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Summary

Over the last ten years, data center thermal density has increased to the point that air cooling no longer meets the requirement for many high density applications.  Data center managers and facility managers have to plan for thermal densities up to 30 kW/rack because implementing thermal management systems for these high densities requires considerable infrastructure changes.  

Therefore the manager needs to carefully consider various technologies and commit to one that will accommodate density increases for at least the three to five years.    
This white paper will briefly review the source of the ever increasing heat loads and then provide a non-bias review various solutions on the market today.
Background

[image: image2.png]The installation of powerful processors in compact servers began in the late 1990’s with the release of  Compaq’s DL 360 1 RU Server. This product defined the basic architecture for the following generation of conventional rack mounted servers. The 1RU configuration was significantly shorter and deeper than previous designs resulting in increased heat densities and more complex thermal management systems.  In succeeding generations, 1U ‘dense pack’ server designs used dual and quad processor systems in the same chassis footprint further exacerbating the thermal problems.  
Blade Servers, introduced in 2002, allowed end users to “do more with less” but at the same time pushing air cooling to its limits.  Blade systems deliver exponentially increased processing power per rack “RU” or per square foot using a common chassis as well as common power and thermal management components. In reality, a wholesale shift to clustered “blade computing” is only practical when enabled by thermal management systems capable of dealing with high heat output of these systems.  

Industry pundits forecast that users will continue to demand increased computing power.  Continued improvements in processor efficiency will throttle the heat load increase but not reverse the course towards faster processors that generate more heat. There are not any quantum advancements in processor design on the horizon that will alleviate this trend.  Ultimately the continued reliance on silicon based processors  will dictate increasing heat loads.
Thermal trends within the data center
The continued compaction of these systems meant that data processing and storage functions could now be performed by fewer servers operating in ever smaller data center footprints.

Beginning in the late 1990’s fully optimized server racks with 40-42 1U servers required in excess of 10kW of electricity and produced an equivalent amount of waste heat.  Providing additional electrical power proved to be less challenging than dealing with the exponential increase in waste heat.  This additional heat, if not removed efficiently, reduces the reliability of all equipment housed in the data center.   

In response, data center engineers developed new schemes to optimize the efficiency of HVAC systems and existing infrastructure.  New ‘Hot Aisle-Cold Aisle’ configurations helped expand capacity by increasing efficiency; however, any gains in efficiency were quickly erased by the increased electrical consumption and thermal output of later generation 1U servers. 
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By 2001, three years after the initial release of the 1U server, the potential thermal-electrical density per rack increased to +20kW.  At these “high density” levels, the limitations of conventional data center cooling via under floor plenums and overhead air cooling schemes become apparent. Installing additional conventional HVAC equipment to match increases in thermal load, even in optimized floor layouts, proved ineffective.  The rise in server density and the corresponding decline in conventional data center HVAC efficiency have meant that the cost of a single incidence of failure has risen exponentially.
Data center experts, such as Dr. Roger Schmidt, Chief Thermal Engineer at IBM, stated that beyond a certain thermal density
, the main issue becomes one of chronic maldistribution of cooling air, not simply lack of cooling measured in tons or BTU’s being supplied. Chronic maldistribution of ambient cooling air means that as much as 60% of the cooling produced by conventional data center HVAC provides no benefit to installed servers.   Simply put, if the electrical density is too great, no amount of conventional plenum supplied cooling air and no practical alternate configuration can compensate for the resulting increase in thermal loading.  
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Figure 3 Representation of  Mal-Distribution, courtesy of Dr. Roger Schmidt PhD, P.E . Distinguished Engineer, IBM

By 2002 the data center infrastructure market identified this constraint and responded with a variety of solutions such as  
· Enclosures with closed loop water cooling, i.e. APC ‘s XXX        
· High velocity “target air” systems with specialized air delivery & removal ducts, i.e. Rittal’s “Tower of Cool”

· Retrofit door with added fans & water cooled heat exchanger i.e. Liebert’s   “Rack Cooler”.  

