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ABSTRACT OF THE THESIS 
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by 
 

 

Fatemeh Tavakkoli 

 

Master of Science, Graduate Program in Computer Science 

University of California, Riverside, December 2017 

Dr. Sheldon Tan, Chairperson 

 

 

 

 

With increasing power density of latest generation of AI-enabled server racks (e.g. 30-80 

kW) along with growing adoption of such servers for deep learning tasks such as image 

understanding, speech recognition, etc., the energy and cooling requirements of AI-enabled 

data centers are growing at an alarming rate. In recent years, data center architects have 

emphasized the importance of holistic approaches to design and operation of data centers 

by considering both IT equipment and cooling infrastructures; however, a comprehensive 

design approach for an energy-efficient data center is very limited. This paper details the 

development of a tool that focuses on energy-efficient design of a data center based on 

workload predictions, IT configurations, and climatic conditions. Actual measured data are 

typically not available in the design stage and evaluation of data center energy efficiency, 

in terms of power usage effectiveness (PUE), solely rely on analytical models. Therefore, 

in this paper, a thermodynamic-based physical model of an AI-enabled data center 

configuration, including the cooling system, is developed and benchmarked based on an 

actual data center. This data center is located at a colocation facility and mainly consist of 
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GPU server nodes with primary application of AI/deep learning research. The colocation 

center is equipped with a chiller system to create a building chilled water loop, which is 

used to cool the air flow of air conditioning units (CRAHs) in each data center room. The 

chilled air from the CRAH units are supplied to an under-floor plenum and eventually enter 

the data center room through perforated tiles to provide sufficient cooling to the server 

racks in the cold aisle containment. For benchmarking the data center, power, coolant flow 

rate, and temperature data are obtained either through the equipment’s monitoring system 

or via sensor measurements. Comprehensive PUE analysis can be established to determine 

the most energy-efficient cooling system design and to find the optimal flow rate and 

temperature set points while meeting design constraints such as geographical location and 

weather conditions. 
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Chapter 1 

1 Introduction and Overview 

1.1 Introduction 

The electricity use of data centers across the world spiked by more than 300% from 

2000 to 2010, accounting for 1.3% of the global electricity use in 2010 [1]. In addition, 

data centers consume nearly 30 times more energy per square foot compared to typical 

office buildings [2]. Therefore, understanding the physical behavior of data center systems 

as well as its energy efficiency has utmost importance from energy and cost viewpoints. 

Recent advances in semiconductor technology and breakthroughs in packaging have led to 

significant improvement in performance of microprocessors and dramatic reduction in 

transistor dimensions. As a result, high-power server racks with extreme heat dissipation 

rates have emerged, which require more sophisticated thermal management techniques and 

accordingly greater energy needs for cooling. The current generation of high-density racks 

can dissipate heat loads as high as 32 kW for a 19 in. rack, which is equivalent to a heat 

density of 52,000 W/m2 [3]. Nearly all electrical power used by the chip package is 

dissipated as heat into the room environment, which creates a massive load on the facility 

cooling system. Most of the current cooling technologies use air to transfer and reject the 

heat from the chip to the environment [4]. The energy use for cooling typical data centers 
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are estimated to be around 30–40% of the total data center energy consumption, which 

could translate into millions of dollars of annual cost, thus justifying the critical importance 

of further research to improve the overall energy efficiency of cooling systems [5]. 

Most of the current data center design strategies are based on empirical approaches 

using practical knowledge, instead of a comprehensive understanding of how one 

parameter, such as chilled water temperature, can influence other components of the 

cooling system [6]–[9]. For example, the power consumption of chiller’s compressor varies 

with load, which requires careful part-load analysis of the system for optimal design 

selection and operation. Furthermore, the energy requirement for cooling data centers 

depends on time of operation, ambient conditions, and business objectives of the compute 

services. Therefore, dynamic provisioning of the data center requires scalability and 

flexibility in the cooling system and a comprehensive technical understanding of physical 

interdependencies of all subsystems [5]. As such, it is very crucial to develop numerical 

models that can characterize the physics of data center cooling and represent the heat 

transfer from the chip to the ambient for an air cooled data center. 

A few researchers have emphasized the importance of holistic modeling tools for 

design of energy-efficient data centers [3]–[9]. Iyenger and Schmidt developed a 

comprehensive model of data center cooling system, however, they used empirical 

approaches for room air balancing, which is challenging to generalize to new data center. 

