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Hydrogen Target Safety Assessment Document    2-25-04 

 

1. Introduction 

 

This document describes the hazards associated with the standard Hall A and Hall C 

liquid hydrogen targets at the Jefferson Laboratory. 

 

2. Description of System 

 

The cryogenic target installation consists of the hydrogen and deuterium storage tanks, 

located behind the counting house (outside the building), a gas panel, located in the hall, 

the actual target, and piping which connect the tanks with the gas panel and the target. 

The gas panel is used for pump/purge operations and filling the targets. Flow diagrams 

for the systems are included as an appendix. These systems are constructed entirely of 

metal. Metal gasketed fittings (Conflat, VCR, or equivalent) are used where demountable 

joints are required. 

 

The actual target consists of a thin-walled aluminum cell mounted on an aluminum block 

with entrance and exit flanges for the target fluid. The fluid is circulated through the cell 

and a heat exchanger by a vaneaxial fan, which is located inside the heat exchanger. The 

fan motor is submerged in the target fluid. The fluid passes over a heater, which is used 

to regulate the temperature of the fluid. The complete assembly of target cells, the heat 

exchanger and the piping that connects them is referred to as a "target loop" (figure 1).  

 

 

Figure 1. Schematic representation of a typical target loop.  
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Figure 2. Simplified target flow diagram. Only one of three target loops is shown. 

 

Our target systems contain three target loops. In normal operation, one target loop will  

contain hydrogen and one will contain deuterium. A third target loop, filled with low-

pressure helium gas, serves as a spare. The heat exchangers are normally cooled by 15K 

helium gas from the End Station Refrigerator for hydrogen target operation. The target 

has also been operated with 4K helium liquid refrigerant. Each target loop is connected to 

an external gas handling system by a fill and a vent line. In the hydrogen and deuterium 

gas handling systems, the target return line is connected to a gas storage tank via a check 

valve to provide a simple, passive pressure relief. Relief valves which vent outside the 

hall provide a secondary relief path. A simplified flow diagram for a single hydrogen or 

deuterium loop is shown in Figure 2. The target loops are mounted inside the scattering 

chamber, with the target cells in a vertical array. The scattering chamber is fitted with 

large, thin aluminum windows for the spectrometers. The required target cell is 

positioned in the beam by an external lifting mechanism. In Hall C the cryogenic target is 

also able to rotate out of the beam to allow the introduction of a separate solid target 

assembly. The positioning devices are interlocked to prevent a foul between the two. 

 

Several different types of target cells have been used. The most common has been a dual 

long (15 cm) and short (4cm) cell arrangement. These target cells are cylindrical with 

0.007" thick walls and 0.003" thick entrance and 0.004" thick exit windows. The outer 

wall of the cell is 2.6" in diameter and is formed from an aluminum beverage can by 

etching the end of the can to the required thickness. The entrance window is formed by 

soldering an aluminum foil (annealed 5052) to the end of an aluminum tube. The entire 

assembly of cells, entrance windows and the cell block is soft-soldered together by first 
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copper plating the surfaces to be soldered. This arrangement of entrance window and cell 

provides a target volume which is well forward of obstructions (such as piping for the 

target fluid), allowing the spectrometers to view the targets even when set at large angles. 

These thin-walled cells typically have burst pressures of approximately 80 psi, however, 

the observed burst pressures vary widely due to variations in the chemically etched exit 

windows. 

 

Other cells which have been used include 1.6" diameter cylinders with spherical ends 

machined from 7075 aluminum and having 0.005" thick exit windows and walls (burst 

pressures over 400 psi). Upright cylinders (beam enters and exits through cylindrical 

wall) have also been used. These cells have 0.005" thick walls and typically burst at 270 

psi when fabricated from 6061 alloy and 400 psi when fabricated from 7075 alloy. 