All of the above products were launched concurrently with the growing popularity of the 1RU dense pack server, however wholesale implementation of these technologies lagged.  Excess data center capacity, built on speculation during the “Dot-Com” era, was cheap and readily available during this time period so data center managers spread the heat over a larger footprint and delayed decisions on “high density” data center infrastructure in the short term. 
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As average loading per rack increases to “ultra high” levels of 20-35 kW (see Figure 1), the chronic inefficiency of conventional data center cooling systems will become more pronounced.  The potential thermal output of fully configured racks with blade servers is today over 30kW, dictating a new approach to cooling high density loads in data centers.

As this data center space has been consumed and with the widespread adoption of blade computing, improved thermal management systems have emerged. A review of major thermal management systems1 based on their effectiveness; reliability; energy, cost and space efficiency; scalability and “greenness” follows.   A summary of the systems ratings on these factors is on P. 
Advanced Air Based Cooling Technologies
High Velocity Air in Closed Cabinet with Custom Ducting

High velocity air products like the “Tower of Cool” were among the first “high density” solutions.  This system relied on supplemental cooling fans mounted in the base of the enclosure to facilitate the delivery of cooling air to a plenum duct located on the front side of the cabinet and added exhaust fans in the top-rear of the enclosure designed to extract the hot air.  More recently a variation of this technology which includes direct ducting the exhausted air to CRAH/CRAC units, has been introduced.


This technology can be very powerful as it extends the range of air cooling to as high as 12 kW per cabinet, allowing for higher density.  However, most data center managers are facing ultra-high density areas of up to 30 kW per cabinet, limiting the life of high velocity air system.  A hybrid approach using a high velocity air system for the low to high density areas paired with water cooled solution (described below) for the ultra high density areas could be a long term viable strategy.  

Another benefit of this technology is that when using the ducting, it eliminates hot aisle/cold aisle mixing since the hot air is contained within the ducting.  The data center can operate at higher room temperatures if there’s no hot aisle/cold aisle mixing.  In a scenario where mixing occurs, the data center manager must reduce the temperature of the air entering the room to ensure that the air which feeds the top servers in the cabinet will be cool enough.  Finally in the absence of mixing, the temperature of air returning to the CRAC is maximized allowing the CRACs to operate at highest efficiency.  Heat transfer is driven by temperature difference and higher temperature differences improve heat transfer.  Therefore the return of hot air that has not been cooled by mixing improves the CRAC efficiency.  

A third benefit of this technology is it allows more efficient data center space usage than the conventional layout.  This is simply because the technology supports a high heat load so equipment can be more efficiently arranged.  


Finally, no fluid is near the electronics, reducing the chances of an electrical shortage from condensation or cooling water.  


Of course there are also negatives associated with high velocity air systems, the most significant being they can only handle up to 12 kW.  As mentioned above, ultra high density areas of the data center far exceed 12 kW and are more like to be about 30 kW.  A hybrid approach using this technology for the low density areas and a water cooling solution can be very cost-effective long term solution.  

This technology does not resolve the issue of poorly distributed air at the front of the cabinet.  
High air velocity systems require the installation of extensive overhead ducting which is expensive by itself.  Smoke and fire suppression systems and lighting relocation costs to accommodate the ducting quickly drive the retrofit expenditures up.  Additionally the ducting severally limits over head cabling. 


While many high air velocity system vendors boost that the system is highly reliable because it has not moving parts, this is often not the case.  Most systems have multiple fans which are moving parts.  
Summary:  Conventional Enclosures with Dedicated Return Ducting

	Effectiveness:
	
	Effective up to 10kW- 12-kW. Beyond this level air distribution within the cabinet can be problematic.  Performance can be boosted with fans mounted internally in ducts. Not practical for extreme density loading.



	Reliability:
	
	Simple and robust although pressure, airflow & temperature should be carefully monitored. Fans can complicate system by adding points of failure. Overall the system is fully reliant on the design of duct system & performance of CRAH/CRAC systems that support it.