In addition, their model did not account for the server workload dynamics and its impact 

on power consumption of fans and Central Room Air Handling (CRAH) units. The work 

of Beitelmal and Patel [5] focused on the cooling infrastructure, especially the chiller 
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system, while neglecting the data center workload dynamics and the performance of other 

cooling subsystems such as CRAH units. Breen and Walsh [6]–[8] developed similar 

models of data center cooling infrastructure, but neglected the effect of workload dynamics 

on air flow and cooling system performance. In addition, several researchers have 

developed analytical models for chillers and have established the part-load performance 

characteristics [10]–[13]. However, none of these work accounts for the impacts of climatic 

conditions and condenser on the chiller performance. As such, there is still a great need for 

developing more detailed physical models of data center cooling system that incorporates 

both IT workload and complex interdependcies of cooling subsystems. 

In this work, we aim to develop a physical PUE tool that allows evaluating the 

thermal and energy performance of the entire data center cooling chain, including different 

combinations of cooling technologies at each level of the data center, to select the best 

cooling solution for a specific data center. This tool would enable optimizing the operating 

conditions, i.e. set points, for different IT workloads and climatic conditions. In addition, 

it can be used to develop control algorithms that would lead to optimal data center power 

usage effectiveness, while meeting specific design constraints such as maximum rack inlet 

air temperature. Finally, the PUE tool can be integrated with a data center TCO model to 

analyze and optimize the design and operation of a data center cooling system to minimize 

the total cost of ownership. 
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1.2 Data Center Cooling Infrastructure 

As shown in Figure 1, the data center cooling system is usually comprised of three 

cooling subsystems each designed to remove heat from a specific level of the data center:   

(i) Server cooling subsystem (comprised of server fans, heat sinks, cold plates, etc.) 

(ii) Rack/room cooling subsystem (e.g. CRAH, CDU, etc.) 

(iii) Facility cooling subsystem (e.g. chiller, condenser, central pump, etc.) 

 

 

Figure 1: A typical architecture of data center cooling system 

 

Different technologies can be deployed at each level of the data center cooling 

system. For example, the servers can be cooled by direct contact liquid cooling (using cold 

plates), and then transfer the heat to the room air using a liquid-to-air heat exchanger at the 

rack (e.g. AHX), and finally dissipate the heat to the outside environment using an indirect 

evaporative cooling system.   

Depending on the cooling design of the node and the facility subsystem, different 

types of heat exchangers with pumping and control capabilities can be installed at 

rack/row/room level. These heat exchangers (RHX) can be water-to-air, air-to-water, or 

water-to-water depending on the cooling fluid used for the server-level and facility-level 
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subsystems. Examples of RHX units are computer room air handling unit (CRAH), 

overhead cooling unit (OCU), rear door heat exchanger (RDHX), direct-contact liquid 

cooling air heat exchanger (AHX), and cooling distribution unit (CDU).  

For a typical air-cooled data center, the IT equipment is usually designed with the 

assumption of rack air inlet temperatures of 20–30°C. In a raised floor design, shown in 

Figure 2, the chilled air enters the room via perforated floor tiles, passes through the racks, 

getting heated in the process, then finds its way to the intake of the air-conditioning units 

known as RHX units, which cool the hot air and blow it into the underfloor plenum. Sub 

ambient refrigerated water leaving the chiller plant evaporator is circulated through the 

RHX units using building chilled water pumps. A condenser pump circulates water 

between the chiller condenser and an air cooled cooing tower. Thus, the primary power-

consuming components are as follows: (i) the server fans (ii) the room air-conditioning unit 

blowers (iii) the building chilled water pumps (iv) the refrigeration compressors (v) the 

condenser water pumps (vi) the cooling tower blowers.  

In the next chapter, the physical modeling of these components will be introduced.  
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Chapter 2 

2 Physical Modeling Approach 

2.1 Physical Model of cooling system components 

In this section, the physical model for each component of the cooling system is 

described based on the conservation laws of physics, i.e. mass and energy balance, and 

semi-empirical correlations. The models are then calibrated and tuned based on the 

collected experimental data and/or the manufacturer’s performance data. 