 

2. Hazard Analysis 

 

These are relatively small, simple systems and we have eight years of experience in their 

operation. A formal hazard and operability analysis has not been prepared. Possible 

failure modes are summarized in Table 1. The presence of a significant quantity of 

flammable gas is the major hazard associated with this system. The formation of a 

hydrogen/air mixture is to be avoided. When the target is in use, the bulk of the 

hydrogen/deuterium inventory is condensed in a thin-walled cell located inside a vacuum 

chamber that is fitted with thin windows. This clearly represents the greatest hazard for 

the uncontrolled release of hydrogen. The sudden loss of vacuum in the chamber, 

possibly caused by the failure of a window, would cause the hydrogen to boil rapidly and 

burst the cell if an adequate relief path for the target cells is not present. The failure of 

one cell, for any reason, would cause the sudden loss of isolation vacuum for the other 

cell. If one or more cells were to fail then expanding gas could cause the scattering 

chamber windows to rupture if an adequate relief path for the scattering chamber is not 

provided. If any gas other than helium were to contaminate the hydrogen or deuterium 

gas systems then these contaminants would freeze out in the target piping and could 

block the relief path. The possibility that frozen deuterium would block the relief path if 

temperature regulation of the loop fails has long been a concern. (The 15K refrigerant 

inlet temperature is normally above the freezing point of hydrogen). The target fluid 

temperature is set by a heater which is controlled by an IOC (single board VME 

computer). A second heater power supply, which can be controlled manually from the 

counting house, can be used to operate the heater if the IOC fails and must be rebooted. 

(The fluid temperatures can be observed on a TV monitor in the counting house if the 

IOC is unavailable). A target operator is required to be on shift at all times when the 

target contains liquid. With targets in operation in Hall C since 1996 and in Hall A since 

1997, no events in which the target fluid froze have been observed. 
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Table 1 Cryogenic Target Failure Modes 

Event Possible Consequences Mitigating Measures 

Scattering chamber window 

failure due to excessive load or 

puncture. 

cell rupture on loss of 

isolation vacuum 

windows tested to 

failure 

windows tested for 

failure on puncture 

adequate relief path for 

target cells provided 

Breach of scattering chamber 

window and cells by tool or 

object. 

hydrogen/air mixture in the 

scattering chamber 

window covers 

visual warning of target 

status 

limit access to pivot 

Damage hose during a target 

move if hose becomes 

entangled with fixed object. 

hydrogen/air mixture in hall 

solid air condensed in target 

target cell burst on warm-up 

metal braid jackets on 

all flammable gas hoses 

check lifter operation 

after reinstallation 

Cell failure due to excessive 

internal pressure. 

chamber window  

rupture 

adequate relief for 

chamber 

adequate pressure 

testing of cells 

Cell failure if relief path 

blocked by frozen 

contamination or target fluid. 

chamber window rupture adequate relief for 

chamber 

maintain system above 

1 atm at all times 

manual back-up heater 

controls 

Breach of gas panel piping due 

to material handling accident or 

human error. 

hydrogen/air mixture in hall 

solid air condensed in target 

target cell burst on warm-up 

piping protected and 

labeled 

Breach of tank or piping due to 

vehicle accident, material 

handling accident or human 

error. 

hydrogen release concrete barriers 

proper postings 

 

Since these targets have been in use, three events have occurred in which significant 

quantities of hydrogen have been released from the targets. These are summarized in 

Table 2. 

 

ODH hazards are mitigated by the enormous volume of the halls (40 x 10
6
 liters for Hall 

A and 26 x 10
6
 liters for hall C) in comparison with the volume of gas present in these 

systems. 

 

In the past, the scattering chamber pressure relief was provided by a 4" parallel plate 

relief valve. Any event in which a cell ruptured caused hydrogen to be vented into the 

hall. When the targets are reinstalled in 2004, the scattering chamber relief valves will 
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vent outside the hall through a 2" line maintained under a helium gas atmosphere. With 

this improvement, a flammable mixture of helium and air could only be formed in the 

hall if both a vacuum window and a cell fail simultaneously. The new relief line will 

include ports to purge all parts of the line with helium in the event that hydrogen is 

released into the line. The vent line will be fitted with a pressure switch which will alert 

the target operator if a positive pressure is not maintained in the vent line. 

 

Table 2 Past Cryogenic Target Failures 

Event Cause Corrective Measures 

Destruction of cells lifter malfunction lifter converted to single axis drive, 

mechanical stops installed, electrical over-

travel protection installed 

Burst hydrogen cell contamination 

blocked gas lines 

low pressure alarm installed 

check valves changed to eliminate leaks 

automatic valves removed from computer 

control 

helium buffered vent line to be installed 

Window and cell 

failure 

Beam exit window 

failed. Cell burst 

due to crossed fill 

and vent hoses. 

thin beam exit window eliminated 

hoses modified to prevent interchange 

additional relief valves installed 

 

 

3. Flammable Gas 

  

A. Flammable Gas Installation Classification 

For the purpose of evaluating the flammable gas hazard in the hall the quantity of gas that 

would reduce the storage tank pressure to one atmosphere is considered. No additional 

gas will flow into the hall once the storage tank pressure reaches one atmosphere. 