	Energy efficiency:
	
	Higher temperature differential at CRAH/CRAC units improves efficiency of these devices. Elimination of air mixing provides stable ambient environment. Added efficiency is offset by incremental heat created by fans if used. Some inherent energy savings from reduced lighting, heating of smaller footprint Data Centers can be realized.



	Cost efficiency:      
	
	Allows modest reduction in data room “real estate” and slightly reduced energy costs. Requires installation of custom ducting from enclosure to CRAC unit via ceiling plenum. Efficiency gains are not matched by incremental costs to install these systems.



	Space efficiency:    
	
	More efficient than conventional enclosures but non standard depth “footprint” requiring alternate aisle layout configuration.



	Scalability:
	
	Variable operating range allows heat removal in light loads to moderate loads. Not suited to extreme density applications. 



	“Green” Characteristics:
	
	Slightly reduced electrical consumption, & improved space efficiency. Closed cabinet does not contribute noise to ambient environment and contains noise emitted from servers installed inside enclosure.



Advanced Water Cooling Technologies

Acceptance of water cooling for high and ultra high density computing is now wide spread thanks to the efforts of IBM/HP/Liebert/Rittal who followed early technology leaders. Widespread adoption of water cooling by these industry leaders has validated the use of water as the most practical, efficient and by far the “greenest”  thermal transport medium for “high density” computing (10-20kW per cabinet) and the only practical means of dealing with ultra-high density computing (20-35kW per Rack).  It may be surprising to learn that mainframe were all liquid cooled without incident.  Data center managers who have been briefed on the electrical-thermal density “roadmaps” of  Intel/AMD and the major computer OEM’s, generally believed that closed loop water cooling will be even more widely adopted on a broad basis within the next several years.  

Closed loop water cooling requires less real estate, less water, less electricity than traditional air based cooling. These claims are based on exponentially more efficient thermal transfer properties of water vs. air i.e. 3630 - 1. 
As water cooled chillers are common in most data center facilities, conversion to rack level water cooling is achievable in most existing sites. However, conversion or partial conversion requires careful planning and installation of a dedicated cabinet chilled water loop supplied by CDUs (Coolant Distribution Units) which interface between the building chilled water loop and the cabinet chilled water loop or “stand alone” chillers. 

High velocity air-water “in row” systems:

High velocity air-water “in-row” systems typically mount between server cabinets. These systems are half the width of a standard cabinet and contain an air-to-liquid heat exchanger and a series of variable speed fans.  The fans pull in air from the hot aisle, turning it 180°, pass it through the heat exchanger where heat is transferred to the water flowing through the heat exchanger, and exhaust cool air into the cold aisle, supplementing the cool air coming from the floor.  These systems can be an effective means of extending the cooling capacity of data rooms in circumstances where the volume of air circulated in the room or ducted through plenum floors cannot be increased using conventional CRAC-CRAH (Computer Room Air Conditioning- Computer Room Air Handling) systems located on the perimeter of the data room.

The basic design is non proprietary and there are multiple products in the market. This approach has several distinct drawbacks; these systems have footprints equal in depth and half the width of standard server cabinets. For maximum efficiency they are designed to mount on either side of a server enclosure effectively doubling the amount of data room floor required to house a single rack of servers. 

Removal & reinstallation of existing cabling, servers and racks to accommodate insertion of side cars is necessary in retrofit situations. This is highly disruptive, costly and time consuming. Multiple high powered fan-blower assemblies mounted in the system add to electrical power draw and produce waste heat which must be conditioned and recirculated.  


Some manufacturers recommend setting inlet water temperature at 45°F, a value not supported by ASHRAE best practice guidelines. As this temperature is near the dew point in many data centers and legitimate concerns have been raised about the potential for condensation developing on vertically mounted cooling coils within the “in row” compartment. As fans are situated adjacent to these coils it is possible that condensate may be propelled into the intake of servers in the form of mist. 

