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1. Data Center Cooling Efficiency: A Critical Challenge

Source: Mankoff et al, IEEE Computer 2008

0.5% of world CO2 emissions; 
rivals entire Czech Republic

By 2011, 2.5% of US energy – equivalent to 
9.8 million households – costing $7.4 billion/yr.

Installed base 
grows 11%/yr. 

Source: Liebert, Inc. 2007
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A massive fraction of data center power is consumed by cooling infrastructure. System architects can realize enormous
energy efficiency gains through thermal‐aware mechanisms and cooling‐conscious system design. Both offline modeling
and real‐time control rely on fast, accurate, and usablemodels of data center thermodynamics.

2. Our Objectives

• Build a fast, accurate data center thermal modeling 
kernel based on computational fluid dynamics (CFD)

• Scale CFD solver performance to enable real‐time 
temperature tracking for online thermal management

Source: US EPA 2007

Projected U.S. Data Center Power Demand

Cooling infrastructure accounts for over 
1/3 of total data center power costs

Typical data center power breakdown
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Supply temp. (C) Source: HP Labs

Data center hot spots force 10⁰C A/C 
safety margins, dropping efficiency 2.5x

Max safe temp

Typical set point

3. Why Computational Fluid Dynamics?

5. Applications
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6. Improving Usability 7. Improving Speed 8. Maintaining Accuracy

Maelstrom can act as the computational core for offline modeling tools, to enable research
on next generation data center hardware, software, and physical infrastructure, and real‐
time online models, to complement sensor data with predictions for “what‐if” scenarios.

Integrated Hierarchical Data Center Simulation

Temperature‐Aware Job Scheduling 
& Virtual Machine Migration

[Moore et al 2005]
[Bash & Forman 2007]
[Tang & Gupta 2007]

4. Related Research
[Moore et al 2006] Machine‐learning based modeling of temperature coupling 

among servers.  Scalability limited by rapid growth in training 
data requirements.

[Tang et al 2006] Abstract heat flow modeling of data centers.  Drastically lower 
computational requirements than CFD, but relies on fixed 
topology and stable airflow patterns.

[Choi et al 2007] CFD modeling within system and rack enclosures.  We apply 
similar approaches to model entire data center environments.

[Ramos & Bianchini 2008] Energy management based on predictive thermal modeling.  
Relies on a linear model similar to flow networks.

[VanGilder & Zhang 2008] Coarse‐grid methods to accelerate data center CFD.

Static Design & Optimization of  
Data Center Physical Layout

Conventional CFD tools require substantial mechanical engineering expertise to operate. To make
CFD‐based data center modeling accessible to the systems architecture community, Maelstrom
accepts an XML specification that describes a data center at the granularity of racks, clusters and
servers. Maelstrom then automatically builds an appropriate mesh for its CFD solver.

The thermodynamic environment in data centers is chaotic, with many high speed jets and
large temperature gradients. These result in markedly non‐linear flows. Although linear
estimators are fast and simple, they fail to predict temperatures accurately in complex
environments. Furthermore, existing linear approximations require either empirical
results, which must be updated whenever topology changes, or extensive training data
(e.g., derived from CFD simulations). CFD can provide physically‐accurate temperature
estimates in arbitrarily complex data centers. Maelstrom builds on the open‐source Dolfyn
CFD package from TU Delft.

Data center CFD modeling can be substantially accelerated through domain-specific CFD
solver customization. For example, omitting turbulence modeling can substantially reduce
computational requirements. Though turbulence modeling is essential in general CFD
applications, it tends not to affect server inlet temperatures, typically the only temperatures of
interest. Furthermore, CFD is highly parallelizable, and many conventional optimization
techniques can provide substantial benefits, but are ignored in existing solvers.

Existing real-time data center thermal models assume linear relationships among critical flow
variables. Though computationally expedient and accurate for constrained, low-velocity
flows, such models omit key physical phenomena, such as the non-linear pressure-airflow
relationship, buoyancy, and momentum effects, which are critical in data centers with
multiple, interacting high-speed jets. In contrast, Maelstrom seeks to accelerate conventional
CFD, omitting only physical phenomena shown to have negligible impact in data centers.

<rack>
<x_start>1.0</x_start>
<y_start>1.0</y_start>
<z_start>1.0</z_start>
<server>

<power>450</power>
<flow>22</flow>

</server>
…

</rack>

Average server inlet temperature prediction error 0.25⁰C

Worst‐case server inlet temperature prediction error 2.63⁰C

Fraction of inlets with error > 1.5⁰C 4.7%

Accuracy impact of omitting turbulence from CFD solver (FLOVENT) 
For the Michigan Academic Computer Center (~250 racks)
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Racks in Data Center Model

0

2

4

6

8

10

12

14

2 4 6 8 10

Ti
m
e 
pe

r I
te
ra
ti
on

 (m
s)

Racks in Data Center Model

Baseline Maelstrom Performance vs. Data Center Size

Iterations to Converge  Solve Time per Iteration 

Techniques to reduce iterations Techniques to accelerate solve time
• coarse grid
• multigrid
• block‐structuredmesh
• initial value prediction

• improved linear solvers
• domain decomposition
• block‐structuredmesh
• solving pressure and
temperature in parallel
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