 

Hall A: The 1000 gallon storage tanks are initially pressurized to 48 psia at 25 C. 

[(48psia-14.7psia)/14.7 psia/atm] x 3785 liters x (273K/300K) = 7800 STP liters 

7800 STP liters/22.4 liters/mole x 2g/mole = 697 grams hydrogen 

 

Hall C: The 1000 gallon storage tanks is pressurized to 40 psia at 25C.  

[(40psia-14.7psia)/14.7 psia/atm] x 3785 liters x (273K/300K) = 5928 STP liters 

5928 STP liters/22.4 liters/mole x 2g/mole = 529 grams Hydrogen 

 

If the hydrogen and deuterium loops are simultaneously in use then the total hydrogen 

equivalent is 15,600 STP liters in Hall A and 11,800 STP liters in Hall C. 

 

One B size cylinder of hydrogen (2000 liters) and one B size cylinder of deuterium (3000 

liters) are located behind the gas panel. These are only valved in to the panel during the 

initial pump/purge operation and briefly at the end of a cool-down if additional gas is 

needed. They are not valved in to the system during normal operation and they are 

therefore not included in the target system inventory. 
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NFPA article 45 Fire Protection for Laboratories Using Chemicals defines a Class D 

(Minimal Fire Hazard) Laboratory Unit as one having less than 4 liters of a liquefied 

flammable gas per 9.3m
2
 of laboratory area. This standard applies to laboratories using 

liquefied flammable gasses. Our systems contain less than 0.1 liter of liquefied 

flammable gas per 9.8 m
2 
 of  floor area in the hall and thus fall well within this limit.  

 

To evaluate the hazard posed by a flammable gas installation, it is useful to distinguish 

between an inventory that would burn in a local flash fire and an inventory which could 

cause an explosion if ignited. Burning in an unconfined space, a hydrogen combustion 

wave requires 10.4m to reach significant overpressure
1
. A spherical volume 10.4m in 

diameter with a 4% hydrogen concentration  would contain 23,000 liters of hydrogen. 

Both of our systems contain less than 23,000 liters of hydrogen. The volume of the halls 

(40 x 10
6
 liters for Hall A and 26 x 10

6
 for Hall C) would make them an unconfined area. 

In view of these considerations, we will take the following approach to classifying the 

flammable gas installations: 

 

 These systems are sufficiently small that the release of the entire inventory in an 

unconfined area would, at worst, result in a local flash fire. Measures used at large 

commercial or NASA installation, such as using only listed electrical devices within 

15 feet of the system, are not justified here. Every reasonable effort will be made to 

avoid the formation of a hydrogen/air mixture in the system, to vent hydrogen gas in a 

safe manner when necessary and to minimize sources of ignition in and around the 

systemlogout.  

 

 The scattering chamber will serve as a secondary containment volume for the 

hydrogen gas in the event of a target cell rupture. Only in the event that the scattering 

chamber vacuum windows and the cells rupture simultaneously would hydrogen be 

released into the hall. 

 

While the quantity of hydrogen in our target systems would be expected to burn in a local 

flash fire in an unconfined space, it should be recognized that a hydrogen/air mixture in a 

confined space such as the scattering chamber is an explosion hazard. To place the 

flammable gas hazard associated with the cryogenic targets in perspective we consider 

liquid propane. Cylinders containing as much as 33 pounds of liquid propane are in use 

on this site to power fork trucks and lifts. With an equivalency factor
2
 of 0.35 this 

corresponds to 5.25 kg of hydrogen; almost four times the total inventory of the Hall A 

target. 

 

B. Specific Hazard Mitigation Measures: 

 

1. All hydrogen storage tanks are ASME coded vessels, are equipped with appropriate 

safety relief valves, are protected from damage by vehicles, and are appropriately 

marked. 

2. The hydrogen gas handling systems are fabricated from stainless steel tubing and 

fittings. Joints are made by welding or by flanges or fittings employing metal gaskets. 
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All valves, gauges and regulators are appropriate for hydrogen service. All pipes or 

tubes which may contain hydrogen (including vent lines) are clearly marked and the 

appropriate signage is positioned at gas storage and handling locations. 