In-row fan-blower array’s operate in open racks and emit noise in the 80dB or higher range. When combined with noise from server fans in adjacent server cabinets, CRAC and CRAH systems, ambient room/data center noise reaches levels of typical of a factory floor.  Legal liability from hearing loss due to excess noise should be a significant consideration in new data center construction as well as in sites targeted for significant retrofit or upgrade work.

Summary: High Velocity Air-Water Hybrids (Side car):  

	Effectiveness:
	
	Very effective for high density & extreme density loads.

	Reliability:
	
	Inconclusive, not enough long term data. Positioning of heat exchanger coil above fans is a common criticism. Performance claims needs to be viewed relative to inlet water temperature and fan performance curves. Performance claims can sometimes be overstated.


	Energy efficiency:
	
	The convoluted air path limits efficiency of high velocity side car fans. Incremental heat created by fans adds to thermal load. Some inherent energy savings from reduced lighting, heating of smaller footprint data centers can be realized.



	Cost efficiency:      
	
	Extends the capacity of older data rooms. Installation of these systems requires reconfiguration of server rows.



	Space efficiency:    
	
	More efficient than conventional enclosures. Allows net reduction in data room “real estate” after factoring additional space consumed by in-row cooling units.  



	Scalability:
	
	Variable operating range allows light loads, intermittent loads and extreme loads.



	“Green” Characteristics:
	
	Limited to improved space efficiency.



Rear Door passive heat removal devices

This system is similar to the in-row system previously described with the exception that the heat exchanger is located even closer to the heat generating components.  The rear door design uses a full-height water cooled heat exchanger mounted on a conventional perforated door. It can be retrofitted on an existing cabinet or factory installed on the cabinet.  The rear door heat exchanger design requires a dedicated supply of chilled water at a specified flow rate and temperature from secondary systems.  This system extracts heat from exhaust air in high density server clusters before it can mix with and degrade ambient data center cooling air.  This assumes that the heat exchanger has the capacity to remove 100% of the heat added to the air as it follows over the servers.  

One of the major benefits of this technology is its simplicity.  Retrofitting the door onto the cabinet takes only several hours assuming a source of chilled water is available.  


The system is rated to remove approximately 16 kW of heat.  While this technology provides a little more capacity than the high velocity air system, it is not a long term solution.  As mentioned earlier, ultra high density areas of the data center are already seeing up to 30 kW per cabinet of waste heat.   Another option is to remove part of the heat from the air and let the CRAC take care of the rest of it.  The temperature of the air will be reduces as it passes through the heat exchanger.  This results in a small temperature difference at the CRAC, thereby compromising the CRAC efficiency.  

Proponents of this technology highlight that it functions without additional fans or other electrically powered components that would consume electrical power and add incremental heat to the data room environment. Although the system doesn’t utilize additional fans, the heat exchanger at the rear of the cabinet increases impedance to exhaust air flow and causes server fans to speed up to compensate for the additional impedance. This results in a significant increase in energy consumed by server fans (1.5%-3% of total server load).  It should also be noted that in the long term this increased resistance places added stress on integral server fans, thereby reducing their effectiveness and potentially their working life. 

Another shortcoming to the rear door approach is that that while it prevents one type of “mal-distribution” by limiting the mixing of exhaust and cooling air, it does nothing to help with another critical form of mal-distribution, namely air starvation of servers mounted near the top of server racks.  Owing to inherent limitations, floor plenum cooling systems are not able to evenly distribute air from floor to ceiling and servers mounted near the top of racks are most likely affected by cooling air “starvation”. Increases in electrical-thermal density per rack or per square foot in the data center cause the disparity in temperature between the top of the rack and the bottom of the rack to rise in proportion to the incremental electrical-thermal loading.  
The added structural stress on hinges and frame members of the full height, water filled heat exchanger coil mounted inside the door assembly will limit use of the rear door in conventional server racks.  Many installed server racks are not rugged enough to support this incremental weight.  
Summary: Water Cooled Rear Door

	Effectiveness:
	
	Very effectively removes heat exhausted from servers. By design this product does not produce or distribute cooling air, therefore it does not correct problems related to mal-distribution of air entering servers. 



