are given in Figures A.8 and A.9. 
This is also the time the analyses are stopped. 
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Figure A.8 Von Mises stresses after 1040 days of creep. 
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Botebole with uniform short healer 

Stress (MP»-) 

• l # . r T l 

- • I f l 

- »• 
• « » 

Borehole with uniform loog heater 

Stress (MPa.) 

• i l 

l i l 

. J o . e 3 J 

1 . 2 0 1 

J 7 

10 

F>x?>:?:*:j 

> I • 

I 2 

to 
I 

• 4 

Figure A.9 Hydrostatic stresses after 1040 days of creep. 
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A.7 Pressure distribution on the liner. 

The radial stress in the salt generates a pressure on die liner. Figure A.10 gives the pressure 
distribution on the liner of the two boreholes at the tone the maximum radial stress occurs 
and at 1040 days of creep. It can be observed mat the length of the heaters has a limited 
influence on the results of die analyses. 
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Figure A.10 Pressure distribution on the liner. 


