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Background 

 

 Based on previous analyses, the temperature of the liquid argon within the cryostat of the 

LBNE Far Detector will present unwanted consequences for the rock wall of the cavern in which 

the LAr cryostat is to be placed. Of greatest concern is the high probability of the freezing of the 

water within the rock wall, which could lead to frost heave and the potential for damage to the 

cryostat.  In order to combat this issue, a heating system needs to be installed to maintain a 

temperature in the rock wall that remains above freezing for the duration of the cryostat’s 

operation.  For this analysis, the temperature at which the rock wall is to be maintained is 5°C.   

 

Information from LBNE Document Database and Other Sources 

 

 The general concept for the foundation heating system is to place conduits in the concrete 

liner and then place heating elements in the conduits.  The basic conceptual design is illustrated 

below in Fig. 1 (from LBNE-doc#874-v1, p.7 of report; https://lbne2-docdb.fnal.gov:440/cgi-

bin/RetrieveFile?docid=2380&version=1&filename=211674_-

_DUSEL_Cryo_Tank_and_Plant_-_Concept_Report_Rev_A.pdf)
1 

 

 

 

 
Figure 1: Basic Conceptual Design 

 

 Based on other information in the document database, the rock temperature, and, by 

association, the outer surface of the concrete liner, are to remain at or above 5°C. 
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Figure 2: Cross-section of concrete liner and insulation  

 

The dimensions of the stainless steel primary membrane are 70m x 16m x 16m (LxWxH).  The 

thickness of the polyurethane foam insulation and concrete liner are 1.0m and 0.5m, respectively.   

 

Table 1: Heat Load Values 

 

 

SURFACE AREA THICKNESS THERMAL CONDUCTIVITY HEAT INPUT 

BASE 1390 m^2 0.5 m 1.73 W/mK 8 kW 

END WALLS 722 m^2 0.5 m 1.73 W/mK 3.8 kW 

SIDE WALLS 2770 m^2 0.5 m 1.73 W/mK 15.8 kW 

ROOF 1390 m^2 0.5 m 1.73 W/mK 8.7 kW 

 

*Heat input values adapted from LBNE Doc#2548-v1 
2
 

 

Based on the fact that only the concrete liner will be heated, the heat input that takes place 

through the roof of the cryostat can be ignored.  Therefore, the heat input into the cryostat is the 

sum of the heat load through the base, side and end walls, which is equal to 27.6 kW.   

 

According to Heat Transfer, 4
th

 Ed. (Holman p. 32)
3
, the temperatures on either side of the wall 

must be equal.  The temperature distribution throughout the solid is best represented by a 

parabolic distribution (see Fig. 3). 
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Figure 3: Temperature Distribution in a Solid 
 

For a heating element spaced equidistant from the edges of a solid, the temperature at each of the 

solid’s walls will be equal.  In this figure, q’ is the heat generated by the heating element within 

the solid. 

 

Heat Generation and Necessary Temperatures 

 

For this analysis, it is assumed that, in order to maintain a minimum temperature at the rock 

wall/concrete liner interface, the heat generated by the heating elements needs to be equal to or 

greater than the heat that is being removed to the liquid argon.  As was previously stated, the heat 

transfer that takes place through the roof can be ignored.  Therefore, the heat lost to the cryostat 

from the rock wall is 27.6 kW. 

 

 According to Holman,  

 

In this equation,  

 Ti is the temperature of the heating element within the solid 

 Tw is the wall temperature 

  is the heat generated per unit volume 

 k is the thermal conductivity 

 x is the distance from the wall to the heating element. 

 

For the basic conceptual design for this project, there are several heating elements spaced 

throughout the concrete liner.  The point at which the concrete will have the greatest potential to 

drop below the 5°C acceptable limit will be the point that is the furthest from the heating 

elements.  This happens to be the point on the wall halfway between two adjacent heaters (see 

fig. 4). 