 

Figure 2: A data center with traditional room air-conditioning design including raised floor, 

CRAH (RHX) units, underfloor plenum, perforated aisles, and cold aisle/hot aisle arrangement 

[10] 
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2.2 Data center flow work model 

Figure 2 displays a schematic of the cooling energy flow for a data center facility, 

showing the electrical power dissipated by the microprocessors as heat, being carried away 

by successive thermally coupled coolant loops, which consume energy either due to 

pumping or compression work. The servers are cooled by server fans using the air supplied 

to the cold aisle by the Computer Room Air Conditioning (CRAH) units through the 

perforated tiles. The hot exhaust air from the servers return to the CRAH units, where air 

is cooled by exchanging heat with chilled water in a liquid-to-air heat exchanger. The air 

blowers inside the CRAH units push air to create sufficient pressure increase to overcome 

the total pressure loss of the data center room. The hot water is then returned to the chiller, 

where its heat content is rejected to the ambient using the thermodynamic work of the 

chiller. 
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Figure 3: PUE Modeling Algorithm for an Air-Cooled Data Center 
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This air-cooled data center based on chilled water system can be physically 

modeled using the algorithm illustrated in Figure 3. This algorithm basically integrates the 

physical or empirical model of each component by enforcing flow and energy balance at 

different levels of data center under different operating conditions. The following sections 

describe the details of modeling each component. 

 

2.2.1 Coolant Flow Calculations 

The flow rates of the various coolant loops, which carry heat away from the server 

electronics to the environment, can be calculated as following: 

Volumetric air flow rate through each server node: 

 

𝑓𝑙𝑜𝑤𝑎𝑖𝑟,𝑛𝑜𝑑𝑒 = 𝑁𝑓𝑎𝑛 × 𝑓𝑙𝑜𝑤𝑓𝑎𝑛,𝑟𝑒𝑓 × (
𝑅𝑓𝑎𝑛

𝑅𝑓𝑎𝑛,𝑟𝑒𝑓
) (1) 

 

Volumetric air flow rate through each server rack: 

 

𝑓𝑙𝑜𝑤𝑎𝑖𝑟,𝑟𝑎𝑐𝑘 = ∑ 𝑓𝑙𝑜𝑤𝑎𝑖𝑟,𝑛𝑜𝑑𝑒

𝑛𝑜𝑑𝑒𝑠 
𝑝𝑒𝑟 𝑟𝑎𝑐𝑘

(1 − 𝜙𝑟𝑎𝑐𝑘)⁄  
(2) 

 

Volumetric air flow rate through the entire data center floor with overprovisioning: 

 



10 

 

 

𝑓𝑙𝑜𝑤𝑎𝑖𝑟,𝑑𝑎𝑡𝑎 𝑐𝑒𝑛𝑡𝑒𝑟 

= ( ∑ 𝑓𝑙𝑜𝑤𝑎𝑖𝑟,𝑟𝑎𝑐𝑘

𝑟𝑎𝑐𝑘𝑠

)  × 𝛿𝑠𝑢𝑝𝑝𝑙𝑦  ×  (1 − 𝛿𝑙𝑒𝑎𝑘𝑎𝑔𝑒) 𝛽𝑜𝑣𝑒𝑟𝑝𝑟𝑜𝑣𝑖𝑠𝑖𝑜𝑛⁄  

(3) 

 

Depending on the cooling design, the minimum number of RHX units can found: 

 

𝑁𝑎𝑖𝑟,𝑅𝐻𝑋 = 𝑓𝑙𝑜𝑤𝑎𝑖𝑟,𝑑𝑎𝑡𝑎 𝑐𝑒𝑛𝑡𝑒𝑟 𝑓𝑙𝑜𝑤𝑎𝑖𝑟,𝑅𝐻𝑋⁄  (4) 

 

where 𝑓𝑙𝑜𝑤𝑅𝐻𝑋 is the rated flow rate of each rack/row/room heat exchanger unit. Naturally, 

if the system is defined and 𝑁𝑅𝐻𝑋 is a known quantity, there is no need to use the equation 

above. 

 

2.2.2 Coolant Pressure Drop Model 

The hydraulic pressure drop for the coolant flow through cooling loops can be expressed 

as: 

Pressure drop through the server node: 

 

∆𝑃𝑎𝑖𝑟,𝑛𝑜𝑑𝑒 = 𝐶𝑎𝑖𝑟,𝑛𝑜𝑑𝑒
2 × 𝑓𝑙𝑜𝑤𝑎𝑖𝑟,𝑛𝑜𝑑𝑒

2   

𝑜𝑟 

∆𝑃𝑎𝑖𝑟,𝑛𝑜𝑑𝑒 = ∆𝑃𝑎𝑖𝑟,𝑛𝑜𝑑𝑒,𝑟𝑒𝑓 × (
𝑅𝑓𝑎𝑛

𝑅𝑓𝑎𝑛,𝑟𝑒𝑓
)

2

 

(5) 
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Pressure drops through the rack cover: 

 

