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Abstract

In this work a suggested method to reduce the energy consumption of the cooling
system in a data center is modelled and evaluated. Introduced is different
approaches to distributed airflow control, in which different amounts of airflow
can be supplied in different parts of the data center (instead of an even airflow
distribution). Two different kinds of distributed airflow control are compared
to a traditional approach without airflow control. The difference between the
two control approaches being the type of server rack used, either traditional
ones or a new kind of rack with vertically placed servers. A model capable of
describing the power consumption of the data center cooling system for these
different approaches to airflow control was constructed. Based on the model,
MATLAB simulations of three different server work load scenarios were then
carried out. It was found that introducing distributed airflow control reduced
the power consumption for all scenarios and that the control approach with the
new kind of rack had the largest reduction. For this case the power consumption
of the cooling system could be reduced to 60% - 69% of the initial consumption,
depending on the workload scenario. Also examined was the effect on the data
center of different parameters and process variables (parameters held fixed with
the help of feedback loops), as well as optimal set point values.
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Chapter 1

Introduction

In a world where everything and everyone are getting connected to the internet
there seem to be no end to the amount of data that needs to be stored and the
amount of transactions that need to be processed. Over ten years have passed
since the start of the digital revolution and the world has seen a huge increase in
the total amount of stored data. In 1986 2.6 exabytes of information was stored
worldwide. This rose to 54.5 exabytes in 2000 and 295 in 2007. During the
same years the digital portion of the data increased from 0.8% to 25% to 94%
[1]. While much of this data is stored on personal computer hard drives, DVDs
and blue-rays, a large amount is still stored and accessed remotely, rather than
in homes or offices. This has given rise to large data centers, massive buildings
containing racks upon racks of IT equipment, capable of storing a huge amount
of data and handle an enormous amount of transactions. These transactions can
be in such diverse areas as banking services, internet based communication and
entertainment, satellite navigation and transactions for electronic commerce [2].

Just like data centers handle a huge amount of data and transactions, so can
they themselves be enormous complexes. The floor space of a data center can be
as large as 40 000 m2 [2], which equals the size of 5-6 soccer fields. An example
of the layout of a data center room is shown in Figure 1.1. Here the rows of
racks containing IT equipment can be seen filling the floor of the room. The
data center which the illustration represents contains five such floors. The power
consumption of these large complexes is, as might be expected, alarmingly high.
In 2010 the total electricity use of data centers around the world constituted
1.1%-1.5% of the total electricity use [3]. The consumption can be expected to
increase further considering that the number of data centers keep growing, as
well as the amount of data and transactions they handle. A forecast from 2014
by the International Data Corporation predicts that the total number of data
centers will continue to grow until 2017, when the number peaks. Even after
this year the total floor area of data centers will continue to grow, due to mega
data centers taking a larger fraction of the market [4].

With this background, the ever present interest of companies to increase
profit and, of course, the imminent threat posed by global warming, ways to
reduce the power consumption of data centers are much needed and highly
sought after. There are, mainly, two ways to go about reducing the power
consumption, either reduce the consumption of the IT equipment or of the
cooling infrastructure. Figure 1.2 shows an example of a typical data center
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Figure 1.1: Top view of an IT room in a data center in Bangalore, India. The
room is filled with rows of racks, each rack containing IT equipment. The
racks are powered by PDUs (Power Distribution Units). Along the walls there
are several CRAC units which supply the racks with cooling in the form of
a cold airflow. The data center have five such floors to a total floor area of
approximately 6500m2 [5].

power consumption breakdown. As can be seen in the figure, IT equipment and
cooling infrastructure are the two major power consumers. Suggestions on how
to reduce these power consumptions are plentiful, both of a more radical kind
and in the form of smaller improvements that can be implemented in existing
data centers. For IT equipment it can, for example, be newer, more efficient
servers or ways to distribute workload across the servers in an energy efficient
way. The cooling infrastructure can be made more efficient by increased usage
of free cooling from the outside air, by moving the cooling components closer to
the IT equipment they serve or by using more efficient components, for example.

The power consumption of the cooling equipment is typically 30-40% of the
total consumption and thus hold a great potential for increased data center ef-
ficiency [6]. In the most common cooling infrastructure design, the raised floor
data center, the cooling airflow is distributed more or less evenly across the IT
room, without taking regard to where the cooling need is highest. With IT
equipment of different kinds and under different workload the heat dissipation
will, of course, vary across the room. Without a way to control the airflow
distribution, the flow rate must be regulated to meet the needs of the hottest
equipment, which results in over-cooling of large parts of the room. One of
the many ways the cooling system can be made more efficient is thus to im-
plement a distributed airflow control into the raised floor data center, which
can regulate the amount of airflow supplied to different parts of the room. Dif-
ferent methods for such an implementation have been suggested, but to know
their energy savings potential they first need to be evaluated. In order to make

2



Figure 1.2: A typical power consumption breakdown of a data center [6].

such an evaluation this work, which is done in collaboration with the company
ABB, aims to construct a model of the cooling system energy consumption us-
ing thermodynamic, fluid mechanics and heat transfer relations. This model
can then be used to evaluate different approaches to distributed airflow control
through MATLAB simulations. The evaluation consists of comparisons of the
total cooling power consumption of different airflow control approaches and of
the calculated energy savings potential. The frequently used energy efficiency
metric PUE (Power usage effectiveness) is also used for comparisons. This re-
lates the total power consumption of the data center to the power consumption
of the servers.

Three different distributed airflow control approaches is included in the
model; Traditional air supply without airflow control, Traditional air supply
with airflow control and Airflow control with vertically placed servers. These
three are further defined in section 2.5. For each distributed airflow control
approach three different scenarios are simulated. These are related to the work
load of the different servers in the data center. In the first scenario, Even load,
all servers across the data center have the same load. In Idle servers a fraction
of the servers are idle and in Uneven load there are several different zones with
different server utilizations. For all three scenarios distributed airflow control
reduced the power consumption of the cooling system, with Airflow control with
vertically placed servers showing the largest improvements.

Different parameters of the data center were also examined; the utilization of
the servers, the flow rate of the water which cools the airflow in the IT room and
the temperature of the air entering the server racks and of the air leaving the
racks. These parameters were held at fixed values during either all or some of
the simulations. In actual data center operation these correspond to a constant
server work load (server utilization), fixed values due to a constant pump speed
(water flow rate) or to the use of a feedback loop (the airflow temperatures,
called process variables). Different values, set points, of these parameters were
evaluated in order to better understand their effect on the data center and the
cooling system power consumption.

3



Chapter 2

Data center design and
cooling

2.1 Data centers

Data centers can vary in many aspects; they can be small or large, house servers
for a single company or many, be specialized in a particular kind of IT equipment
and be cooled in a myriad of different ways. What all data centers have in
common is the main purpose of storing and providing access to different kinds of
data. They always consist of the expected IT equipment (servers, storage devices
and telecom equipment), as well as supporting cooling and power equipment
[7]. A typical data center floor layout could be seen in Figure 1.1 and a typical
cooling system is shown in Figure 2.1.

Basically all of the power supplied to the IT equipment is converted to
heat (the power submitted by the IT equipment through the data lines can
be neglected) [9]. This generated heat needs to be transported away from the
IT equipment so that the temperature doesn’t rise and the equipment isn’t
damaged. For this purpose the cooling system is used to transport the generated
heat to the surrounding environment. There are many different data center
cooling systems in use. Most rely on air to cool the IT equipment, but water
cooled IT cabinets exist as well [10]. Usually these use a combination of air and
water cooling with a circulating air loop inside the IT cabinet which is cooled by
a water loop connected to the outside. Even within the group of air cooled data
centers there are many different approaches. The traditional approach is to use
a raised-floor design where the cooling air is supplied through perforated tiles
in the floor [2]. With the high cost associated with cooling, both economic and
environmental, many improvements of this design have been suggested. Energy
savings can be made in many, if not all, of the different parts and components
of the cooling system. One way to reduce the cost which has received a lot
of interest in recent years is the use of free air cooling. The idea is to reduce
the cooling costs as much as possible by increasing the use of the cool outdoor
air. Direct Free Cooling is one approach to this, in which outdoor air is used
directly and the heated air expelled back outside [11]. There are also savings
to be done by reusing the extracted heat, rather than to just release it to the
outside environment [12].

4



Figure 2.1: A typical data center layout. A transformer delivers electricity from
the grid to an uninterrupted power supply (UPS). The UPS delivers power to
power distribution units (PDU) and the PDUs power the various IT equipment
in the racks. The cooling system consists of four loops: the circulating air in
the IT room (which is supplied to the room through an under-floor plenum),
the chilled water that cools the air in the CRAH units, the refrigeration cycle of
the chiller and the condenser water which transports the heat from the chiller
to the cooling tower where it is finally air cooled [8].

In between these two ends, the cooling supply and the extracted heat, there are
many more suggested improvements in different parts and components of the
cooling system, some already implemented to varying degrees.

2.2 The raised floor data center

Traditionally, the IT room of the data center is cooled by circulating air which
is supplied through the floor of the room. Such a raised-floor design can be seen
in Figure 2.2. A Computer Room Air Conditioner (CRAC) or Computer Room
Air Handler (CRAH) cools the circulating air and supplies it to the under-
floor plenum. The air can then enter the room through perforated floor tiles
strategically placed in the raised-floor. The cold air continues to pass through
the server racks, gets heated and then returns to the CRAC/CRAH [2].