	Reliability:
	
	A simple reliable system. Only two water connections, no electrically powered components. Added resistance from heat exchanger causes server fans to work harder which may lead to premature fan failure. Extra weight of water filled heat exchanger coil, attachment brackets and reinforced door panel requires heavy duty frame and hinges and therefore cannot be installed on/retrofitted to, most standard server racks.     



	Energy efficiency:
	
	Rear door design does not use fans, however overall energy consumption increases owing to high speed operation of variable speed server fans, additional consumption by CDU and incremental increase in load at the process chiller. Temperature range of inlet & outlet water allows chillers to operate at peak efficiency. Inherent energy savings from reduced lighting, heating of smaller footprint data centers. 

	Cost efficiency:      
	
	Allows significant reduction in data room “real estate” and moderate reduction in energy costs. 



	Space efficiency:    
	
	Very efficient overall, however enclosures use non standard “footprints” that are wider than conventional racks requiring alternate aisle configuration.



	Scalability:
	
	Variable operating range allows light loads, intermittent loads, and extreme loads.



	“Green” Characteristics:
	
	Reduced electrical consumption, use of renewable resource (water) as thermal transfer media, very space efficient. The rear door does nothing to contain-mitigate noise emitted from servers 



Closed Loop Water Cooling:

Closed Loop Cooling systems rely on a supply of low pressure chilled water channelled through a high efficiency heat exchanger mounted in the enclosure.  This heat exchanger acts as a “sink” to absorb the heat energy generated by servers and other related rack mounted equipment operating within the enclosure.  This technology is essentially turning the cabinet into a micro data center.  


There are several configurations available, either the heat exchanger in the base of the cabinet or on the side of the cabinet.   The advantage of locating the heat exchanger in the base of the cabinet is that any leaks are going to drip down into the drip pan and drain out, never impacting the electronics.  The side configuration has the significant disadvantage that if there is condensation on the heat exchanger the air can blow this water into the electronics.  As fans are situated adjacent to these coils it is possible that condensate may be propelled into the intake of servers in the form of mist. 

This is not an issue with the heat exchanger located in the base.  Due to this limitation the rest of this discussion will focus on the configuration with the heat exchanger in the base.  
External chilled water feed and warm water return lines connect to the heat exchanger using flexible high pressure hoses and conventional threaded plumbing connectors. Typically closed loop water cabinets require 10 to 20 gpm of 50ºF and 60ºF feed water to remove all of the heat generated by the datacom equipment contained in the cabinet. 
Most systems use independently controlled, variable speed fans mounted in the rear door assembly to move air through the heat exchanger and the servers.   As the air, warmed by the servers, passes over the heat exchanger thermal energy is transferred to the chilled water flowing through the heat exchanger. The cooled air exits the heat exchanger, and is then directed upward into cooling plenum on the interior cabinet front door. The cooling plenums deliver a uniform top to bottom stream of cool air to the front of rack mounted servers, solving any mal-distribution issues.  
Cooling fans are normally dual powered for resilience and have variable speed controls which increase efficiency and low operating cost when the cabinet is not operating under a full load.

Typically, front and rear doors are equipped with thermostatically controlled automatic release systems which open the doors in the case of overheating. Doors are equipped with springs to force door to swing fully open once the latch mechanism has released.

 “Closed Loop” systems tend to operate very quietly at 60 dB – 65 dB which is a great benefit to data center operators. As “lights out” data centers remain the exception rather than the rule, the “human” factor” must be considered when designing next generation facilities. 