∆𝑃𝑟𝑎𝑐𝑘 = [𝐶𝑓𝑑
2 + 𝐶𝑟𝑑

2 ] × 𝑓𝑙𝑜𝑤𝑎𝑖𝑟,𝑟𝑎𝑐𝑘
2  (6) 

 

Pressure drops through the air RHX unit, including the pressure drop through the 

underfloor plenum and the perforated tiles: 

 

∆𝑃𝑅𝐻𝑋 = [𝐶𝑅𝐻𝑋,𝑖𝑛𝑡 × (1 + 𝛽𝑅𝐻𝑋)]
2

× 𝑓𝑙𝑜𝑤𝑅𝐻𝑋
2  (7) 

 

Pressure drops through the building chilled water loop: 

 

∆𝑃𝐵𝐶𝑊 = 𝐶𝐵𝐶𝑊
2 × 𝑓𝑙𝑜𝑤𝐵𝐶𝑊

2  (8) 

 

Pressure drop through the facility cooling system (e.g. chiller, cooling tower, condenser, 

etc.) 

 

∆𝑃𝐹𝐶𝑊 = 𝐶𝐹𝐶𝑊
2 × 𝑓𝑙𝑜𝑤𝐹𝐶𝑊

2  (9) 

  ∆𝑃𝐹𝐶𝐴 = 𝐶𝐹𝐶𝐴
2 × 𝑓𝑙𝑜𝑤𝐹𝐶𝐴

2  (10) 

 

All pressure loss coefficient terms can be calculated or derived using empirical data from 

building data collection systems or manufacturer’s catalogs for the various components. 
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2.2.3 Electrical Power Consumption Model 

The electrical pumping power consumed in pumping coolant through the various loops is 

given by: 

Electrical pumping power of each node: 

𝐸𝑓,𝑛𝑜𝑑𝑒 = ∆𝑃𝑛𝑜𝑑𝑒 × 𝑓𝑙𝑜𝑤𝑛𝑜𝑑𝑒 𝜂𝑓𝑎𝑛,𝑛𝑜𝑑𝑒⁄     

 𝑜𝑟     

 𝐸𝑓,𝑛𝑜𝑑𝑒 = 𝑁𝑓𝑎𝑛,𝑛𝑜𝑑𝑒 × 𝐸𝑓𝑎𝑛,𝑟𝑒𝑓 × (
𝑅𝑓𝑎𝑛,𝑛𝑜𝑑𝑒

𝑅𝑓𝑎𝑛,𝑛𝑜𝑑𝑒,𝑟𝑒𝑓
)

3

    

(11) 

 

Electrical pumping power of each rack: 

 

𝐸𝑓,𝑟𝑎𝑐𝑘 = ∆𝑃𝑟𝑎𝑐𝑘 × 𝑓𝑙𝑜𝑤𝑟𝑎𝑐𝑘 𝜂𝑓𝑎𝑛,𝑟𝑎𝑐𝑘⁄      

𝑜𝑟 

𝐸𝑓,𝑟𝑎𝑐𝑘 = 𝑁𝑓𝑎𝑛,𝑟𝑎𝑐𝑘 × 𝐸𝑓𝑎𝑛,𝑟𝑎𝑐𝑘,𝑟𝑒𝑓 × (
𝑅𝑓𝑎𝑛,𝑟𝑎𝑐𝑘

𝑅𝑓𝑎𝑛,𝑟𝑎𝑐𝑘,𝑟𝑒𝑓
)

3

 

(12) 

 

Electrical pumping power of all racks including the nodes: 

 

𝐸𝑓,𝑟𝑎𝑐𝑘,𝑡𝑜𝑡𝑎𝑙 = 𝑁𝑟𝑎𝑐𝑘𝑠 × ((𝑁𝑛𝑜𝑑𝑒 × 𝐸𝑓,𝑛𝑜𝑑𝑒) + 𝐸𝑓,𝑟𝑎𝑐𝑘) (13) 

 

Electrical pumping power of the RHX units: 
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𝐸𝑓,𝑎𝑖𝑟,𝑅𝐻𝑋 = (𝑁𝑎𝑖𝑟,𝑅𝐻𝑋 × ∆𝑃𝑎𝑖𝑟,𝑅𝐻𝑋 × 𝑓𝑙𝑜𝑤𝑎𝑖𝑟,𝑅𝐻𝑋) 𝜂𝑓,𝑎𝑖𝑟,𝑅𝐻𝑋⁄  (14) 

 

Electrical pumping power of the central building chilled water pump: 