In order to not waste energy, all cold air should optimally pass through the
racks and then go straight back to the CRAC/CRAH without any mixing taking
place with the newly supplied air. A basic IT room layout generally deployed
to minimize mixing of cold and hot air is the use of cold and hot aisles, see
Figure 2.2. This means that the cold supply air enters through perforated floor
tiles at every second aisle between racks [14]. The air passes through the IT
equipment, gets heated and then enters the neighbouring aisles which will now
be hot. While this reduces the mixing of hot and cold air, it does not eliminate
the problem. Hot air can still pass over the racks or at the sides of the rows and
get back into the cold aisles [14]. The IT equipment at the top of the racks, in
particular, can be subjected to a warmer airflow due to this hot and cold air
mixing, see Figure 2.3.
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Figure 2.2: A data center with raised floor and a hot and cold aisles design. The
cold air from the plenum enters every second aisle. As it passes through the
server racks, it picks up heat from the IT equipment and enters the neighbouring
aisles heated. The hot air then returns to the CRAC [13].

Figure 2.3: Recirculation, when the hot air mix with the cold in the cold aisles,
and air bypass reduce the efficiency of the cooling system[15].
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In order to improve the cooling efficiency and reduce the unwanted airflow,
panels between the top of the racks and the ceiling can be introduced. A step
further is the use of Hot aisle containment or Cold aisle containment. The
principle of these methods is to completely contain either the cold aisles or the
hot aisles so that the hot and cold air can’t be mixed [14]. In Uptime Institutes
annual Data Center Industry Survey from 2014, 30% of the respondents (data
center operators and IT practitioners) utilized Hot/Cold aisle containment for
at least 75% of their data centers’s server cabinets (only 22% didn’t use the
method at all or for less than 10% of the cabinets) [16].

2.3 Cooling infrastructure

The cooling system of a data center consists of many different components. In
previous sections the design of a raised floor data center was presented and
with it some of the components of the IT room. These will now be presented in
more detail for the typical cooling infrastructure seen in Figure 2.1. The cooling
system can be thought of as a chain, beginning by the IT equipment and ending
in the outside surroundings. Each part of the chain is a cooling loop and heat
is transferred between these. There are four loops in total, which can be seen
both in Figure 2.1 and 2.4. At the start of the chain the power consumed by the
IT equipment is converted to heat. It’s this heat that gets transported through
the chain to the outsides. Added along the way is also heat that results from
power consuming components.

The first heat transfer process taking place is between the IT equipment and
the first cooling loop. This loop consists of the air circulating in the IT room
and has been described previously. It can in general be driven by either CRAC
or CRAH units (the difference between these lies in the fact that a CRAC unit
has an internal compressor and handles its own cooling, while a CRAH unit
needs to be supplied with chilled water from the outside [18]). In the kind of
cooling system described here CRAH units are used. Here, as in all of the loops,
there are two heat transfer processes taking place; apart from the transfer from
the servers to the air circulating in the room, there is also a heat transfer process
from the CRAH units to the chilled water which is supplied to these. The second
cooling loop is the building chilled water loop which supplies chilled water to
the CRAH units and transports the extracted heat to the chiller. The third loop
is internal to the chiller which operates on a refrigeration cycle. Here the heat
from the building chilled water is transferred to the fourth and last loop, the
cooling tower. This is a water loop where the last heat transfer process takes
place, from the water to an air stream flowing through the tower.

Like stated previously, all of the power that goes into the system must also
leave it during steady state conditions. Assuming that all heat leaves through
the cooling system (well insulated walls, pipes etc.), more heat needs to be ex-
tracted in each stage due to the added heat load from the power consuming
components along the way, see Figure 2.5. The heat load of the different com-
ponents will thus increase for each stage further away from the servers. This
usually doesn’t affect the power consumption of the pumps and the fans of the
building chilled water loop or the cooling tower, since these often operate at
constant power. The power consumption of the chiller, however, is heavily af-
fected by the heat load. This means that the chiller power consumption not only
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Figure 2.4: The cooling loops involved in the cooling system outside of the IT
room. This is the same kind of cooling system as can be seen in Figure 2.1. The
three loops are those of the chilled water that cools the CRAH, the refrigerant
loop of the chiller and the water loop that transports the heat from the chiller
to the cooling tower where it is air cooled [17].
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Figure 2.5: The heat transfer processes taking place between the different cool-
ing loops in the data center. Not shown in the figure are other heat sources
which are not part of the cooling system, for example the lighting of the data
center.

depends on the heat load from the servers, but also the power consumption of
the cooling components earlier in the cooling chain.

Next, the different components of the cooling system will be described in
more detail.

2.3.1 IT racks

An IT cabinet consists of the rack containing all the servers, supporting equip-
ment and cables, as well as walls and doors. A traditional IT rack has horizontal
servers stacked on top of each other, see Figure 2.6a. The airflow enters from
the front, pass by the servers and leave at the back of the rack. A new kind of
rack with vertical servers has also been suggested and will be modelled in this
work. This rack type was presented in 2015 by Song et al. [19]. It consists of
two compartments with individual airflow supply, see Figure 2.6b. Each com-
partment has three rows of servers. The airflow enters at the bottom of each
compartment and can leave at the top and at the sides between the rows.

The server fans are the only part of the IT racks that belong to the cooling
system. These need to overcome the pressure drop caused by the cabinet doors
and the servers. In general, servers have variable speed fans which can adapt
their speed in order to meet the cooling demand of the server. The operating
range is quite wide, the fan power consumption of a typical 1U server (where U
is a rack unit and specifies the height of electronic equipment), for example, can
vary between 8 to 40 W. In general, servers have several temperature sensors and
the fan speed is controlled by an algorithm that take these different temperatures
into regard while keeping the power consumption to a minimum. The exact
working of this algorithm varies from server to server, but all have a maximum
allowed temperature specified for the different parts being measured [20].
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(a) Traditional racks (b) Racks with vertical servers

Figure 2.6: Both types of racks, traditional and with vertical servers. Shown
are the direction of the airflows and the relative positions of servers. (a) shows
traditional racks where the servers are horizontal and the airflow enters from the
side. (b) shows racks with vertical servers where the airflow instead enters from
the bottom of each compartment. The compartments have individual air supply
and a distributor (not shown) distributes the airflow evenly in the bottom of
the upper compartment. The airflow leaves the rack between server rows and at
the top of each compartment. The fraction of the supplied flow leaving between
the first and second row is δ12 and between the second and third δ23. The rest
leaves at the top of the compartment. In both cases the relative sizes are in
reality different; the servers occupy a larger part of the racks (but there is still
more space in between servers for the case of racks with vertical servers).

2.3.2 Computer room air handler

There are, in general, several computer room air handlers used in a data center.
They are placed in the same room as the IT equipment (which can be seen both
in Figure 2.1 and 2.2). The function of these CRAH units is two-fold; they are
used both to deliver airflow to the IT equipment and to cool the hot exhaust air.
The cooling function is achieved by a heat exchanger which transfers the heat
load to the building chilled water loop. The airflow is induced by fans and these
need to overcome the total static pressure drop of the system, which is caused by
the different obstructions to airflow present in the flow path from CRAH outlet
to CRAH inlet [21]. One exception is that of the racks whose pressure drop is
overcome by their own fans (the server fans). The operation of the CRAH fans
requires a fair amount of power and the CRAH units are therefore one of the
major power consumers of the cooling system (together with the chiller).
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2.3.3 Building chilled water

The building chilled water loop supplies the CRAH units with chilled water
and transports the extracted heat to the chiller. It consists of water piping,
which can extend over long distances, a pump station and the two terminals
connected to the heat exchangers of the CRAH units and the chiller [22]. The
power consumption of the building chilled water loop is that of its pump station.

2.3.4 Chiller

The chiller usually operates on a vapor-compression refrigeration cycle [22]. This
means that the refrigerant passes through four stages each cycle, see Figure 2.4.
It gets heated in the evaporator (a heat exchanger in contact with the building
chilled water) where it becomes completely vaporized. Its temperature continue
to increase in the compressor before it enters the condenser, where it ejects heat
to the tower water loop and condenses to a saturated liquid. The fourth stage
consists of a throttling process where the temperature drops further before it
can, once again, enter the evaporator [23].

The power consumption of the chiller’s compressor is large and the chiller
is one of the major power consumers of the cooling system (together with the
CRAH units).

2.3.5 Cooling tower

The cooling tower is the last part of the cooling system and the part that finally
releases the heat from the data center to the surroundings. The kind generally
used in a data center cooling infrastructure is a wet cooling tower [22]. It
consists of two parts (from a heat transfer point of view), a water loop driven
by a pump and a fan driven airflow, see Figure 2.4. The air enters the tower
from the outside and the flow passes through the tower to exit in another end.
There are two heat transfer processes taking place, the first one is from the
chiller to the water loop and takes place in the condenser heat exchanger of the
chiller. The second heat transfer process is the one from the water loop to the
airflow. In this the hot water is sprayed over fin structures while the air is blown
over these same fins. This results not only in convective heat transfer, but also
in evaporation where some of the water exits the tower with the airflow. These
two processes effectively cool the remaining water, which gets quite close to the
ambient air temperature. To make up for the water loss extra water must be
supplied to the water loop at regular intervals [22].