Another benefit of “closed systems” is their ability to support enclosure based smoke detection and fire suppression devices.  The most advanced of these systems use laser based smoke detectors.  Laser detection systems are capable of identifying microscopic particulate released into the ambient enclosure environment when cable jackets, connectors and other electronic components begin to deteriorate.  A low level “thermal event” such as a smouldering cable or faulty power supply will be detected by the laser and  would activate the fire suppression system, resulting in the release of a small volume of non toxic-non ozone depleting fire suppressant to put out a fire while still in the incipient stage.

This system eliminates the power requirement of the CRAC because it is no longer needed.   The cabinet and CDU power requirements are significantly less than the CRAC power requirements, so using a closed loop water cooled system reduces over all power consumption. 
Closed loop water cooled systems eliminate the perforated door through which the server fans must pull air.  This reduces the air resistance, allowing the fans to run slower and increasing their reliability.

The main disadvantage of this system is capital costs.  The facilities work to prepare the data center for these systems are the same as for the rear door heat exchanger system.  However, when cost per kilowatt, cost per square foot, or operating costs are considered, this solution results in the lowest total cost of ownership.  
Other disadvantages for the closed loop water cooling include reduced space in the cabinet.  The heat exchanger and fans consume space that could otherwise be used for servers.  Additionally, the heat exchanger and fans add weight which can be an issue with floor loading on existing data centers.   

Summary: Closed Loop Water Cooling: 

	Effectiveness:
	
	Very effective for high density & extreme density loads.



	Reliability:
	
	Inconclusive, not enough long term data. Fans, heat exchanger coils and other major components selected based on high reliability & favourable Mean Time Before Failure (MTBF) ratings. Closed system relies on effectiveness of “fail safe” devices & comprehensive environmental monitoring.



	Energy efficiency:
	
	Very efficient use of electrical energy by fans in transfer of thermal energy from air to water. Inherent energy savings from reduced lighting, heating of smaller footprint data centers.


	Cost efficiency:      
	
	Allows reduction by facilitating increased thermal load in data room & reduces energy costs by more efficient use of electricity.



	Space efficiency:    
	
	Very efficient overall, however enclosures use non standard “footprints” that are wider & deeper than conventional racks requiring alternate aisle layout & server row configuration.



	Scalability:
	
	Variable operating range allows light loads, intermittent loads, and extreme loads.



	“Green” Characteristics:
	
	Reduced electrical consumption, use of renewable resource (water) as thermal transfer media, very space efficient, and low audible noise footprint.




Advanced Technologies using other Coolants

Closed Loop Refrigerant Gas Cooling

A limited number of systems are available that use the same architecture as water cooled systems but use refrigerant as the thermal transfer media. In general the same net “value proposition” guidelines apply.  The heat transfer capabilities of the refrigerant exceed water when the refrigerant is vaporized.  Additionally, refrigerant leaks do not compromise electronics.   These benefits are more than offset by several drawbacks to the use of refrigerant gas in this application.
The main drawback is the introduction of a “chemical” into the data center.  The use of refrigerant in an enclosed space is considered a potential workplace hazard and can be subject to local, state, and federal regulation.  The most common refrigerant R-134A or 1,1,1,2-Tetrafluoroethane itself has an LD50 (lethal concentration for 50% of subjects) in rats of 1,500 g/m³.  Overexposure to R-134A can cause dizziness and loss of concentrations.  At higher levels, CNS depression and cardiac arrhythmia may result for exposure.  Vapors displace air and can cause asphyxiation in confined spaces.  R134a’s gaseous form is denser than air, and will displace air in the lungs.  1,1,1,2-tetrafluoroethane is compressed into a liquid, which upon vaporization absorbs a significant amount of thermal energy. As a result, it will greatly lower the temperature of any object it contacts as it evaporates. This can result in frostbite when it contacts skin.