 

𝐸𝑓,𝐵𝐶𝑊 = ∆𝑃𝐵𝐶𝑊 × 𝑓𝑙𝑜𝑤𝐵𝐶𝑊 𝜂𝑝𝑢𝑚𝑝,𝐵𝐶𝑊⁄  (15) 

 

Electrical pumping power of the facility cooling system: 

 

𝐸𝑓,𝐹𝐶𝑆 = (∆𝑃𝐹𝐶𝑊 × 𝑓𝑙𝑜𝑤𝐹𝐶𝑊 𝜂𝑝𝑢𝑚𝑝,𝐹𝐶𝑊⁄ ) + (∆𝑃𝐹𝐶𝐴 × 𝑓𝑙𝑜𝑤𝐹𝐶𝐴 𝜂𝑓𝑎𝑛,𝐹𝐶𝐴⁄ ) (16) 

 

The total facility electrical power used for coolant pumping and compression can be 

calculated as: 

 

𝐸𝑡𝑜𝑡𝑎𝑙,𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = (𝐸𝑓,𝑟𝑎𝑐𝑘,𝑡𝑜𝑡𝑎𝑙 + 𝐸𝑓,𝑎𝑖𝑟,𝑅𝐻𝑋 + 𝐸𝑓,𝑙𝑖𝑞𝑢𝑖𝑑,𝑅𝐻𝑋 + 𝐸𝑓,𝐵𝐶𝑊 + 𝐸𝑓,𝐹𝐶𝑆) + 𝐸𝑐,𝐹𝐶𝑆 (17) 

 

2.3 Plant Heat Transfer Model 

2.3.1 Heat Load Calculations  

The heat load of each node: 
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𝑞𝑛𝑜𝑑𝑒 = ∑ 𝑁𝑚𝑜𝑑𝑢𝑙𝑒 × 𝑞𝑚𝑜𝑑𝑢𝑙𝑒

𝑚𝑜𝑑𝑢𝑙𝑒

 (18) 

 

The heat load of all racks: 

 

𝑞𝑟𝑎𝑐𝑘,𝑡𝑜𝑡𝑎𝑙 = 𝑁𝑟𝑎𝑐𝑘 × 𝑁𝑛𝑜𝑑𝑒 × 𝑞𝑛𝑜𝑑𝑒 (19) 

 

The heat load at the total data center floor: 

 

𝑞𝑑𝑎𝑡𝑎 𝑐𝑒𝑛𝑡𝑒𝑟 = 𝑞𝑟𝑎𝑐𝑘,𝑡𝑜𝑡𝑎𝑙 + 𝐸𝑓,𝑎𝑖𝑟,𝑅𝐻𝑋 (20) 

 

The heat load at the total building chilled water: 

 

𝑞𝐵𝐶𝑊 = 𝑞𝑑𝑎𝑡𝑎𝑐𝑒𝑛𝑡𝑒𝑟/𝛾𝐵𝐶𝑊 (21) 

The heat load at the refrigeration chiller evaporator: 

 

𝑞𝑐ℎ𝑖𝑙𝑙𝑒𝑟 = 𝑞𝐵𝐶𝑊 + 𝐼𝑃𝐵𝐶𝑊 (22) 

 

2.3.2 Rack/Room-level Heat Exchanger Model  

All rack/room-level heat exchanger units can be modeled using the number of 

transfer units (NTU) method: 
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𝑞𝑅𝐻𝑋 = 𝑁𝑅𝐻𝑋 × 휀𝑅𝐻𝑋 × 𝐶𝑚𝑖𝑛 × [𝑇𝑅𝐻𝑋 − 𝑇𝐹𝐶𝑆,𝑜] (23) 

 

𝑞𝑅𝐻𝑋 = 𝑁𝑅𝐻𝑋 × (1/𝐶𝑟) × (1 − 𝑒−𝐶𝑟×(1−𝑒−𝑁𝑇𝑈𝑅𝐻𝑋)) × 𝐶𝑚𝑖𝑛 × [𝑇𝑅𝐻𝑋 − 𝑇𝐹𝐶𝑆,𝑜] (24) 

 

휀𝐶𝑅𝐴𝐶 = (1/𝐶𝑟) × (1 − 𝑒−𝐶𝑟×𝐴) (25) 

 

Where 

 

𝐴 = (1 − 𝑒−𝑁𝑇𝑈𝑅𝐻𝑋) (26) 

 

𝐶𝑟 = 𝐶𝑚𝑖𝑛 𝐶𝑚𝑎𝑥⁄  (27) 

