


However, the benefits of higher rack inlet temperatures can be realized only if adequate cool-
ing air volume is delivered to the rack inlets. When adequate air volume is not provided, the
racks will meet their cooling needs using ambient air in the data center rather than cooling air
flowing from the raised floor perforated tiles. Cooling from ambient air, rather than the supply
from the raised floor is known as hot air recirculation. When hot air recirculation occurs, ambi-
ent air (typically in part, made up from the hot rack exhaust air) is drawn into the cold aisles
from the ends of the racks and over the top of the racks. The result of hot air recirculation will
be elevated rack inlet temperatures. Hot air recirculation can produce inlet temperatures in ex-
cess of ASHRAE guidelines. When recirculation occurs and produces inlet hot spots, data
center operators often respond by sub-cooling large portions of the data center to provide relief
for localized heating. This is an expensive and often unnecessary response to the problem.

When cooling air flows are inadequate, many schemes to improve energy efficiency, including
raised inlet temperatures, will fail. This is because persistent inlet hot spots will frustrate any

new operating design. Prior to implementing any program to improve cooling efficiency, ade-
quate cooling air flows must be ensured.

How Can We Determine The Presence of Inadequate Cooling Air Volumes?

The presence of inadequate cooling air volumes is indicated by two phenomena. The first is
the presence of hot air recirculation. The second is the presence of elevated inlet tempera-
tures. We use two methods to identify these air flow deficiencies.

The presence of hot air recirculation will result in elevated rack inlet temperatures. We have
developed techniques to join, or mosaic thermal infrared images to produce temperature maps
for every square inch of rack inlet surface. With these images, under-supply or over-supply of
cooling air is readily seen. The infrared images also reveal recirculation. Further, the images
permit us to quantify all areas above or below ASHRAE recommended minimum and maxi-
mum inlet temperatures. The temperature data can be used to calculate various rack inlet and
outlet performance indices.

Consider this example: The following photograph shows one row of server racks. Each of 10
racks contains 44 servers for a total of 440 servers.




Now, we can observe infrared mosaic images of two different racks, below.

The loads on these racks are similar. Upper racks: 64kW; Lower racks: 69kW. The upper
racks have an average inlet temperature of 75.5°F. The lower racks have an average temper-
ature of 66.8°F. The upper racks have 26% of inlet temperatures above ASHRAE recom-
mended maximum (80.6°F) and 1% of inlet temperatures below ASHRAE recommended min-

imum (64.4°F). The lower racks have .03% of inlet surfaces above ASHRAE maximum and
31% of inlet surfaces below ASHRAE minimum.



The thermal patterns in the upper row demonstrate that recirculation air is coming over the top
of the upper racks, producing elevated inlet temperatures. The thermal patterns on the lower
rack show that server cooling requirements are being met by cooling air from the perforated
tiles.

What accounts for the difference in rack performance? Cooling air supply volumes!

The upper racks are receiving 4,878 CFM from the perforated tiles. The lower racks are re-
ceiving 5,948 CFM of air from the perforated tiles. The average cooling air temperature (from
the perforated tiles) for each set of racks is 61.2°F.

Hot spots and recirculation are eliminated in the lower racks by the provision of sufficient cool-
ing air flows from the perforated tiles. However, this arrangement is still wasting energy: The
rack inlet temperatures are substantially cooler than necessary as evidenced by the large por-
tion of overcooled inlets (31% below ASHRAE minimum). Increased supply temperature to the
lower rack will enable the same cooling to be accomplished at a lower cost. This will be dis-
cussed later.

Our second tool for identifying inadequate air flow is our patent pending Data Air Measurement
and Mapping (DAMM) cart. This instrument produces a 3 dimensional vector field drawing of
the data center that shows air flow direction, speed and temperature. The image below
demonstrates the recirculation seen in the upper infrared image. In the image, we see warm
air flowing from the hot aisle over the top of the rack at and into the server inlets. The upper
row in the DAMM image corresponds to the upper infrared mosaic. All red arrows show air
temperatures above 80.60F. The length of the arrow corresponds to velocity.
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How do we achieve uniform inlet temperatures within ASHRAE guidelines?

Answer: Achieve the proper supply air flows to meet the cooling requirements of the racks.
Then, raise the inlet temperature. This is how it is done.

During our data center assessment process, we gather measurements on rack power usage
and air flow. We can use this data to calculate how much perforated tile air flow is required to
satisfy actual or expected IT loads. Engineering calculations can be performed to determine
the air flow required to achieve a specified heat transfer and temperature drop between rack
inlets and outlets. However, room configuration, tile layout, CRAC placement and CRAC per-
formance will all influence whether the required amount of air can actually be delivered to the
rack inlets. These multiple interactions are too complex for simple engineering calculations.
Thus, we begin our analysis with the simple engineering calculations, but then turn to Compu-
tational Fluid Dynamics (CFD) supplemented with customized CRAC unit engineering models
to determine what can be achieved and the associated energy savings.

