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Abstract/Summary:

The 200L vessel has a copper fin condenser that is used to condense nitrogen gas to liquid nitrogen as part of the Imager Vessel cooling system. The fin size as designed in 2007 has been put into service at Lab A. The original condenser needs to be reduced in weight to meet the recommended load by the cryocooler manufacturer. A smaller geometry would also help reduce overall heat loads on the cooling system and allow for easier installation and maintenance. A different fin geometry is proposed that meets the new weight and geometry requirements for the CTIO 200L vessel.
Applicable Codes: N/A
Introduction:

The 200L vessel at Lab A has a copper fin condenser that is used to condense nitrogen gas to liquid nitrogen. The condenser was previously designed and put into service at Lab A. Figure 1 shows the condenser attached to the cryocooler inside the 200L vessel. Figure 2 illustrates the condenser copper fin design. During operations, the nitrogen condensation rate is calculated to be 8.3 kg/hr based on the cryocooler capacity at the operating temperature of 100K.  The condenser weighs approximately 40lbs. The maximum allowable load on the cryocooler head is 22 lbs per the manufacture’s recommendation. 
A new condenser geometry is proposed that meets the load conditions for the cryocooler head and also can be installed through the cryocooler mounting hole.

Calculations for the original 2007 condenser design and the proposed design are shown in the next sections. 
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Figure 1, 200L Vessel Assembly, Drawing 436426
(Dimensions in inches)
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Figure 2, Drawing 436427, Copper Fin Condenser 2007 design

Fin Design Nov 2007

Calculating the maximum condensation rate based on the cryocooler capacity
The CryoMech specification sheet for the Al300 Cryocooler is shown in Figure 3
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Figure 3, Cryocooler Capacity

Average capacity as a function of temperature is 4 Watts / degree.

The extrapolated cryocooler capacity at a temperature of -178.5 C (94.5K) is 378 Watts. This operating temperature is a measured temperature from the last operating run in Feb 2009 at Lab A.

Latent heat of fusion for nitrogen at 95K = 172,000 J/kg 

The theoretical condensation rate for the cryo cooler at 95 K is given by:
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Fin Design Nov 2007, Used in the Lab A 200L Vessel 
Vertical Fin Laminar Film Condensation Calculations:

Reference drawing 436427
Reference 1) Heat Transfer, A.F. Mills, 2nd Edition, Example 7.1
Reference 2) Extended Surface Heat Transfer, Allan Kraus et. al., Chapter 19.2 

Total surface area for condensation:

Area of 1 fin surface = 9.5” x 6” = 57 in2 = 0.036 m2
8 fins x 2 surfaces = 16 surfaces

16 surfaces * 0.036 m2/surface = 0.59 m2 total surface area

Find the average convection coefficient h:
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hfg = 162,000 J/kg @ 100K, Latent heat of vaporization
rv= 3.484 kg/m3  density of the vapor
rL= 689 kg/m3 density of the liquid
KL= 0.108 W/m.K Conductivity of the liquid
mL= 85e-6 Pa.s dynamic viscosity of the liquid
g= 9.81 m/sec2
Length = 0.24 meters

Tsat – Twall = 1.5 K, 
A 1.5 K temperature difference is assumed between the average fin wall temperature and the temperature of the saturated nitrogen vapor.

h = 2200 W/m2.K

The calculated condensation rate is:
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N is a term used to determine the temperature distribution in the fin. If N is large, above 50, the fin is too long. The extended tip of the fin becomes the same temperature as the vapor and the condensation rate becomes limited. A recommended design number is about 10 for N.
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hfg = 162,000 J/kg @ 100K, Latent heat of vaporization

rv= 3.484 kg/m3 density of the vapor
rL= 689 kg/m3  density of the liquid
KL= 0.108 W/m.K Conductivity of the liquid

K= 0.108 W/m.K Conductivity of the fin
mL= 85e-6 Pa.s dynamic viscosity of the liquid

g= 9.81 m/sec2 
b = 0.24 m length of the fin

d = 0.69 m equivalent fin diameter 

N = 57

This value of N indicates that the bottom portion of the fin is nearly the same temperature as the saturated gas. (Reference 2, Extended Surface Heat Transfer, Fig 19.6). If the length of the fin is reduced from 0.24 meters to 0.088 meters (3.5 inches), N becomes 10. The length of the fin is too long in the 2007 fin design.
Recalculating the condensation rate above with a fin length 0.088 meters (N=10) gives a condensation rate of about 20 kg/hr. 

The high value of N and the condensation rate using a shorter fin length indicates that the condensation occurs only near the base of the condenser. 

Condenser Fin Design March 2009 
CTIO 200L Vessel
Cryocooler Condenser fin design, Vertical Pins
The proposed condenser design is a sixty-five pin fin geometry. A 100 mm (4 inch) diameter disk with pin array mounts to the bottom of the cryocooler. Sixty-five 6.35 mm (1/4 inch) diameter pins are bonded to the base support disk. A schematic of the pin fin arrangement is shown in Figure 4. The length of the pins is 63.5 mm (2.5 inches) long. The entire condenser is fabricated of high conductivity copper. The overall weight of the array is approximately 5 lbs.
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Figure 4. Proposed pin fin layout.

View looking at end of cryo cooler cold finger.

Find the average convection coefficient h:
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hfg = 162,000 J/kg @ 100K, Latent Heat of Vaporization

rv= 3.484 kg/m3 density of the vapor
rL= 689 kg/m3 density of the liquid
KL= 0.108 W/m.K Conductivity of the liquid
mL= 85e-6 Pa.s dynamic viscosity of the liquid
g= 9.81 m/sec2 
Length = 0.0635 meters

Tsat – Tbase_wall = 3.5 K, 

A 3.5 K temperature difference between the average fin temperature and the saturated vapor temperature is used. This is a conservative value based on previous testing. If the temperature of the fin base is more than 10 degrees colder than the saturation temperature, there are concerns that the condensing liquid can turn to a solid and freeze to the fin.

h = 2500 W/m2.K

The surface area of the 65 pins is calculated:

A = Npins pd * L = 65 * 0.00635 * p * 0.0635 = 0.082 m2
The calculated condensation rate is:
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N is a term used to determine the temperature distribution in the fin. If N is large, above 50, the fin is too long. The extended tip of the fin becomes the same temperature as the vapor. A recommended design number is about 10 for N.
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hfg = 162,000 J/kg @ 100K, Latent heat of vaporization

rv= 3.484 Kg/m3 density of the vapor
rL= 689 Kg/m3  density of the liquid
KL= 0.108 W/m.K Conductivity of the liquid

K= 0.108 W/m.K Conductivity of the fin
mL= 85e-6 Pa.s dynamic viscosity of the liquid

g= 9.81 m/sec2 
b = 0.0635 m length of the fin

d = 0.00635 m diameter of fin 

N = 15
This value of N indicates that the fin tip is slightly cooler than the saturated vapor. (Reference 2, Extended Surface heat Transfer, Fig 19.6).  If additional cooling capacity is required, making the fins longer will not help that much; instead the surface area of the fin would need to be increased. Another method to increase cooling capacity is to allow the fin to become increasingly colder than the vapor.
Conclusion

A proposed condenser fin design for the CTIO 200L vessel is given. An array of sixty-five ¼ inch diameter copper rods is used for the condensing fins. The overall diameter of the array is within the 4 inch diameter of the cryocooler head. The design allows for the pin fin condenser and cryocooler to be installed through the same port on the 200L vessel making maintenance easier. The cooling capacity and length of the fin are conservative based on measurements taken from the Lab A 200L vessel condenser fins designed in 2007. 
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