The other significant issue is R-134A has a boiling point of -26°C at standard atmosphere pressures.  This means that if a leak develops all the refrigerant will boil away.  The gas is colorless and odorless so a leak could go undetected.  The complete lack of coolant would have catastrophic results to the data center equipment and system availability.   The installation and maintenance is more complicated if for not other reason that the system is charged with a fluid that boils at very low temperatures.
Finally, it’s not a long term solution since recently, 1,1,1,2-tetrafluoroethane has been subject to use restrictions due to its contribution to climate change. In the EU, it will be banned as from 2011 in all new cars.
Summary: Closed Loop Refrigerant Gas Cooling: 

	Effectiveness:
	
	Very effective for high density & extreme density loads.



	Reliability:
	
	Inconclusive, not enough long term data. Fans, heat exchanger coils and other major components selected based on high reliability & favourable Mean Time Before Failure (MTBF) ratings. Closed system relies on effectiveness of “fail safe” devices & comprehensive environmental monitoring.



	Energy efficiency:
	
	Very efficient use of electrical energy by fans in transfer of thermal energy from air to gas. Inherent energy savings from reduced lighting, heating of smaller footprint data centers.


	Cost efficiency:      
	
	Facilitates increased thermal load in data room & reduces energy costs by more efficient use of electricity.



	Space efficiency:    
	
	Very efficient overall, however enclosures use non standard “footprints” that are wider & deeper than conventional racks requiring alternate aisle layout & server row configuration.



	Scalability:
	
	Variable operating range allows light loads, intermittent loads, and extreme loads.



	“Green” Characteristics:
	
	Reduced electrical consumption. Very space efficient, low audible noise footprint.  What about use of refrigerant?



PUE, power usage effectiveness, is defined as the total facility power divided by the IT equipment power and is the latest buzz word in the IT industry.  PUE is very dependent on specific data center layout and equipment so it is not feasible to prescribe PUEs to the technologies discussed above.  The list below shows the relative PUEs 
Lowest PUE

Closed Loop Water Cooling



Water Cooled Rear Door 




High Velocity Air-Water Hybrids
Highest PUE

Conventional Enclosures with Dedicated Return Ducting
Note:  Low PUE is better than a higher PUE
Conclusion 
The best long term cooling solution will vary with the unique characteristics of each data center. But common considerations are establishing a long term plan that will meet future cooling needs, especially as cooling requirements are expected to increase dramatically over the next several years.  
	
	Closed Loop Water Cooling
	Closed Loop Refrigerant Gas Cooling
	Water Cooled Rear Door
	Conventional Enclosures with Dedicated Return Ducting
	High Velocity Air-Water Hybrids 

	Effectiveness:
	Very effective for high density & extreme density loads.


	Very effective for high density & extreme density loads.


	Very effectively removes heat exhausted from servers. By design this product does not produce or distribute cooling air, therefore it does not correct problems related to mal-distribution of air entering servers. 
	Effective up to 10kW- 12-kW. Beyond this level air distribution within the cabinet can be problematic.  Performance can be boosted with fans mounted internally in ducts. Not practical for extreme density loading.
	Very effective for high density & extreme density loads.

	Reliability:
	Inconclusive, not enough long term data. Fans, heat exchanger coils and other major components selected based on high reliability & favourable Mean Time Before Failure (MTBF) ratings. Closed system relies on effectiveness of “fail safe” devices & comprehensive environmental monitoring.


	Inconclusive, not enough long term data. Fans, heat exchanger coils and other major components selected based on high reliability & favourable Mean Time Before Failure (MTBF) ratings. Closed system relies on effectiveness of “fail safe” devices & comprehensive environmental monitoring.


	A simple reliable system. Only two water connections, no electrically powered components. Added resistance from heat exchanger causes server fans to work harder which may lead to premature fan failure. Extra weight of water filled heat exchanger coil, attachment brackets and reinforced door panel requires heavy duty frame and hinges and therefore cannot be installed on/retrofitted to, most standard server racks.  
	Simple and robust although pressure, airflow & temperature should be carefully monitored. Fans can complicate system by adding points of failure. Overall the system is fully reliant on the design of duct system & performance of CRAH/CRAC systems that support it.
	Inconclusive, not enough long term data. Positioning of heat exchanger coil above fans is a common criticism. Performance claims needs to be viewed relative to inlet water temperature and fan performance curves. Performance claims can sometimes be overstated.