As expected, the power consumption of the cooling tower is due to the
operation of the pump and the fans.
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Table 2.1: A summary of the three different airflow control approaches.

Distributed airflow control

Flow control Rack type Air supply

Traditional air supply
No Traditional

Floor tiles in
without airflow control the cold aisles

Traditional air supply
Yes Traditional

Floor tiles in
with airflow control the cold aisles

Airflow control with
Yes Vertical servers

Bottom of
vertically placed servers the racks

2.4 IT load

To design or model a data center accurately it’s important to have an under-
standing of the IT equipment, its load and load distribution. Since the IT room
can contain many different kinds of equipment and models under different load,
the power consumption (and thus the dissipated heat) can vary significantly
across the room. This can be further enhanced by the ever more common prac-
tice of actively moving load from some servers to others (server consolidation),
in an attempt to reduce the total energy usage of the servers. Since the airflow
is usually distributed more or less evenly in the IT room, it must in every in-
stant be high enough to meet the cooling needs of the hottest equipment. This
can have two different results, either the highest cooling need isn’t met and the
equipment gets too hot, or there will be over cooling of the rest of the IT racks.

2.5 Distributed airflow control

To meet the cooling needs of all servers, but without any over cooling taking
place, distributed airflow control is suggested. This can be implemented in a
traditional raised-floor data center with some modifications. With such control
different zones across the data center can be supplied with different amounts of
airflow, reducing or even eliminating the over cooling. How small these zones
can be (the number of racks), depends on the design of the airflow control.
Theoretically individual racks could have individual air supply, but in practice
the zones need to be bigger. This work isn’t concerned with the actual technical
design of the airflow control, but rather with where the airflow is supplied and
to which amount. The three different approaches modelled will be described
next; Traditional air supply without airflow control, Traditional air supply with
airflow control and Airflow control with vertically placed servers. What differs
between these control approaches is if there is any airflow control and what
kind of server racks are being used, and as a consequence where the airflow is
supplied. The different approaches are summarized in Table 2.1. The first two
approaches uses a traditional design with airflow supplied in cold aisles between
racks (see Figure 2.2 and 2.6a), one with control and one without. The third
approach uses the new kind of rack with vertical servers where the airflow is
supplied in the bottom of the racks (see Figure 2.6b).
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Chapter 3

Data center modelling

3.1 Modelling introduction

The fact that data centers combine critical cooling needs with large energy con-
sumptions makes a good understanding of the cooling chain and the different
components of the data center vital. During the daily operation it may be pos-
sible to simply put up sensors across the data center and base the operation
on these, but to design an energy efficient data center or to evaluate different
cooling practices and new methods, a more complete understanding is needed.
The turbulent flow across the IT room needs to be modelled, as well as the
different heat transfer processes taking place. The best approach is to combine
computational fluid dynamics and heat transfer modelling [2]. This can give
a detailed description of the flow and the temperatures across the room and
can for example show the variation of airflow rate supplied to different racks as
well as identify local hot spots. It can also be used to model liquid cooling of
the racks. The first published result for CFD/HT modelling appeared in 2000
and has been used for data center characterization and flow prediction of many
different configurations and on different length scales since. A limitation to the
method is its complexity and how it as a result is computationally intensive.
The degrees of freedom can be in the order of 105 [2]. For a large data center
simplifications within the CFD/HT model are needed to keep the computa-
tional time within a reasonable limit [24]. These computational requirements
even make CFD/HT directly unsuitable for a large range of applications, espe-
cially for real time cooling management [15]. An acceptable trade-off is thus
needed between simplicity and accuracy. How simple the model needs to be
and how much accuracy can be sacrificed, of course depends on the application.
Because of this there are many different models in the literature, from complex
CFD/HT to simple lumped models (input-output functions which are obtained
from physical conservation laws or experimental data [2]). All of these models
balance complexity and degrees of freedom with accuracy.

The simplest, lumped, models can be useful to gain an overview of the oper-
ation of the data center. While the simplifications can be large, it might still be
possible to make important conclusions. It is, for example, suitable to model the
energy consumption of the cooling system and how this consumption changes
with a change in the operating parameters. With a handful of basic thermo-
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dynamic, fluid mechanic and heat transfer equations the power consumption
of different components of the cooling chain can be modelled. A number of
articles have been published presenting these kinds of models. There are both
articles whose main objective is to develop a model applied to a specific pur-
pose, [5][25][26], and others where the model itself is the objective, often with
a focus on different parts of the cooling chain, [8][17][18][22][27]-[31]. This work
takes inspiration from these articles and continues to develop the modelling in
order to incorporate distributed airflow control and the new, suggested racks
with vertical servers. In the following section the basic equations used for this
kind of modelling will be presented.

3.2 Thermodynamic, fluid mechanic and heat
transfer equations

This section presents some of the basic thermodynamic, fluid mechanic and heat
transfer equations used when modelling the power consumption of data center
cooling systems.

3.2.1 Energy balance equation

The second law of thermodynamics state that energy can neither be created nor
destroyed, only change form. As a consequence to this law an energy balance
equation can be set up for any process or control volume. The net change in
the total energy of this system, ∆Esystem, equals the difference between energy
entering, Ein, and energy leaving, Eout, the system [23]. This can be expressed
either with total quantities or in rate form.

∆Esystem = Ein − Eout (3.2.1)

dEsystem
dt

= Ėin − Ėout (3.2.2)

During steady state conditions there will be no change with time and equation
(3.2.2) can be written:

Ėin = Ėout (3.2.3)

That is, the total energy entering the system equals the total energy leaving
the system. Energy can enter or leave in three forms: heat (Q), work (W ) or
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mass flow. The energy of the mass flow can be further divided into three parts:
internal energy and flow energy, combined into the property enthalpy (h), kinetic
energy and potential energy [23]. Equation (3.2.3) can then be written:

Q̇in + Ẇin +
∑
in

ṁ

(
h+

v2

2
+ gz

)
= Q̇out + Ẇout +

∑
out

ṁ

(
h+

v2

2
+ gz

)
(3.2.4)

where the summations are over each stream entering or each stream leaving the
system, ṁ is the mass flow rate, v is the velocity, g is the standard gravity and
z is the height of the inlets and the outlets of the system.

If there is only one inlet and one outlet and if the heat is assumed to enter
the system and the work is assumed to be done by the system, equation (3.2.4)
can be written as:

Q̇− Ẇ = ṁ

(
∆h+

v2out − v2in
2

+ g∆z

)
(3.2.5)

For an ideal gas as well as an incompressible substance, i.e. a solid or a liquid,
the change in enthalpy can be written [32]:

∆h = cp,avg∆T (3.2.6)

where ∆T is the change in temperature of the flow entering and leaving the
control volume and cp,avg is the specific heat at constant pressure at the average
temperature.

Inserting equation (3.2.6) into (3.2.5), together with the relation between
mass flow rate and volume flow rate (ṁ = ρV̇ , ρ being the density) and using
an assumption of negligible kinetic and potential energy:

Q̇− Ẇ = ρV̇ cp,avg∆T (3.2.7)

For a known left hand side, this equation can be used to get a relationship
between the flow rate and the temperature difference. It is a fundamental equa-
tion for data center power consumption modelling and is used by every single
modelling article given in the end of section 3.1.
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3.2.2 Temperature of a mixture

The energy balance equation (3.2.1) can be used to derive an equation for the
temperature of a fluid mixture. For a closed system the energy balance is:

∆Esystem = 0 (3.2.8)

∆Esystem will only depend on its change in internal energy, U , if there is no
change in kinetic or potential energy [23]:

∆Esystem = Eafter − Ebefore = Uafter − Ubefore (3.2.9)

where Ebefore is the energy of the system before the fluids are mixed and Eafter
is the energy afterwards. Uafter is the internal energy of the mixture and Ubefore
is the sum of the internal energy of the different fluids before they have mixed.
U can also be written mu, where u is the internal energy per unit mass. If the
internal energy per unit mass of the different fluids are ua, ub, ..., if their masses
are ma,mb, ... and the internal energy of the mixture is uafter, then equation
(3.2.8) becomes:

(ma +mb + ...)uafter − (maua +mbub + ...) = 0 ⇔
(uafter − ua)ma + (uafter − ub)mb + ... = 0

(3.2.10)

For an ideal gas a change in internal energy per unit mass can be written [23]:

∆u = cv,avg∆T (3.2.11)

where cv,avg is the specific heat at constant volume. Inserting this into equation
(3.2.10):

macv,avg,a(Tafter − Ta) +mbcv,avg,b(Tafter − Tb) + ... = 0 ⇔ (3.2.12)

Tafter =
macv,avg,aTa +mbcv,avg,bTb + ...

macv,avg,a +mbcv,avg,b + ...
(3.2.13)
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The masses of the different fluids can be changed into density times the volume,
m = ρV . If the different fluids consist of the same substance with the same
density and if the temperature difference between them isn’t too large, then
cv,avg can be treated as constant and together with ρ cancel out. Equation
(3.2.13) becomes:

Tafter =
VaTa + VbTb + ...