3. Detailed operating procedures are in place to insure that air is removed from the 

system before hydrogen is introduced and to insure that hydrogen is removed from 

the system before it is opened or disconnected. 

4. Valves which could close the primary relief path between the target cell containing 

liquid hydrogen and the gas storage tank are equipped with locking handles and are 

locked open at the time the tank is valved into the system as per the operating 

instructions. 

5. All piping is securely mounted and is protected from damage with the exception of 

the metal hoses which span the last 20 feet before the target to allow for target 

motion. 

6. The outdoor portion of these installations are located at least 15 feet from the nearest 

building and 25 feet from the nearest inlet to ventilating or air-conditioning 

equipment. Points at which hydrogen is vented will be located at least twelve feet 

above the ground, 25 feet from the nearest building and 50 feet from the nearest inlet 

to ventilating or air-conditioning equipment. 

7. Target cells are fabricated entirely from metal. Glued joints are not used. Target cells 

are pressure tested to at least 1.5 times the maximum pressure that they would be 

expected to experience in a catastrophic loss of isolation vacuum incident. 

8. Thin windows on the scattering chamber are metal. Windows identical to those 

installed are punctured under vacuum to demonstrate that they do not fail 

catastrophically if punctured. Windows identical to those installed have been pressure 

tested to greater than 1.5 times their normal operating pressure differential. 

9. When the target contains liquid hydrogen, window covers are installed over the 

scattering chamber windows before the hall is taken to restricted access or before any 

work is done on the pivot in controlled access. 

10. Valves on both the upstream and downstream side of the scattering chamber close 

automatically if the vacuum in the chamber rises above the 10
-5

 Torr range. 

11. Flammable materials and oxidizing gases are not stored within twenty feet of  the 

system. 

12. Electrical devices which communicate with the internal volume of the hydrogen gas 

system or the scattering chamber will be listed for use in Class 1, Group B, Division 2 

locations whenever possible. The mechanical vacuum pumps on the gas handling 

systems and the scattering chambers are rated for Class 1, Group B, Division 2 

service. The ion gauges and turbo pumps used on the scattering chambers are not 

listed, however, these devices shut down or are isolated by valves automatically if  

high pressure exists in the scattering chamber. 

13. Visual warning at the pivot of the presence of liquid hydrogen will be provided 

whenever liquid hydrogen is present in the target. 

14. The primary relief path of the hydrogen system will be through a check valve into a 

storage tank. It will be demonstrated that this relief path is adequately sized to prevent 

rupture of the cells in the event of  the sudden loss of isolation vacuum in the 

scattering chamber. 
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15. All secondary relief devices or venting valves for the hydrogen systems will vent into 

a relief line in which a helium atmosphere is maintained. This relief line will vent 

outside of the hall. 

16. The scattering chambers will be protected from overpressure by a check valve (1 psi) 

in parallel with a burst disk (3 psi) which vent outside of the hall. The relief line must 

be sized to accommodate the flow that would result if both target loops were to 

rupture. A scattering chamber fitted with vacuum-formed thin windows has been 

tested to an internal pressure 1.5 times the maximum pressure that would be expected 

in the scattering chamber if both target cells were to rupture simultaneously. 

17. To prevent contamination, the operating procedures for the system specify that the 

hydrogen target loops and gas systems are to be maintained above atmospheric 

pressure at all times once the supply tanks have been valved into the system. Audible 

alarms in the hall and in the counting house warn of low pressure in the hydrogen 

systems. 

18. The hydrogen gas system is helium leak tested after installation and after any repairs 

which involve cutting and welding piping for hydrogen gas. The operating procedures 

call for a rate of rise test to be performed on the hydrogen gas system and target loop 

as part of the system start-up. 

19. Hydrogen gas detectors are installed above the gas panel and above the target. These 

detectors will give a low alarm if a hydrogen concentration greater than 20% of the 

LEL is detected and a high alarm if a hydrogen concentration greater than 40% of the 

LEL is detected. The emergency procedures will specify what actions are to be taken 

in the event of a hydrogen gas detector alarm. 

20. The target control devices will be powered by a UPS. Hard wired switches in the 

counting house allow the target to be shut down (JT valves closed and high power 

heaters shut of) in the event of a controls or network outage. 