	Energy efficiency:
	Very efficient use of electrical energy by fans in transfer of thermal energy from air to water. Inherent energy savings from reduced lighting, heating of smaller footprint data centers.
	Very efficient use of electrical energy by fans in transfer of thermal energy from air to gas. Inherent energy savings from reduced lighting, heating of smaller footprint data centers.
	Rear door design does not use fans, however overall energy consumption increases owing to high speed operation of variable speed server fans, additional consumption by CDU and incremental increase in load at the process chiller. Temperature range of inlet & outlet water allows chillers to operate at peak efficiency. Inherent energy savings from reduced lighting, heating of smaller footprint data centers.  
	Higher Temperature differential at CRAH/CRAC units improves efficiency. Elimination of air mixing provides stable ambient environment. Added efficiency is offset by incremental heat created by fans if used. Some inherent energy savings from reduced lighting, heating of smaller footprint data centers can be realized.
	The convoluted air path limits efficiency of high velocity side car fans. Incremental heat created by fans adds to thermal load. Some inherent energy savings from reduced lighting, heating of smaller footprint data centers can be realized.

	Cost efficiency:
	Allows reduction by facilitating increased thermal load in data room & reduces energy costs by more efficient use of electricity.


	Facilitates increased thermal load in data room & reduces energy costs by more efficient use of electricity.


	Allows significant reduction in data room “real estate” and moderate reduction in energy costs. 


	Allows modest reduction in data room “real estate” and slightly reduced energy costs. Requires installation of custom ducting from enclosure to CRAC unit via ceiling plenum. Efficiency gains are not matched by incremental costs to install these systems.
	Extends the capacity of older data rooms. Installation of these systems requires reconfiguration of server rows.

	Space efficiency:
	Very efficient overall, however enclosures use non standard “footprints” that are wider & deeper than conventional racks requiring alternate aisle layout & server row configuration.
	Very efficient overall, however enclosures use non standard “footprints” that are wider & deeper than conventional racks requiring alternate aisle layout & server row configuration.
	Very efficient overall, however enclosures use non standard “footprints” that are wider than conventional racks requiring alternate aisle configuration.
	More efficient than conventional enclosures but non standard depth “footprint” requiring alternate aisle layout configuration.
	More efficient than conventional enclosures. Allows net reduction in data room “real estate” after factoring additional space consumed by in-row cooling units.

	Scalability:
	Variable operating range allows light loads, intermittent loads, and extreme loads.


	Variable operating range allows light loads, intermittent loads, and extreme loads.


	Variable operating range allows light loads, intermittent loads, and extreme loads.
	Variable operating range allows heat removal in light loads to moderate loads. Not suited to extreme density applications. 
	Variable operating range allows light loads, intermittent loads and extreme loads.

	“Green” Characteristics:
	Reduced electrical consumption, use of renewable resource (water) as thermal transfer media, very space efficient, and low audible noise footprint.


	Reduced electrical consumption. Very space efficient, low audible noise footprint.  What about use of refrigerant?


	Reduced electrical consumption, use of renewable resource (water) as thermal transfer media, very space efficient. The rear door does nothing to contain-mitigate noise emitted from servers.
	Slightly reduced electrical consumption, & improved space efficiency. Closed cabinet does not contribute noise to ambient environment and contains noise emitted from servers installed inside enclosure.
	Limited to improved space efficiency.
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Figure � SEQ Figure \* ARABIC �1� IBM HS20 blade server





Figure � SEQ Figure \* ARABIC �2� HP BladeSystem c7000, populated with 16 blades and 3U UPSs





Figure � SEQ Figure \* ARABIC �4� Definitions of Data Center Density








� The thermal tipping point is dependant on factors such as plenum height, ceiling height, HVAC & air handling capacity in a data center.
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