Va + Vb + ...
(3.2.14)

Which in rate form is:

Tafter =
V̇aTa + V̇bTb + ...

V̇a + V̇b + ...
(3.2.15)

3.2.3 Mechanical efficiency

Pumps, fans and compressors are mechanical devices which put in work into a
system in order to increase the pressure of a fluid. The efficiency of such devices
is defined as [33]:

η =
Mechanical energy output

Mechanical energy input
(3.2.16)

The mechanical energy output is the change in the mechanical energy of the
fluid passing through the device. For an incompressible fluid (or with negligible
change in density) this can be expressed as [33]:

∆Ėmech = ṁ

(
∆P

ρ
+
v2out − v2in

2
+ g∆z

)
(3.2.17)

where ∆P is the change in fluid pressure over the device. If both the change in
kinetic and potential energy is negligible, equation (3.2.16) can be written as:

Ẇ =
V̇∆P

η
(3.2.18)
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where Ẇ is the power consumption and the relation ṁ = ρV̇ has been used.
Pumps and fans move a fluid along some path. The change in pressure over the
device needs to be equal in magnitude to the pressure drops along this path.
These pressure drops can for example be due to friction from the walls of a pipe
or obstacles in the way of the flow. When the pressure drop and the flow rate
are known equation (3.2.18) can be used to calculate the power consumption of
pumps, fans and compressors. It is used by many of the articles in section 3.1
which model the energy consumption of the cooling system; [5][8][18][22][25]-
[27][30][31].

3.2.4 Pressure differences

The different obstacles in the way of the airflow in the IT room give rise to drops
in pressure. These pressure drops are called flow resistance [21]. The larger the
flow resistance, the larger pressure drop the fans need to overcome in order to
supply sufficient airflow to the IT equipment. The relationship between the
pressure drop and the volumetric flow rate is quadratic for a laminar flow [21].
The exact relationship differ for different obstacles and can be rather complex
[33]. For this reason it is usually determined experimentally. A constant called
the pressure loss coefficient, CL, can then be introduced [22].

∆P = C2
LV̇

2 (3.2.19)

Equation (3.2.19) can also be written in a second way, using the related constant
KL, the resistance coefficient, together with the density, ρ, and cross-sectional
area, ACS , [33].

∆P =
ρKL

2A2
CS

V̇ 2 (3.2.20)

The relation between CL and KL is thus:

C2
L =

ρKL

2A2
CS

(3.2.21)

For some common components such as pipe inlets and bends the resistance
coefficient is available in tables and the pressure loss can be calculated directly.
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Figure 3.1: Schematics of a single-pass cross-flow heat exchanger with both
fluids unmixed [34].

3.2.5 Heat exchanger effectiveness

When analyzing heat exchangers the effectiveness-NTU method can be used.
This method introduces the heat transfer effectiveness parameter, ε. It is defined
as [32]:

ε =
Actual heat transfer rate

Maximum possible heat transfer rate
(3.2.22)

Two different equations can be derived for the heat transfer effectiveness. The
first is a general formula valid for all heat exchangers and comes directly from
the definition. An equation of the actual heat transfer rate can be acquired
from an energy balance on either the cold fluid or the hot fluid side (here on the
hot side). The maximum possible heat transfer rate corresponds to when the
fluid with the minimum heat capacity rate (C = ṁcp) has the largest change in
temperature [32]. Equation (3.2.22) becomes:

ε =
Chot(Thot in − Thot out)
Cmin(Thot in − Tcold in)

(3.2.23)

where Chot and Cmin are the heat capacity rate of the hot fluid and the minimum
heat capacity rate of the hot and the cold side, respectively, and the different
temperatures are the inlet and outlet temperatures of the two fluids.
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The second equation differs depending on the type of heat exchanger. For a
single-pass cross-flow heat exchanger with both fluids unmixed (see Figure 3.1)
it is [32]:

ε = 1− exp

(
NTU0.22

Cr

(
e−CrNTU

0.78

− 1
))

(3.2.24)

with

NTU =
UA

Cmin
=

UA

(ṁcp)min

Cr =
Cmin
Cmax

=
(ṁcp)min
(ṁcp)max

(3.2.25)

where U is the overall heat transfer coefficient, A is the heat transfer surface
area, Cmin and Cmax are the smallest and largest heat capacity rates, respec-
tively, and cp is the specific heat capacity.

3.3 Model

This section will present the developed model. The model is able to simulate the
total power consumption of the data center cooling chain for different scenarios.
It can also be used to calculate the energy efficiency metric PUE, which relates
the total data center power consumption to the IT power consumption. The
model has a focus on the IT room and while the rest of the cooling chain is
modelled as well, these parts are done in a more simple way. The different
scenarios are Even load, Idle servers and Uneven load. These divide the racks
in the data center into different zones, where the server utilizations within a
zone are uniform but can differ from other zones. In Even load all zones have
the same utilization and in Idle servers some zones are idle and the rest active
with the same utilization. In Uneven load there are several different utilizations
in different zones in the data center. The scenarios will be further defined in
section 4.3.

Throughout the modelling of the cooling chain a number of choices of pa-
rameters and process variables held at fixed values needs to be made. These
are parameters which the cooling system will keep constant, either directly, as
in the case of when a constant pump power generates a constant flow rate, or
indirectly with the help of sensors and feedback loops (process variables). Apart
from the fixed parameters there are also variables which are dependent on these.
They can either be a direct result of the fixed parameters, such as the different
temperatures across the cooling system, or be control variables. The latter are
involved in the feedback loops, regulating the operation in order to keep the
different set point values of the process variables. In this model there are two
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process variables, the water inlet temperature of the CRAH heat exchangers and
either the rack inlet or the rack outlet temperature. The former is regulated by
the chiller and the latter by the fans of the CRAH units and the racks. The rack
inlet temperature is only used as a process variable for the case of Even load
and Traditional air supply without airflow control (when evaluating the effect
of different process variables on the cooling system). For this reason equations
with the inlet temperature as the process variable is only derived for these cases,
while equations with the outlet temperature as process variable is derived for
all cases. Added to these process variables are also a number of parameters held
fixed by constant operation of different devices of the cooling system. Both the
building chilled water pump and the pump and the fan of the cooling tower are
assumed to operate with constant power consumption and thus a constant flow
rate.

Before any derivations, the first of the following sections lists the different
assumptions and approximations of the model. In the section thereafter the
equations for the total cooling power consumption and PUE is presented. The
quantities needed for these equations is then derived in the following sections,
where two sections are devoted to heat generating sources (IT equipment, light-
ing and power equipment losses) and the rest to the different parts of the cooling
chain.

3.3.1 Assumptions and approximations

In order to keep the model simple and manageable a number of assumptions
and approximations related to the airflow of the IT room are needed. These
are:

• CRAH units supply air only to zones of the same kind (containing servers
with the same utilization). Also, the airflow returning to the units comes
from these same zones. This means that the units are coupled with a
number of zones and is independent of the rest of the data center.

• All racks within the same kind of zone (the same heat load) are supplied
with the same airflow rate, no matter where they are placed in the room
and their distance to the CRAH unit supplying the airflow.

• In the case of traditional racks, the airflow in a zone is completely uniform.
This means that the flow rate abruptly changes at the boundaries between
zones.

• The airflow rate through a rack is evenly distributed. All servers in the
traditional racks and all servers within one row in the vertical server racks
are supplied with the same flow rate at the same temperature (no recir-
culation).

• In the case of vertical server racks, the air leaves the two compartments at
the same places (between server rows and at the top) and with the same
fractions of the flow and the same temperatures at each place. These
fractions are assumed to be known.

• The airflow leakage, as well as the flow resistance, in the under-floor
plenum is equal in magnitude for all three distributed airflow control ap-
proaches.
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There are also assumptions and approximations related to the different temper-
atures in the data center:

• No change in airflow temperature between CRAH outlet and rack inlet

• The change in temperature over rack and CRAH fans is neglected

• The server fans are assumed to be able to, and operate on the principle of,
keeping the same process variable constant as the CRAH units (either rack
inlet or outlet temperature). In the case of the racks with vertical servers
all server fans operate on the principle of keeping the outlet temperature
of the last row constant.

Other assumptions and approximations:

• Air is modelled as an ideal gas.

• The changes in kinetic and potential energy can be neglected in all energy
balances

• The chiller COP is approximated as constant with the changing heat load

• The system is well insulated and heat is only transported through the
cooling chain and released to the environment in the cooling tower.

3.3.2 Cooling power consumption and PUE

The total power consumption of the data center is calculated by adding the
consumption of the different cooling system components.

Ẇcooling = Ẇrack total + ẆCRAH total + ẆBCW + Ẇchiller + ẆCT (3.3.1)

where Ẇrack total is the total power consumed by the server fans in the racks,
ẆCRAH total is the consumption of all the fans of the CRAH units, ẆBCW is the
consumption of the building chilled water pump that supplies the CRAH with
chilled water, Ẇchiller is the consumption of the compressor in the chiller and
ẆCT is the consumption of both the pump and the fans in the cooling tower. All
of these, except Ẇchiller, can be calculated from the efficiency equation (3.2.18).
This will be presented in the following sections.