21. A trained target operator is on shift, either in the counting house or in the hall, at all 

times when the target contains liquid. 

 

 

4. Relief Path Evaluation - Loss of Isolation Vacuum 
 

The calculation consists of two parts; determining the heat flux into the target fluid on 

loss of isolation vacuum and evaluating the pressure drops which result. A model 

developed at Bates
3
 is frequently used to estimate the heat flux into the target fluid if the 

isolation vacuum were lost. This model combines the rate of convection through gas 

surrounding the target (which is assumed not to condense), the rate of conduction through 

the walls of the target and the rate of convection through film-boiling hydrogen to arrive 

at an overall heat transfer rate. This model, which is dependent on the characteristic 

dimensions of the loop, typically predicts heat fluxes of 8 kW/m
2
 to 15kW/m

2
. 

 

If the vacuum surrounding the target is broken by nitrogen then the nitrogen would be 

expected to condense on the target. Cooling nitrogen gas at 1 atmosphere from 300K to 

78K requires approximately 223J/g while condensing the nitrogen would require an 

additional 200 J/g. Condensation of the nitrogen will tend to hold the exterior surface of 
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the target cell at approximately 77K. Heat transfer to liquid hydrogen in the film boiling 

regime is described by the Breen and Westwater correlation
4
. 

 

 

where: 

 

' = [  + 0.34Cp,f T]
2
/

 = heat of evaporation 

h = coefficient of heat transfer   = surface tension of the liquid 

g = acceleration of gravity   f = l - f 

k = thermal conductivity    = density 

 = viscosity     D = diameter 

T = Tw - Tl Cp = specific heat 

Quantities with subscript w are evaluated at the wall temperature, l at the liquid 

temperature and f at the film temperature, which is taken to be the mean of the wall and 

liquid temperatures. We assume that the wall temperature is fixed at 77K by condensation 

of nitrogen and that the liquid is boiling at 21.7K at a pressure of 1.5 atmospheres. The 

characteristic dimension of the system is taken to be the diameter of a beverage can cell; 

D = 2.6" = 0.066m. The relevant quantities are
5
: 

Tw = 77K     T = 77K - 21.7K = 55.3K 

Tl = 21.7K     Tf = ½ (Tw + Tl) = 49K 

f = 2.414 x 10
-6

 Pa s (49K, 1.5 atm)  kf = 0.03688 W/mK (49K, 1.5 atm) 

l = 69.08 kg/m
3
  (21.7 K, 1.5 atm)  f = 0.7622 kg/m

3
 (49K, 1.5 atm) 

f = 68.3 kg/m
3
    Cp,f = 1.909 x 10

4
 J/kg K (49K, 1.5 atm) 

 = 1.691 x 10
-3

 N/m (21.7K, 1.5 atm)  = 4.376 x 10
5
 J/kg 

 

 

' = [4.376 x 10
5
 J/kg + 0.34(1.909 x 104 J/kg K)(55.3 K)]

2
/4.376 x 10

5
 J/kg  

    = 1.45 x 10
6
 J/kg 

 

 

h (1.54 x 10
-3

 m
2
K/W) = 0.37 + 0.28(0.0241) 

 

h = 244 W/m
2
K  h T = (244 W/m

2
K)(55.3K) = 13500 W/m

2
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This is comparable to the heat flux predicted by the Bates calculation. The thermal 

conductivity of the walls of the cell and loop will have a small effect on the heat flux. For 

example, the cylindrical wall of the heat exchanger is 0.125" thick stainless steel which 

has a thermal conductivity of 8W/mK at 80K
6
. This gives a conductance per unit area of 

 

  (8 W/mK)/(0.0032m) = 2500 W/m
2
K 

 

This is much larger than the heat transfer coefficient for film boiling hydrogen. Most of 

the walls of the loop, cellblock and cells are thinner than 0.125" and aluminum has a 

higher thermal conductivity than stainless steel. The thermal resistance of the metal walls 

will be neglected. For uninsulated surfaces, a heat flux of 13500 W/m
2
 will be assumed. 