This process is illustrated below using CFD models. We constructed a small, simple data cen-
ter containing one row of five racks that consumes 30 kW for data processing. The room con-
tains a raised floor plenum and with five supply grates (one in front of each rack). Air is re-
turned to the CRAC unit via a ceiling plenum return. The CRAC unit is located in an adjacent
room. The down flow DX CRAC unit has two compressor stages with 60 kW of capacity.

The data center is shown in the image, below.




Example 1: Operation in alarm--In this case, we have a flow of 4,000 CFM with a supply air
temperature of 640F. The image below shows rack inlet temperatures on a four color scale.
All red areas exceed ASHRAE recommended maximum. All blue colors are below the
ASHRAE recommended minimum. The average inlet temperature is 72.30F. As is clear from
this image, substantial inlet hot spots are present. Cold supply air only reaches low level rack
inlets. Upper level server inlets are supplied with a combination of ambient and rack exhaust
air. In this case, the data center operators must take action to eliminate their hot spots.
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Example 2: Our next case illustrates a typical response to hot spots: dial down air tempera-
ture setpoints (reduce the supply air temperature). In the case below, we reduce the supply air
temperature until all surface temperatures are below the recommended ASHRAE maximum.
This occurs with a supply air temperature of 580F, a reduction of 60F from our base case.

As we can see, all inlet temperatures are now below the ASHRAE recommended maximum.
The average inlet temperature is now 66.10F. This occurs because the inlet temperatures
along the bottom are now so cold that the discharge air temperatures from the racks are all be-
low 80.6. Hot air recirculation is still occurring, however the recirculated air is now colder and
hot spots no longer occur.

In this case, the compressor COP is 3.3 and total annual CRAC power consumption is 83,012
kWh. Now, let us see what can be done to increase efficiency.



Example 3: Our engineering calculations indicate that this rack requires a cooling air flow of
8,000 CFM. In this example, we provide 8,000 CFM at our base case supply temperature of
640F. The results are seen in the following image:

In this image, we see that increased air flow has eliminated all hot spots. Recirculation is
clearly reduced. We also see that nearly all inlet temperatures are running below the ASHRAE
recommended minimum temperatures. The average inlet temperature has dropped to 65.80F.
This is not an efficient solution. We are substantially overcooling the servers. The CRAC
unit’'s compressor COP has improved to 4.8, However CRAC blower power requirements
have increased from 3,456 kWh to 21,462 kWh. Total operating costs are 76,224 kWh. This
is an energy savings of 8.2% from case 2.



Example 4: Now we have sufficient air volume to minimize recirculation. At this point, we can
raise the supply air temperature further and realize the benefits of higher compressor COP.
This is seen in the image below.
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In this image, we achieve a supply temperature of 68oF. All inlet temperatures are within rec-
ommended ASHRAE limits. The average inlet temperature is 69.90F. We find that if we raise
the supply temperature farther, hot spots will occur. As we see in all of these images, we get
elevated temperatures along the outer vertical edges and top center of the server row. This
phenomenon occurs because the air pressure on the exhaust side of the rack is always great-
er than on the supply side of the rack. This means that recirculation cannot be entirely elimi-
nated. However, our efficiency has improved. Compressor COP is now at 5.29 and total pow-
er consumption is now 71,086 kWh. This represents an energy savings of 14.4%.



Example 5: In example 4 we found that the air pressure differentials in the room would cause
hot spots along the edges of the row if we raised the supply temperature beyond 680oF. In this
case, we will install 2 foot deep solid barriers along the top and side edges of the server row.
This will serve to mitigate the effects of air pressure imbalances in the room. The barriers are
illustrated below.

The results are seen below.




In this case, we have raised the supply temperature to 74oF. The average inlet temperature is
74.60F. This is actually warmer than our initial “in alarm” example (72.30F). Any further in-
crease in supply temperature will result in hot spots. However, the compressor COP is now
5.29 and total CRAC power consumption is 68,892 kWh. This is a savings of 17% over exam-
ple 2. The cost to achieve this improvement is minimal- belts and pulleys for the CRAC (to al-
ter fan speed) and some rigid barriers for the racks.

In this example, significant energy savings from raising inlet temperatures were achieved de-
spite a substantial increase in fan power. In systems that already produce adequate air flow,
the energy savings from only raising air temperature set points can be considerably larger.

The use of free cooling by means of outside air is receiving increased emphasis as an energy
savings measure. The cooling air flow optimization achieved in this final example will enable
free cooling to be achieved successfully at increased outdoor temperatures. The additional
potential savings will be considered in a future paper.

Conclusions

This paper provides an example of the energy savings that can be readily achieved by means
of higher server rack inlet temperatures. The savings can be significant and may be achieved
at little cost.

However, these savings cannot be safely achieved unless adequate cooling air flow volumes
are provided from the perforated tiles.

Our analytical approach evaluates available cooling air flows and the rack cooling air require-
ments. Our optimization service then uses CFD and CRAC unit engineering models to bring
air supply and air demand into balance. Once balance is determined, we calculate the achiev-
able setpoints and impacts on energy consumption.

Our analytical approach delivers the optimal use of existing capacity to provide the required
cooling at the lowest operating cost.