The energy efficiency metric PUE relates the total data center power con-
sumption to the power consumption of the IT equipment, ẆIT total, see equation
(3.3.2) [35]. The total power consumption not only includes the IT power and
cooling power, but also other consumptions such as the data center lighting and
power equipment losses, Ẇother. Ideally PUE would be equal to one, meaning
that all of the power of the data center goes to the IT equipment. In reality
this will not be true, but the closer to one, the better.
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PUE =
Total power

IT power
=
ẆIT total + Ẇcooling + Ẇother

ẆIT total

(3.3.2)

3.3.3 Servers

The server power consumption is assumed to be linear with the server work
load. Even if the server is idle it still consumes power, Ẇserver idle, which is
related to the maximum power consumption, Ẇserver peak, through the fraction
δidle power. The relationship can be written [28]:

Ẇserver = Ẇserver idle + (Ẇserver peak − Ẇserver idle)uzone y (3.3.3)

Ẇserver idle = δidle powerẆserver peak (3.3.4)

where uzone y is the server utilization, a fraction of the maximum server work
load. uzone y differs depending on the scenario. In the Even load scenario
all servers have the same utilization, uzone base. This is also the utilization
of the active servers in the Idle servers scenario. Introduced for this sce-
nario is also the fraction of zones being idle, δzone idle. The last scenario, Un-
even load, can have a number of different server utilizations in different zones,
uzone 1, uzone 2, ..., uzone n, each with its corresponding fraction of zones having
this utilization, δzone 1, δzone 2, ..., δzone n. The y then refers to base, idle or
1, ..., n.

The server power consumption of one rack, and thus the server heat load of
one rack, is:

ẆIT rack = Q̇IT rack = Nservers/rackẆserver (3.3.5)

where Nservers/rack is the number of servers in one rack. This gives a total IT
power consumption of:

ẆIT total =
∑
y

δzone yNrackQ̇IT rack (3.3.6)
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where Nrack is the number of racks and δzone y is the fraction of racks having
utilization of type y.

3.3.4 IT room: racks and CRAH units

The power consumption relationships for the CRAH units and the racks differ
depending on the approach to distributed airflow control. The following sections
will first derive equations in common for all three airflow control approaches,
and then derive the equations for each control approach in turn. In each case
both the pressure drop and flow rate of the CRAH units and of the racks will
be needed, as can be seen in Equation (3.2.18).

3.3.4.1 Initial equations

In this section, equations for the pressure drop over the racks and the CRAH
units, the relationship between CRAH flow rate and rack flow rate and equations
for the heat transfer effectiveness are derived. The latter two will be used in
later sections in order to find an expression for the CRAH flow rate.

Pressure drop calculations

Pressure drop equations are needed for the CRAH units, for traditional racks
and for vertical server racks. The equations are based on Equation (3.2.19).

The pressure loss coefficient for the CRAH units have two factors, one for the
unit itself, CL,CRAH int, and one correction factor for the under floor plenum
and tiles, (1 + βCRAH), [18][27].

∆PCRAH = C2
L,CRAH V̇

2
CRAH y = (CL,CRAH int(1+βCRAH))2V̇ 2

CRAH y (3.3.7)

where V̇CRAH y is the flow rate of one CRAH unit belonging to zone type y,
where y can be base for the Even load scenario, base or idle for the idle servers
scenario and 1, ..., n for the Uneven load scenario.

The pressure drop equation for traditional racks have three parts, the drop
over the front door, ∆Pfront, the rear door, ∆Prear, and over the servers,
∆Pserver, [27]. The pressure loss coefficient of the server part, Cserver, is related
to a single server and thus to the flow rate of a single server, V̇server y. This

flow rate can be related to the rack flow rate, V̇rack y, through the number of
servers in one rack, Nservers/rack. y again marks the type of zone. CL,rack front
and CL,rack rear are the pressure loss coefficients of the front and rear doors,
respectively.
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∆Ptrad rack = ∆Pfront + ∆Pserver + ∆Prear =

= C2
L,rack frontV̇

2
rack y + C2

L,serverV̇
2
server y + C2

L,rack rearV̇
2
rack y =

=


(
C2
L,rack front + C2

L,rack rear

)
V̇ 2
rack y+

+C2
L,server

(
V̇rack y

Nservers/rack

)2

 =

=

(
C2
L,rack front +

C2
L,server

N2
servers/rack

+ C2
L,rack rear

)
V̇ 2
rack y

(3.3.8)

The pressure drop equation for traditional racks can be extended to the racks
with vertical servers. In this case several pressure drop equations are needed,
one for each server row. This is due to the fact that some of the airflow leaves
the rack between each row, reducing the flow rate for rows further up (see Figure
2.6b). The fractions of the flow leaving between each row depend on the rack
design and are assumed to be known beforehand. The two compartments in
a rack, lower and upper, aren’t identical. The lower part has a roof, unlike
the upper and the upper part has a distributor which distributes the airflow
equally in the bottom of the compartment. This means that the fractions of the
flow leaving between the rows would reasonably differ for the lower and upper
compartments. In order to simplify the calculations this is however neglected.
Corresponding rows in the two compartments are thus assumed to have the
same flow rate, V̇1 in the first row, V̇2 in the second and V̇3 in the third. The
effect of assuming equal flow rates will be discussed in section 5.5.

With three rows (1, 2 and 3) and with two compartments (lower and upper),
there are six pressure drop equations. Each of these equations can have two
different terms. The first is for the flow resistance caused by the servers. The
second term is only present in two of the equations and takes the effect of other
obstacles into regard. In the lower compartment there is the effect of the roof,
which forces the flow to bend off its path and leave through the sides, and in
the upper compartment there is the distributor. These are represented by the
pressure loss coefficients CL,bend and CL,dist. The pressure loss coefficient of the
vertical servers, CL,server vertical, is different from the traditional ones. This is
due to the fact that there are more space in between the vertical servers. This
pressure loss coefficient is assumed to be half of the one for traditional servers.
The pressure drop equations are:
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∆Plower,1 = C2
L,server verticalV̇

2
server y = 0.5C2

L,server

 V̇1 y
Nservers/rack

Nrows/rack

2

∆Plower,2 = 0.5C2
L,server

 V̇2 y
Nservers/rack

Nrows/rack

2

∆Plower,3 = 0.5C2
L,server

 V̇3 y
Nservers/rack

Nrows/rack

2

+ C2
L,bendV̇

2
3 y

(3.3.9)

∆Pupper,1 = 0.5C2
L,server

 V̇1 y
Nservers/rack

Nrows/rack

2

+ C2
L,distV̇

2
1 y

∆Pupper,2 = 0.5C2
L,server

 V̇2 y
Nservers/rack

Nrows/rack

2

∆Pupper,3 = 0.5C2
L,server

 V̇3 y
Nservers/rack

Nrows/rack

2

(3.3.10)

where Nrows/rack is the number of rows in each rack. CL,bend and CL,dist can be
determined from Equation (3.2.21) using the relevant rack dimensions and KL

corresponding to a T branch (flow to branch) and a side ventilation air supply
device (further discussed in section 4.5.4).

Flow rate relations

A relationship is needed between the flow rate of one rack and the flow rate
of one CRAH unit. In both cases with airflow control, each CRAH unit is
operating in phase with the racks belonging to it. They’re both operating on
the principle of keeping the outlet temperature constant and moving sufficient
airflow for this objective. The relationship about to be derived between CRAH
flow rate and rack flow rate will therefore be valid for all racks. This is not true
for the third case, Traditional air supply without airflow control, however. In
this case the CRAH flow rate is based on the racks with the highest heat load
and the units thus operate in phase only with these. The flow rate relationship
will be between the CRAH units (which all supply the same amount of airflow)
and the racks with the highest heat load. Racks with lower heat load will move a
smaller portion of the supplied air through the racks, increasing the flow bypass.
For the two cases with traditional racks, this is the only difference between the
flow rate relations. For Airflow control with vertically placed servers, there is an
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(a) Traditional racks

(b) Racks with vertical servers

Figure 3.2: Side view of the different airflows in the IT room for both traditional
and vertical servers racks. Of all the airflow supplied by the CRAH units, only
a part of it reach the racks due to leakage for both types of racks and to bypass
for traditional racks. The different airflow rates shown are total rates, that is,
for all CRAH units or for all racks.

additional difference due to the fact that there is no flow bypass since the flow
is supplied directly into the racks.

The equation for Traditional air supply without airflow control will be de-
rived next. The relationship involves two constants. δleakage is the fraction of

the flow lost to leakage and relates the total data center flow rate, V̇DC , to
the flow rate supplied in the cold aisles, V̇rack supply. δbypass is the fraction of
the flow which bypass the racks and thus relates the supplied flow rate to the
total flow rate passing through the racks, V̇rack total. Figure 3.2a shows the
different fractions and flows for traditional racks. Introduced in the derivation
below is also the total number of CRAH units in the data center, NCRAH , the
total number of racks, Nrack, and the flow rate of one maximum heat load rack,
V̇rack max. The relationship is (partly based on [18][27]):
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V̇CRAH =
V̇DC

NCRAH
=

1

NCRAH

V̇rack supply
(1− δleakage)

=

=
1

NCRAH(1− δleakage)
V̇rack total

(1− δbypass)
=

=
NrackV̇rack max

NCRAH(1− δleakage)(1− δbypass)

(3.3.11)

For Traditional air supply with airflow control the relationship is:

V̇CRAH y =
NrackV̇rack y

NCRAH(1− δleakage)(1− δbypass)
(3.3.12)

For Airflow control with vertically placed servers the different fractions and flows
can be seen in Figure 3.2b. The relationship between rack and CRAH flow rate
is:

V̇CRAH y =
NrackV̇rack y

NCRAH(1− δleakage)
(3.3.13)

3.3.4.2 Traditional air supply without airflow control

In this section the power equations for the CRAH and rack fans will be derived
for the case of Traditional air supply without airflow control. Needed is the
CRAH flow rate and the rack flow rate.