(1) 
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Figure 4: Overhead view of Concrete Wall Section with Dimensions 
 

In the figure, the two circles on either end are the conduits where the heating elements would be 

installed (not to scale).   

 D is the spacing of the heater elements 

 DT_MIN is the distance between the heating element and the point at which the lowest 

temperature would occur, which is simply one-half of D 

 tCONCRETE is the thickness of the concrete 

 t1/2 is one half of the concrete’s thickness 

 TMIN is the minimum temperature that would occur 

 L is the greatest distance between the heating conduit and the coolest point on the 

concrete liner’s wall.  It is essentially the hypotenuse of the right triangle that has legs of 

t1/2 and DT_MIN.   

 

Substituting the distance, L, into equation 1, we are left with  

 

The necessary temperature of the heating elements in the event of one element failing was 

calculated first.  This ensures that even if a heating element should fail, the concrete liner will 

still be maintained above the minimum allowable temperature.  If one heating element fails, the 

spacing is doubled; as an example, for a 1 m spacing of functional heating elements, the effective 

spacing of heating elements if one failed would be 2 m, which would also increase DT_MIN to 1m.  

This gives the value for L as  

 

 

 

 

 

 

 

 

 

(2) 

(3) 
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The value for TMIN is 278K.  In this analysis, the heat generated per unit volume, , is  

(27.6 kW) / (1640 m
3
) = 16.8 W/m

3
.  The thermal conductivity of concrete is k=1.73 W/m*K.  

Substituting these values into equation 2,  

 

 

 

In order to determine the value for TMIN when all heating elements are functioning properly, the 

value for Ti is substituted into the equation, along with the new value of L, 

 

which yields 
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A table of several different values for conduit spacing and temperature can be seen below. 

Table 2: Heater Element Spacing and Temperature Values 

 
FAILED HEATER 

 
FUNCTIONAL HEATERS (@FAILING DESIGN) 

SPACING 
 

D (T_MIN) L T_i T (T_MIN) 

 
D (T_MIN) L T_i T (T_MIN) 