 

 The loops and heat exchangers are insulated with 25 layers of superinsulation. The 

effective thermal conductivity of this blanket at 1 atmosphere pressure is expected to be
7
 

approximately 0.02 W/mK (similar to the thermal conductivity of air) for a 7mm thick 

blanket. It will be assumed that all surfaces of the heat exchanger and loop piping are 

covered with 0.007m thickness of insulation having k = 0.02W/mK and that the outer 

surface of the insulation is at 300K. This gives an effective heat transfer coefficient for 

insulated surfaces of: 

 

heff = [1/(244 W/m
2
K) + 0.007m/(0.02W/ mK)]

-1
 = 2.82 W/m

2
K  heat exchanger/loop 

 

The heat flux for insulated surfaces is (280K)(2.82 W/m
2
K) = 790 W/m

2
 .  

The internal areas of the various target cells which have been used in these targets are 

summarized below: 

 

Hall C: - original "beverage can" cell 

Long cell 6.47cm diameter x 16.9cm long      344 cm
2
 

Cell exit window 6.47cm diameter       33 cm
2
 

Short cell 6.47cm diameter x 11.3 cm long      230 cm
2
 

Cell exit window 6.47cm diameter       33 cm
2
 

Entrance tube 4.0cm diameter x 10.2cm long    128 cm
2
 

Entrance window 4.0cm diameter        13 cm
2
 

Entrance tube 4.0cm diameter x 15.5cm long    195 cm
2
 

Entrance window 4.0cm diameter       13 cm
2
 

Cell Block 6.43 cm diameter x 7.30 cm long     321 cm
2
 

        3.46 cm diameter x 1.2cm long 

Loop 3.81cm diameter x 100cm long  (insulated)   1197 cm
2
 

Heat exchanger 18.4cm diameter x 21.8 cm long (insulated) 1792 cm
2
 

 

Total 1310 cm
2
 uninsulated  

2989 cm
2
 insulated loop/heat exchanger 
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Hall A: - original "beverage can" cell 

Long cell 6.47cm diameter x 16.9cm long      344 cm
2
 

Cell exit window 6.47cm diameter       33 cm
2
 

Short cell 6.47cm diameter x 11.3 cm long      230 cm
2
 

Cell exit window 6.47cm diameter       33 cm
2
 

Entrance tube 4.0cm diameter x 22.9cm long      300 cm
2
 

Entrance window 4.0cm diameter       13 cm
2
 

Entrance tube 4.0cm diameter x 28.4cm long     369 cm
2
 

Entrance window 4.0cm diameter       13 cm
2
 

Cell Block 6.43 cm diameter x 20.3 cm long x 2    930 cm
2
 

        3.46 cm diameter x 5cm long x 2 

Loop 3.81cm diameter x 221cm long (insulated)   2645 cm
2
 

Heat exchanger 18.4cm diameter x 21.8 cm long (insulated) 1792 cm
2
 

 

Total 2265 cm
2
 uninsulated  

4437 cm
2
 insulated loop/heat exchanger 

 

Hall C short cylinder 

cell 4.45 cm diameter x 3.28 cm tall      45.8 cm
2
 

block (internal) 27.0cm x 6.3 cm x 3.53 cm     521 cm
2
 

Loop 3.81cm diameter x 100cm long  (insulated)   1197 cm
2
 

Heat exchanger 18.4cm diameter x 21.8 cm long (insulated) 1792 cm
2
 

 

Total 567 cm
2
 uninsulated  

2989 cm
2
 insulated loop/heat exchanger 

 

Hall C: - machined cell (helicoflex gasket) 

Long cell 4.85cm diameter x 14.4cm long      220 cm
2
 

Cell exit window 2.43 cm hemisphere      30 cm
2
 

Short cell 4.85cm diameter x 8.95 cm long      136 cm
2
 

Cell exit window 2.43 cm hemisphere      30 cm
2
 

Entrance tube 2.54cm diameter x 9.26cm long      74 cm
2
 

Entrance window 2.54cm diameter       5 cm
2
 

Entrance tube 2.54cm diameter x 14.8cm long     118 cm
2
 

Entrance window 2.54cm diameter       5 cm
2
 

Cell Block 6.43 cm diameter x 20.3 cm long x 2    147 cm
2
 

        3.46 cm diameter x 5cm long x 2 

Loop 3.81cm diameter x 100cm long (insulated)   1197 cm
2
 

Heat exchanger 18.4cm diameter x 21.8 cm long (insulated) 1792 cm
2
 

 

Total 765 cm
2
 uninsulated  

2989 cm
2
 insulated loop/heat exchanger 

 

 

 

 