CRAH flow rate

The flow rate of one CRAH unit will now be derived. A number of equations will
be needed, some derived in previous sections. There will be two sets of CRAH
equations since both Track in and Track out will be used as process variables with
fixed set points in this control approach.

The first equation is an energy balance of a maximum heat load rack. The
reason for using this kind of rack in the balance is that it’s these the CRAH units
operate in phase with. The energy balance control volume includes all servers,
but not their fans (the temperature difference over the fans is neglected). Using
equation (3.2.7) this is:

V̇rack max =
Q̇rack max

ρaircp,air(Track out max/set − Track in max/set)
(3.3.14)
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This equation relates the rack temperatures to the rack flow rate for maximum
heat load racks. One of Track out max/set or Track in max/set will be a process
variable, the other is unknown. The subscript max refers to quantities belonging
to maximum heat load racks and set marks the quantity as a fixed process
variable.

Next the rack temperatures need to be related to the CRAH temperatures.
The rack inlet temperature is assumed to be equal to the CRAH outlet tem-
perature, Track in max/set = TCRAH air out (no temperature change in the under
floor plenum and no recirculation). The relationship between rack outlet and
CRAH inlet is affected by the air bypass (supplied airflow passing by the racks
without entering them). This means that the airflow entering the CRAH units
is a mixture of two fluids with different temperatures and equation (3.2.15) can
be used. The first fluid is the bypass air with temperature Track in max/set and
the second is the air leaving the racks at temperature Track out max/set. The
bypass fraction of the supplied air, δbypass, is known, which means that both of
the flow rates in equation (3.2.15) can be written as a constant times the sup-
plied flow rate. The supplied flow rate cancels out and the relationship between
the temperatures becomes:

TCRAH air in = δbypassTrack in max/set + (1− δbypass)Track out max/set
(3.3.15)

At this point all equations needed to get an expression for the CRAH flow rate
have been presented; the equations for the heat exchanger effectiveness, (3.2.23)
and (3.2.24), which can be applied to the CRAH heat exchanger with the BCW
water at one side and the CRAH airflow on the other, the relationship between
the rack and CRAH flow rates, (3.3.11), and the two equations that have just
been presented, (3.3.14) and (3.3.15). There are six unknowns: both the rack
and CRAH flow rates, the CRAH inlet and outlet temperatures, either rack inlet
or rack outlet temperature and the heat exchanger effectiveness. With six equa-
tions (including Track in max/set = TCRAH air out) this system is solvable. The
full derivation of the CRAH flow rate can be seen in Appendix C.1.1. The result
consists of four different equations used in different situations. The difference
between them is whether the rack inlet or the rack outlet temperature is used
as the fixed process variable and which side of the CRAH heat exchanger has
the minimum heat capacity rate. The minimum side is not known beforehand
and when using the equations a guess needs to be made as to which of the sides
is the minimum. After having calculated V̇CRAH , this needs to be verified and
the flow rate calculated again, if needed.

The result will now be presented. It includes the BCW flow rate, V̇BCW , and
the inlet temperature of the water in the CRAH heat exchanger, TCRAH H2O in,
(supplied by the BCW loop). With the rack inlet temperature as the process
variable and with Cmin on the air side of the heat exchanger, the equation is:
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1− exp

(
B0.22V̇BCW

DV̇ 1.22
CRAH

(
e
−DB0.78 V̇ 0.22

CRAH
V̇BCW − 1

))
=

=
A′Q̇rack max

(Track in set − TCRAH H2O in)V̇CRAH +A′Q̇rack max
(3.3.16)

with

A′ =
Nrack

ρaircp,airNCRAH(1− δleakage)

B =
(UA)CRAH
ρaircp,air

D =
ρaircp,airNCRAH
ρH2Ocp,H2O

(3.3.17)

and with Cmin on the water side of the heat exchanger:

1− exp

(
F 0.22DV̇CRAH

V̇ 1.22
BCW

(
e
−F0.78V̇ 0.22

BCW
DV̇CRAH − 1

))
=

=
EV̇CRAHQ̇rack max

V̇BCW

(
(Track in set − TCRAH H2O in)V̇CRAH +A′Q̇rack max

) (3.3.18)

with A′ and D given in equation (3.3.17) and:

E =
ρaircp,airNCRAHA

′

ρH2Ocp,H2O
= A′ ·D

F =
(UA)CRAHNCRAH

ρH2Ocp,H2O

(3.3.19)

With the rack outlet temperature as the process variable and with Cmin on the
air side of the heat exchanger, the equation is now:
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1− exp

(
B0.22V̇BCW

DV̇ 1.22
CRAH

(
e
−DB0.78 V̇ 0.22

CRAH
V̇BCW − 1

))
=

=
A′Q̇rack max

(Track out set − TCRAH H2O in)V̇CRAH − δbypassAQ̇rack max
(3.3.20)

with A′, B and D given in equation (3.3.17) and:

A =
Nrack

ρaircp,airNCRAH(1− δleakage)(1− δbypass)
(3.3.21)

and with Cmin on the water side of the heat exchanger:

1− exp

(
F 0.22DV̇CRAH

V̇ 1.22
BCW

(
e
−F0.78V̇ 0.22

BCW
DV̇CRAH − 1

))
=

=
EV̇CRAHQ̇rack max

V̇BCW

(
(Track out set − TCRAH H2O in)V̇CRAH − δbypassAQ̇rack max

)
(3.3.22)

with D given in equation (3.3.17), E and F in (3.3.19) and A in (3.3.21).

Rack flow rate

As discussed in conjunction with the CRAH and rack flow rate relationship
earlier, all CRAH units supply the same amount of airflow. This is based on the
racks with the highest heat load. For these racks the flow rate can be calculated
directly from equation (3.3.11). In the scenario Even load all servers have an
equal heat load and the relationship will be valid for all racks. In the other two
scenarios there will be servers with lower utilization and thus lower heat load.
Since these scenarios only use the rack outlet temperature as a fixed process
variable, the following discussion and derivations of equations will assume that
this temperature is the one held fixed.

For racks with lower heat load the air bypass will increase with an unknown
amount. This is due to the fact that the server fans only need to move a
lesser amount of air to keep the outlet temperature constant. An effect of
this increased air bypass is that the CRAH inlet temperature will be closer
to the rack inlet temperature than what was the case previously. To find an
expression for the rack flow rate four equations are needed. The first is a new air
mixture formula, the second and third are the equations for the heat exchanger
effectiveness, equation (3.2.23) and (3.2.24), and the fourth is a rack energy
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balance, similar to equation (3.3.14), but no longer for maximum heat load
racks. The unknowns are the CRAH temperatures, the rack inlet temperature,
the heat exchanger effectiveness and the rack flow rate. This is five unknowns
and five equations if the fact that the rack inlet temperature equals the CRAH
outlet temperature is included.

The mixture formula is again based on equation (3.2.15) and will in this case
be:

TCRAH air in y =
V̇rack yTrack out set + V̇bypass yTrack in y

V̇rack y + V̇bypass y

=

V̇rack yTrack out set+
+

(
NCRAH(1− δleakage)

Nrack
V̇CRAH − V̇rack y

)
Track in y


NCRAH(1−δleakage)

Nrack
V̇CRAH

(3.3.23)

where in the second row, the bypass flow is expressed as the total flow rate
supplied to one rack minus the flow passing through the rack. The index y means
that the quantity belongs to racks with utilization of type y (base/idle/1,...,n).

Using the heat exchanger effectiveness equation (3.2.23) and the fact that
the CRAH outlet temperature equals the rack inlet temperature, the CRAH air
temperatures can be eliminated from the formulas and the rack inlet tempera-
ture expressed in the outlet temperature, which can then finally be inserted in
a rack energy balance. The full derivation is presented in Appendix C.1.2. The
final rack flow rate equation is:

V̇rack y =
Q̇rack y(1− JV̇rack y +K)

ρaircp,air (Track out(1 +K)− I)
(3.3.24)

with

I =
εHECminTCRAH H2O in

εHECmin − Cair

J =
Nrack

NCRAH(1− δleakage)V̇CRAH

K =
Cair

εHECmin − Cair

(3.3.25)

where V̇CRAH is now known, which also means that Cmin and Cmax can be
determined directly and εHE calculated from equation (3.2.24).
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Rack temperatures

The unknown rack temperature is not actually needed to calculate the CRAH
and rack power consumptions. It is still interesting to investigate how this
temperature is affected by different set-point values, however, since too hot
temperatures will affect the servers’ operation. In such cases it can be calculated
from an equation derived in Appendix C.1.2:

Track in y =
I − JV̇rack yTrack out set

1− JV̇rack y +K
(3.3.26)

where I, J and K were defined in equation (3.3.25).