 

The number of transfer units for the RHX coil is defined as: 

 

𝑁𝑇𝑈𝑅𝐻𝑋 = 𝑈𝐴𝑅𝐻𝑋/𝐶𝑚𝑖𝑛 (28) 

 

The water flow rate through each of the RHX units: 

 

𝑓𝑙𝑜𝑤𝑅𝐻𝑋,𝑤 = 𝑓𝑙𝑜𝑤𝐵𝐶𝑊 × 𝛿𝐵𝐶𝑊/𝑁𝑅𝐻𝑋 (29) 
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The value of the RHX inlet air temperature is unknown, and must be determined 

recursively upon to make sure the total RHX cooling is equal to the sum of the total IT 

equipment heat load and the RHX blower/pump power 𝑞𝑑𝑎𝑡𝑎𝑐𝑒𝑛𝑡𝑒𝑟 

 

𝑞𝑅𝐻𝑋 = 𝑞𝑑𝑎𝑡𝑎 𝑐𝑒𝑛𝑡𝑒𝑟 (30) 

 

The chilled air temperature exiting the RHX unit, thus entering the data center room 

through the perforated tiles can be calculated using: 

 

𝑇𝑠𝑢𝑝𝑝𝑙𝑦 = 𝑇𝑅𝐻𝑋 − [𝑞𝑅𝐻𝑋/ (𝑁𝑅𝐻𝑋 × 𝑓𝑙𝑜𝑤𝑅𝐻𝑋 × 𝜌𝑅𝐻𝑋 × 𝐶𝑝𝑓𝑙𝑢𝑖𝑑
)] (31) 

 

2.3.3 Facility cooling system thermal performance 

Chillers are usually modeled based on their performance characteristic curve, which 

is mostly represented in terms of 1/COP versus 1/cooling rate. The chiller COP is usually 

very low at low cooling rates due to irreversibilities such as heat loss, while at high cooling 

rates, heat transfer limitations cause lower COPs. As such, the chiller COP has an optimum 

point in the middle range of cooling rate. It should be noted that Coefficient of Performance 

(COP) is the ratio of chiller’s cooling capacity to power consumption, thus a higher value 

of COP represents higher chiller efficiency 

The power consumption of chiller is typically a function of cooling load of the 

evaporator, the temperature of air entering the condenser, the set-point temperature of the 

chilled water, and several other parameters. The Gordon–Ng model [11] was selected in 



17 

 

 

this paper for its simplicity and numerical stability, which enables straightforward fitting 

of typical building data to the model coefficients. 

 

𝐶𝑂𝑃 =  
𝑥1𝑥3 − 𝑎3𝑥3

𝑎1𝑥1 + 𝑎2𝑥2 + 𝑎3𝑥3 − 𝑥1𝑥3 + 1
 (32) 

 

Where 

 

𝑥1 =
𝑇𝐹𝐶𝑆,𝑂

𝑄𝑐ℎ𝑖𝑙𝑙𝑒𝑟
       ,       𝑥2 =

(𝑇𝑐𝑑𝑖 − 𝑇𝐹𝐶𝑆,𝑂)

(𝑇𝑐𝑑𝑖 × 𝑄𝑐ℎ𝑖𝑙𝑙𝑒𝑟)
       ,       𝑥3 =

𝑄𝑐ℎ𝑖𝑙𝑙𝑒𝑟

𝑇𝑐𝑑𝑖
 

𝑎1 = 1.2518    ,     𝑎2 = −2013.5757     ,    𝑎3 = 0.0022 

(33) 

 

And the condenser heat load is calculated as follows: 

 

𝑞𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = [(1/𝐶𝑂𝑃) + 1] × 𝑞𝑐ℎ𝑖𝑙𝑙𝑒𝑟 (34) 
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Chapter 3 

3 Physical Data Center Description 

The data center is located at a colocation facility in Sunnyvale, CA. The cluster 

mainly consists of 173 GPU computational nodes populated in 24 racks. Most of the nodes 

have very similar power and thermal characteristics, with slightly different computational 

performance.  