0.10 0.10 0.269 278.4 278 

 
0.05 0.255 278.4 278.0 

0.13  0.13 0.280 278.4 278 

 
0.06 0.258 278.4 278.1 

0.20  0.20 0.320 278.5 278 

 
0.10 0.269 278.5 278.1 

0.25  0.25 0.354 278.6 278 

 
0.13 0.280 278.6 278.2 

0.30  0.30 0.391 278.7 278 

 
0.15 0.292 278.7 278.3 

0.38  0.38 0.451 279.0 278 

 
0.19 0.313 279.0 278.5 

0.40  0.40 0.472 279.1 278 

 
0.20 0.320 279.1 278.6 

0.50  0.50 0.559 279.5 278 

 
0.25 0.354 279.5 278.9 

0.60  0.60 0.650 280.1 278 

 
0.30 0.391 280.1 279.3 

0.63  0.63 0.673 280.2 278 

 
0.31 0.400 280.2 279.4 

0.70  0.70 0.743 280.7 278 

 
0.35 0.430 280.7 279.8 

0.75  0.75 0.791 281.0 278 

 
0.38 0.451 281.0 280.1 

0.80  0.80 0.838 281.4 278 

 
0.40 0.472 281.4 280.3 

0.88  0.88 0.910 282.0 278 

 
0.44 0.504 282.0 280.8 

0.90  0.90 0.934 282.2 278 

 
0.45 0.515 282.2 281.0 

1.00  1.00 1.03 283.2 278 

 
0.50 0.559 283.2 281.7 

1.13  1.13 1.15 284.5 278 

 
0.56 0.616 284.5 282.6 

1.25  1.25 1.27 285.9 278 

 
0.63 0.673 285.9 283.7 

1.38  1.38 1.40 287.5 278 

 
0.69 0.732 287.5 284.9 

1.50  1.50 1.52 289.3 278 

 
0.75 0.791 289.3 286.2 

1.63  1.63 1.64 291.2 278 

 
0.81 0.850 291.2 287.6 

1.75  1.75 1.77 293.2 278 

 
0.88 0.910 293.2 289.2 

1.88  1.88 1.89 295.4 278 

 
0.94 0.970 295.4 290.8 

2.00  2.00 2.02 297.8 278 

 
1.00 1.03 297.8 292.6 

2.13  2.13 2.14 300.3 278 

 
1.06 1.09 300.3 294.5 

2.25  2.25 2.26 303.0 278 

 
1.13 1.15 303.0 296.5 

2.38  2.38 2.39 305.8 278 

 
1.19 1.21 305.8 298.6 

2.50  2.50 2.51 308.7 278 

 
1.25 1.27 308.7 300.8 

2.63  2.63 2.64 311.9 278 

 
1.31 1.34 311.9 303.2 

2.75  2.75 2.76 315.1 278 

 
1.38 1.40 315.1 305.6 

2.88  2.88 2.89 318.6 278 

 
1.44 1.46 318.6 308.2 

3.00  3.00 3.01 322.1 278 

 
1.50 1.52 322.1 310.9 

 

 

 

 

 

 

 

 



8 

 

Beczkiewicz  11/12/10 

The best way to contain the total cost of the heater cables would be to use as few as possible.  

The only issue then is that a limiting spacing is reached due to the fact that the heater cables 

would have to generate more heat on a per-foot basis in order to make up for the increased 

distance between heater cables.  In order to balance out the effects of both of those issues, a 

heater element spacing of 1.25 m was selected, due to the fact that it is relatively at the middle of 

the range of spacing, which will minimize the number of heater elements as well as the heat 

output required of each element.  For heater cables spaced at 1.25 m, when one cable is not 

working, the temperature of the cable necessary to maintain a temperature of 278K at the edge of 

the concrete liner would be 286K.  At this temperature, the minimum temperature at the edge of 

the concrete liner when all cables are working properly is 284K.  If the heater cables were run at 

280.2K, the temperature that would maintain the concrete/rock cavern interface at 278 K, and 

one heater element were to fail, the temperature of the interface would decrease to about 272.3K, 

just below the freezing point of water. 

 

Heater Power/length 

 

Dividing the necessary total heat generation by the total volume of the concrete liner gives the 

necessary heat generation per cubic meter.  That value, which was calculated earlier in this note, 

is 16.8 W/m
3
.  The total heat per length can be determined by multiplying the heater power by 

the cross-sectional area that would be affected by one heater cable. 

 

 1.25m 

 

 

 0.5m 

 

 

 

 

       1.25m  1.25m 

 

Figure 5: Overhead view of concrete liner 
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If all of the heaters are working properly, the necessary heat generation will be 3.20 W/ft.  If one 

of the heaters were to fail, the heat generation for the heater cables on either side would need to 

be doubled, which yields 6.40 W/ft.  For heater cables run through the center of the concrete 

liner spaced at 1.25m, the length of one heater cable would be 55m (181 ft) and the total length 

of heater cable that would be needed would be about 3740 m (12300 ft).  

 

Budget Costs 

 

Several different heater trace cable options were researched and prices were quoted.  A summary 

of the different options that were researched is shown below.  Additional information can be 

found on the product catalog pages following this note. 

 

 
VENDOR CABLE TYPE POWER/FT (W/FT) COST PER FT TOTAL COST 

CHROMALOX CW 4 $8.30 $102,100 

CHROMALOX SR 5 $7.50 $92,200 

MCMASTER-CARR SR 5 $3.68 (FOR QTY>100FT) $45,300 

TEMPCO CW 5 $6.80 $83,640 

TEMPCO SR 5 $7.20 $88,600 

 

CW=Constant Wattage; SR=Self-regulating 
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