Power equations

The CRAH power consumption can be calculated from the fan efficiency for-
mula, equation (3.2.18). Since all units have the same flow rate the individual
power consumption, ẆCRAH , can simply be multiplied with the number of
CRAH units in order to get the total CRAH power consumption.

ẆCRAH total = NCRAHẆCRAH = NCRAH
V̇CRAH∆PCRAH
ηCRAH fan

=

= NCRAH
(CL,CRAH int(1 + βCRAH))2V̇ 3

CRAH

ηCRAH fan

(3.3.27)

where equation (3.3.7) has been used and where ηCRAH fan is the efficiency of
the CRAH fans.

The total rack power consumption is a summation over the different types of
utilizations in the different scenarios. The fan efficiency formula is again used,
as well as equation (3.3.8) for the rack pressure drop.

Ẇrack total =
∑
y

δzone yNrackẆrack y =

=
∑
y

δzone yNrack
V̇rack y∆Ptrad rack

ηrack fan
=

=
∑
y


δzone yNrackV̇

3
rack y·

·

(
C2
L,rack front +

C2
L,server

N2
servers/rack

+ C2
L,rack rear

)
ηrack fan

(3.3.28)
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where ηrack fan is the efficiency of the server fans in the racks and δzone y is the
fraction of racks belonging to group y (idle or non-idle in the Idle scenario and
the different utilization in the Hot spot scenario). For the even load scenario
the sum can be dropped and δzone y is simply 1.

3.3.4.3 Traditional air supply with airflow control

In this section the power equations for the CRAH and rack fans will be presented
for the case of Traditional air supply with airflow control. Due to the similarity
to Traditional air supply without airflow control, most of the formulas are the
same. The difference lies in the fact that without airflow control, the CRAH
units operated in phase only with the racks with the highest heat load. This
resulted in separate equations for the rest of the racks. In this case each CRAH
is in phase with the racks belonging to it, always supplying the exact amount
of airflow the racks need. All equations will thus be valid for all racks.

CRAH flow rate

In the last section there were four equations for the CRAH flow rate depending
on the process variable and on the side of the CRAH heat exchanger with the
minimum heat capacity rate. Here only one process variable is considered and
there are thus only two equations. The derivations of these is equivalent to the
derivations for Traditional air supply without airflow control in Appendix C.1.1.

When the minimum heat capacity rate is on the air side of the heat ex-
changer, the CRAH flow rate equations is:

1− exp

(
B0.22V̇BCW

DV̇ 1.22
CRAH y

(
e
−DB0.78

V̇ 0.22
CRAH y

V̇BCW − 1

))
=

=
A′Q̇rack y

(Track out set − TCRAH H2O in)V̇CRAH y − δbypassAQ̇rack y
(3.3.29)

with A′, B and D given in equation (3.3.17) and A in (3.3.21). With the
minimum heat capacity rate on the water side of the heat exchanger the equation
is instead:

1− exp

(
F 0.22DV̇CRAH y

V̇ 1.22
BCW

(
e
−F0.78V̇ 0.22

BCW
DV̇CRAH y − 1

))
=

=
EV̇CRAH yQ̇rack y

V̇BCW

(
(Track out set − TCRAH H2O in)V̇CRAH y − δbypassAQ̇rack y

)
(3.3.30)

with D given in equation (3.3.17), E and F in (3.3.19) and A in (3.3.21).
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Rack flow rate and temperatures

Since all CRAH units are in phase with the racks, as explained previously, both
the rack flow rate and inlet temperature are easier to calculate than before.
The flow rates can be calculated directly from equation (3.3.12). The rack inlet
temperature can be calculated from a rack energy balance, similar to equation
(3.3.14), but valid for all racks and not just the ones with the maximum heat
load.

Power equations

To get the total power consumption of the CRAH units the consumption of
units belonging to different utilization zones are added. Again the fan efficiency
formula, equation (3.2.18), is used as well as the CRAH pressure drop equation
(3.3.7).

ẆCRAH total =
∑
y

δzone yNCRAHẆCRAH y =

=
∑
y

δzone yNCRAH
(CL,CRAH int(1 + βCRAH))2V̇ 3

CRAH y

ηCRAH fan

(3.3.31)

where δzone y is the fraction of CRAH units belonging to utilization group y.
Similarly the total rack power consumption is:

Ẇrack total =
∑
y

δzone yNrackẆrack y =

=
∑
y


δzone yNrackV̇

3
rack y·

·

(
C2
L,rack front +

C2
L,server

N2
servers/rack

+ C2
L,rack rear

)
ηrack fan

(3.3.32)
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3.3.4.4 Airflow control with vertically placed servers

In this section the power equations for the CRAH and rack fans will be derived
for the case of Airflow control with vertically placed servers. The equations in
this section differ somewhat from the other two cases due to the different rack
type used. Just like the case of Traditional air supply with airflow control the
CRAH units operate in phase with the racks. Both racks and CRAH units are
assumed to operate on the principle of keeping the outlet temperature of the
topmost row in a rack compartment constant, see Figure 2.6b, since this is the
hottest and thus most critical temperature. This will henceforth be referred
to as the rack outlet temperature, Track out. Since the flow rates through each
row is assumed to be equal for the lower and upper compartment, as discussed
in connection with the pressure drop equations, the temperatures between the
different rows will also be equal for the two parts. The CRAH inlet temperature
won’t equal the rack outlet temperature due to the different flows leaving the
rack at different heights and different temperatures. The relationships between
the different temperatures are presented in the first of the following sections.
After this the CRAH flow rate and the power equations are presented.

Temperature relations

The CRAH outlet temperature and rack inlet temperature are assumed to be
equal, just like previously. Four rack energy balance equations will be set up.
The first of these have a control volume larger than just the rack walls and
relates the CRAH inlet temperature to the rack inlet temperature. It will have
an inlet temperature of Track in and an outlet temperature of TCRAH in, that
is, the different flows leaving the rack have mixed perfectly and have a uniform
temperature. This equation ignores the fan power (as before).

TCRAH air in y = Track in y +
Q̇rack y

ρairCp,airV̇rack y
=

= Track in y +
Q̇rack y

ρairCp,air
NCRAH(1−δleakage)V̇CRAH y

Nrack

=

= Track in y +H
Q̇rack y

V̇CRAH y

(3.3.33)

H =
Nrack

ρairCp,airNCRAH(1− δleakage)
(3.3.34)

where equation (3.3.13) has been used.
Next comes three rack energy balances, one for each server row in a rack

compartment. These equations are assumed to be equal for the upper and
lower compartment in a rack. The temperature change over server fans is again
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ignored. The three rows are referred to as 1, 2 or 3 (3 at the top), 12 means
between row 1 and 2 and 23 between 2 and 3.

Q̇row y = ρairCp,airV̇part y(Track 12 y − Track in y) (3.3.35)

Q̇row y = ρairCp,air(1− δrack 12)V̇part y(Track 23 y − Track 12 y) (3.3.36)

Q̇row y = ρairCp,air(1− δrack 12 − δrack 23)V̇part y(Track out set − Track 23 y)

(3.3.37)

where Q̇row y is the heat load from the servers in one row, Track 12 y and
Track 23 y are the temperatures between row 1 and 2 and row 2 and 3, respec-
tively, δrack 12 and δrack 23 are the fraction of the supplied air that leaves the
rack between row 1 and 2 and row 2 and 3 and V̇part is the flow rate supplied
to one compartment,

V̇rack y = 2V̇part y. (3.3.38)

By eliminating Track 12 y and Track 23 y from equation (3.3.35)-(3.3.37), a rela-
tionship between Track in y and Track out set can be found. This derivation is
presented in Appendix C.2.1. The relationship is:

Track in y = Track out set −G
Q̇rack y

V̇CRAH y

(3.3.39)

with

G =
2Nrack

ρairCp,airNCRAHNrows/rack(1− δleakage)

·

(
1

(1− δrack 12 − δrack 23)
+

1

(1− δrack 12)
+ 1

) (3.3.40)
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After the CRAH flow rate has been determined, the rack inlet temperature can
be calculated from equation (3.3.39).

CRAH flow rate

The procedure for finding the equation for the CRAH flow rate is similar to
before, but with different temperature relationships. Again there are two equa-
tions, depending on the CRAH heat exchanger side with minimum heat capacity
rate. The needed equations to solve for the CRAH flow rate are the two tem-
perature relations presented in the last section, equation (3.3.33) and (3.3.39),
and the two equations for the heat exchanger effectiveness, equation (3.2.23)
and (3.2.24). The full derivation is presented in Appendix C.2.2. For the case
with minimum heat capacity rate on the air side of the CRAH heat exchanger,
the flow rate equation is:

1− exp

(
B0.22V̇BCW

DV̇ 1.22
CRAH y

(
e
−DB0.78

V̇ 0.22
CRAH y

V̇BCW − 1

))
=

=
HQ̇rack y

(Track out set − TCRAH H2O in) V̇CRAH y + (H −G)Q̇rack y
(3.3.41)

with B and D defined in equation (3.3.17), H in (3.3.34) and G in (3.3.40).
With minimum heat capacity rate on the water side the equation is:

1− exp

(
F 0.22DV̇CRAH y

V̇ 1.22
BCW

(
e
−F0.78V̇ 0.22

BCW
DV̇CRAH y − 1

))
=

=
HDV̇CRAH yQ̇rack y

V̇BCW

(
(Track out set − TCRAH H2O in)V̇CRAH y + (H −G)Q̇rack y

)
(3.3.42)

with D defined in equation (3.3.17), F in (3.3.19), H in (3.3.34) and G in
(3.3.40).