 

 

Figure 4: Data center used for PUE model validation 
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3.1 IT servers 

Each server consists of 8 NVIDIA GPUs (M40, Tesla, etc.), 2 Intel® Xeon® 

Processors, 24 DIMM Sockets, 10 Hot-Swap Drives, 3 1600W Power Supplies, and 6 Hot-

Swap System Fans. The server with 8 NVIDIA M40 GPUs is tested under different ambient 

temperatures and workloads inside an environmental chamber, as shown in Figure 5. The 

CPUs and GPUs are placed under different workloads using stress tools such as Intel 

VTune and NVIDIA CUDA, respectively, while the chamber’s air environment is set to a 

specified temperature for each test. The server fan speeds and CPU/GPU core temperatures 

are collected using IPMI interface of the server’s baseboard management control (BMC), 

while the server power draw is measured at the rack power distribution unit using SNMP 

protocol.  
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Figure 5: Environmental Chamber Test Setup 

 

The data obtained from the environmental chamber test can be used to characterize 

the server’s performance under different operating conditions. Therefore, a cubic 

polynomial is used to correlate the average GPU core temperature and fan speed to server 

workload and environment temperature, as follows: 

 

𝑇𝐺𝑃𝑈(𝑝, 𝑇𝑒𝑛𝑣) = 𝑎1𝑝3 + 𝑎2𝑝2 + 𝑎3𝑝 + 𝑎4𝑇𝑒𝑛𝑣 + 𝑎5 (35) 

𝑅𝑓𝑎𝑛(𝑝, 𝑇𝑒𝑛𝑣) = 𝑏1𝑝3 + 𝑏2𝑝2 + 𝑏3𝑝 + 𝑏4𝑇𝑒𝑛𝑣 + 𝑏5 (36) 

 

Figure 6 and 7 show the experimental data and curve-fit model of GPU core 

temperature and fan speed based on server workload and environment temperature. It can 

be seen that the cubic curve-fit model can characterize the server performance with a 
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relatively high accuracy. These models are integrated with other components based on the 

algorithm shown in Figure 3 to determine the overall data center PUE.  

 

 

Figure 6: Cubic model of average GPU core temperature fitted to measured data from the 

environmental chamber tests 

 

Figure 7: Cubic model of fan speed fitted to measured data from the environmental chamber tests 
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3.1.1 Server Fans 

Each server includes 6 Sanyo Denki San Ace 120 fans with n+1 redundancy 

configuration. Each fan has a reference speed of 6400 RPM creating a nominal airflow of 

110 CFM at the operating point, while consuming 36 watts of power. The fan performance 

curve is shown in Figure 8.  

 

Figure 8: P-Q performance curve of San Ace 120 fans at different PWM duty cycles [12] 

 

3.2 Computer Room Air Conditioning (CRAH) Units  

The data center room is equipped with 13 Liebert FH-529C CRAH units, however, 

only 3-5 units are usually operating. Each CRAH unit has a nominal total cooling capacity 

of 145.6 kW. Each unit comprises three blowers with a nominal 5.59 kW power 
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consumption, creating a total air flow rate of 12400 CFM. With a nominal water flow rate 

of 103.3 GPM, the thermal conductance of each CRAH unit is 26 kJ/∘C.  

 

Figure 9: Schematic of the Liebert FH-529C system [13] 

 

3.3 Central Building Water Pumps 

Eight (4×2) double-suction centrifugal pumps (Bell & Gossett VSC-5x5x12B) are 

used at the facility level to pump chilled water throughout the building. However, only one 

pump is dedicated to the data center room considered in this study. Each pump has a 

maximum speed of 1775 RPM, creating a total flow rate of 700 GPM, while consuming 

22.37 kW of power. The central water pumps are variable speed, controlled based on the 

water pressure drop across the building. 
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Figure 10: Central water pumps 

 

3.4 Air-Cooled Chiller 

The data center facility includes 4 air-cooled chillers (Trane RTAA400). However, 

only one chiller is operating at a time. Each chiller has 4 compressors and 12 condenser 

fans, capable of creating 400 refrigeration ton cooling capacity.  
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Figure 11: Schematic of the air-cooled chiller [14] 

 

The chiller model parameters, i.e. a1, a2, a3, are determined by fitting the chiller 

model to the performance data from the manufacturer. The chiller constants are found using 

the least square approach with a soft-l1 loss function. The data are fitted to the model with 

a maximum error of 0.27%. 
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Figure 12: Chiller COP model fitted to performance data from manufacturer 
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Chapter 4 

4 Model Validation 

In order to validate the PUE model of air-cooled data center, a set of measurements 

is performed from IT to facility level during one hour. As illustrated in Figure 13, some of 

the measurements including IT workload, cold aisle temperature, chilled water 

temperature, and outside air temperature are used as boundary conditions for the PUE 

model. The remaining data including total room air flow rate, total chilled water flow rate, 

hot aisle temperature, warm water temperature, and PUE are used for validating the model. 

In the following sections, the details of data collection and model validation are described. 

 



 

2
8

  

 
Figure 13: PUE Model Validation Approach for an Air-Cooled Data Center 
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4.1 IT Power Measurements 

The servers have no power measurement capability; therefore, the power is 

measured at the rack PDU level. The power of each PDU circuit is either collected 

manually from the PDU display or using SNMP. The PDUs at the data center are from two 

manufacturers each consisting 3 or 6 overcurrent protectors. Figure 14 shows the power 

consumption of each rack, indicating a maximum power draw of 26 kW in rack B6 and 

total workload of 199.46 kW per cluster. The total cluster workload is used as a boundary 

condition for validating the PUE model. The power of each rack is distributed equally 

between all servers within the rack to determine the predicted fan speed and GPU core 

temperature based on the server workload and cold aisle temperature.  

 

 

Figure 14: Power consumption of each rack at the data center 
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4.2 Server Fan Speed Measurements 

The fan speed of each node is measured using the IPMI interface of the server 

baseboard management control (BMC). The fan speeds are measured every 1-minute 

during the data collection period (~1-hr) and averaged at the end. Figure 15 shows the 

average fan speed of each server during the model validation measurements. 

 

 

Figure 15: Average fan speed of GPU servers during 1-hr measurement 

 

4.3 Air Flow Measurements 

The total air flow through the data center room can be determined by measuring the 

air flow rate through all perforated floor tiles. By placing the Alnor Balometer capture hood 

over a grille, the air volume can be measured, as shown in Figure 16. 

0

2000

4000

6000

8000

10000

12000

14000

0 20 40 60 80 100 120 140 160

Fa
n
	S
p
e
ed
	(
R
P
M
)

Node

Average	Fan	Speed	of	AI	Cluster	Nodes



31 

 

 

Figure 16: Flow measurement using Alnor Balometer flow hood 

 

Figure 17 shows the air flow through perforated tiles measured using the Balometer 

flow hood. It can be seen that the row 13 has a higher flow rate compared to row 13, mostly 

due to the arrangement of obstructions in the underfloor plenum. In addition, the corner 

floor tiles have a relatively higher air flow rates due to shorter distance from the CRAH 

units. The total air flow rate is compared with the estimated air flow rate of the PUE model 

for validation purposes.  
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Figure 17: Air flow through perforated tiles 

 

4.4 Chilled Water and Air Temperature Measurements 

Chilled water temperature is measured at chiller supply and return using the 

equipment monitoring system to compare with the analytical model. The supply and return 

temperatures of the chilled water at chiller are 50 and 55 Fahrenheit, respectively. In 

addition, the dry-bulb temperature of outside air is also measured using a thermometer and 

compared to hourly weather data for the cluster location, which shows an air dry-bulb 

temperature of 66 Fahrenheit. 
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4.5 Validation 

As illustrated in Table 1, the measured values of boundary conditions are used as 

inputs to the PUE model. On the other hand, the modeled values of the validation data are 

compared with the measured values to validate the PUE model. The relative errors are less 

than 2%, which indicate good agreement between measurements and model predictions. 

Therefore, we can conclude that the model is validated with a sufficient accuracy and it 

can be used for further analysis and optimization. 

 

Table 1: Comparison of measured and modeled values of boundary conditions and validation data 

 

 

4.6 Parametric Analysis 

In this section, a simple parametric analysis of the data center PUE model is 

established to demonstrate the capability of the model in evaluating the effect of different 



34 

 

parameters on the data center performance. Comprehensive parametric analysis can be 

established to make modification to data center design or operating conditions to optimize 

the data center performance.  

As illustrated in Figure 18, PUE of the data center at 100% workload ranges 

between 1.48 to 2.02 depending on the chilled water temperature set-point and the outside 

air temperature. It can be seen that the data center PUE improves with increasing the chilled 

water temperature, due to smaller thermodynamic work of chiller. In addition, lower 

outside air temperature translates to smaller chiller compression work, which improves the 

data center PUE significantly.  

 

Figure 18: Effect of chilled water temperature and outside temperature on the data center PUE 
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Chapter 5 

5 Conclusions 

A physics-based analytical model of air-cooled data center was developed for first-

order design and optimization. The physical modeling and the validation process based on 

a real data center were described in detail. A high degree of accuracy (~98%) was achieved 

for the validation data set. The effect of different parameters including IT workload, cold 

aisle temperature set-point, and climate conditions were established. The model can be 

integrated with optimization frameworks for further improvement in operation of existing 

data centers.  
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