Power equations

The CRAH power consumption is identical to the case of Traditional air supply
with airflow control :

ẆCRAH total =
∑
y

δzone yNCRAH
(CL,CRAH int(1 + βCRAH))2V̇ 3

CRAH y

ηCRAH fan

(3.3.43)
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The total rack power consumption is:

Ẇrack total =
∑
y

δzone yNrackẆrack y (3.3.44)

As explained in previous sections, there are two compartments (lower and upper)
in each rack with three rows each (1, 2 and 3). The rack flow rate can be
calculated directly from equation (3.3.13), but then needs to be related to the
flow rate of each server layer in the racks. Using the fan efficiency formula and
equations (3.3.9) and (3.3.10), the power consumption of one rack is:

Ẇrack y =Ẇlower y + Ẇupper y =

=
∆Plower,1V̇1
ηrack fan

+
∆Plower,2V̇2
ηrack fan

+
∆Plower,3V̇3
ηrack fan

+

+
∆Pupper,1V̇1
ηrack fan

+
∆Pupper,2V̇2
ηrack fan

+
∆Pupper,3V̇3
ηrack fan

=

=
2C2

L,server

N2
rows/rack

N2
servers/rack

(V̇ 3
1 + V̇ 3

2 + V̇ 3
3 ) + C2

L,bendV̇
3
3 + C2

L,distV̇
3
1

ηrack fan
(3.3.45)

The flow rate through the first row, V̇1, is simply 1
2 V̇rack y. In the next two rows

the flow rate will be lower due to the two fractions of the flow leaving the rack
between the server rows, δrack 12 and δrack 23. Introduced is also the fraction
δrack 3 = 1− δrack 12 − δrack 23, which is the fraction of the flow leaving at the
top of the compartment (and thus also the fraction V̇3 constitutes of the total
compartment flow). The power consumption becomes:

Ẇrack y =

(
2C2

L,serverN
2
rows/rack

(
1 + (1− δrack 12)3 + δ3rack 3

)
N2
servers/rackηrack fan

+
C2
L,bendδ

3
rack 3 + C2

L,dist

ηrack fan

)
1

23
V̇ 3
rack y (3.3.46)
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3.3.5 Lighting and power equipment losses

While the power consumption of the data center lighting and the losses in the
power equipment aren’t part of the cooling system, they still contribute to the
data center heat load. They are also needed to calculate the total data center
power consumption needed for the PUE calculations. These power consump-
tions can be combined into Ẇother.

Ẇother = Ẇlights + ẆPDU,loss + ẆUPS,loss (3.3.47)

where ẆPDU,loss is the power loss in the power distribution units and ẆUPS,loss

is the power loss in the uninterrupted power supply.

3.3.5.1 Data center lighting

The model of the lighting power consumption relates the consumption to the
number of racks. It assumes that the data center has the same lighting power
consumption per area element (”surface power density”) as the one given in
[36], (Pd)lights. To calculate the lighting power consumption the total floor
area, ADC , is needed. This should be related to the number of racks. The
relation used is based on the dimensions given for a large data center in [37].
In this it is assumed that for each rack, another 50% of the area it occupies is
added for the surrounding space, power supplies and cooling components. Also
added to this is the space needed for storage, exits etc., which amount to about
40% of the room area. This becomes:

ADC = 1.4 · 1.5NrackArack = 2.1NrackArack (3.3.48)

where the value of Arack is the area occupied by one rack. Then the lighting
power consumption is:

Ẇlights = ADC(Pd)lights = 2.1NrackArack(Pd)lights (3.3.49)

3.3.5.2 Losses in the power equipment

The main power equipment losses are the losses from the uninterrupted power
supply (UPS) and the power distribution units (PDU). Both of these have an
idle power loss and a loss varying with the load. Here a simple model will be
used where the loss in each case is simply a constant portion of the input power.
For the UPS this is a reasonable approximation for high UPS loads [8]. The
UPS loss is δUPS loss and the PDU loss is δPDU loss. The PDUs power the
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servers and their fans and its loss is:

ẆPDU,loss = δPDU loss(NrackẆrack server + Ẇrack total) (3.3.50)

where Nservers/rack is the number of servers in one rack, Ẇrack server is the

power consumption of the servers in one rack and Ẇrack total is the total power
consumption of all server fans.

The UPS are assumed to power not only the servers (through the PDUs),
but also the CRAH units. Its loss is:

ẆUPS,loss = δUPS loss(ẆPDU + ẆCRAH total) =

= δUPS loss

(
(NrackẆrack server + Ẇrack total)

1− δPDU loss
+ ẆCRAH total

)
(3.3.51)

where ẆCRAH total is the total power consumption of the CRAH units.

3.3.6 Building chilled water

The pump in the building chilled water loop keeps a constant speed and a con-
stant flow rate, V̇BCW , in this model. The power consumption can be calculated
using the efficiency equation (3.2.18) and the pressure drop equation (3.2.19).

ẆBCW =
V̇BCW∆PBCW
ηpump BCW

=
V̇ 3
BCWC

2
L,BCW

ηpump BCW
(3.3.52)

where CL,BCW is the pressure loss coefficient of the piping and ηpump BCW is
the efficiency of the pump.

3.3.7 Chiller

The chiller model disregards changes in the chiller coefficient of performance,
COP, with changing heat load. From the definition of COP [18]:

Ẇchiller =
Q̇chiller

COPchiller
=

=
Q̇other + ẆIT total + Ẇrack total + ẆCRAH total + ẆBCW

COPchiller

(3.3.53)
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where Q̇chiller is the chiller heat load and consists of the different heat loads
and power consumptions earlier in the cooling chain.

3.3.8 Cooling tower

The fan and the pump of the cooling tower are operating at constant speeds
in this model, just like the building chilled water pump. Using both equation
(3.2.19) and (3.2.18), the pump power consumption is:

ẆCT pump =
∆PCT pumpV̇CT pump

ηCT pump
=
V̇ 3
CT pumpC

2
L,CT pump

ηCT pump
(3.3.54)

Again using equation (3.2.19) and (3.2.18), the fan power consumption is:

ẆCT fan =
∆PCT fanV̇CT fan

ηCT fan
=
V̇ 3
CT fanC

2
L,CT fan

ηCT fan
(3.3.55)

The total cooling power consumption is the sum of the consumptions of the
pump and the fan:

ẆCT = ẆCT pump + ẆCT fan (3.3.56)
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Chapter 4

Simulations

This section will describe the simulations; how they were done, the (fictional)
data center being simulated, the scenarios and the used constants and param-
eters. Both the total power consumption of the cooling system and that of
individual components, as well as PUE, were simulated for all three scenarios
and all three distributed airflow control approaches. The effect of some of the
data center parameters was also studied (the server utilization, the rack tem-
peratures and the building chilled water flow rate). This was done under the
Even load scenario and with Traditional air supply without airflow control.

4.1 Algorithms and MATLAB implementation

The simulations were done using MATLAB and had a base of six functions
which could be called upon, each calculating the power consumption of a dif-
ferent part of the data center. Two of these, the ones for the building chilled
water and the cooling tower, could be run independently of the rest. The others
needed to be run in the right order since outputs from previous functions were
needed as inputs (the function calculating the server power consumption needed
to be run first, then the one for the racks and the CRAH units of the room, the
one calculating the consumption of other sources and lastly the function calcu-
lating the power consumption of the chiller). Flowcharts of all these functions
are presented in Figure B.1-B.3 in Appendix B. Also given among these is a
flowchart of the CRAH flow rate calculations since these were done separately.
Some of the calculations (of the CRAH flow rates and the rack flow rates for
Traditional air supply without airflow control) were done numerically with the
help of the MATLAB function fzero.

4.2 Data center simulation case

The dimensions and specifications of the simulated data centers are not based
on any real data center. Two sizes were simulated, one data center with 208
racks and one with 416. The number of CRAH units were based on a CRAH
capacity of 352 kW taken from a CRAH vendor web page [38]. At maximum
server load the heat load on each CRAH unit were not to exceed this capacity.
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Added to this requirement was also the fact that each unit should be able to
supply an integer number of racks with air ventilation. This is a consequence
of distributed airflow control where each CRAH unit should have an integer
number of racks belonging to it. These requirements resulted in 26 CRAH units
needed for 416 racks and 13 for 208 racks, which equals 16 racks/unit for both
cases.

All servers in all of the racks were assumed to be identical, making the
differences in heat load solely based on the different server utilizations. Each
rack, both traditional and with vertical servers, contains 42 servers. The area
occupied by one rack was set to 1m2, which is based on typical dimensions on
different vendor websites. The rack depth is 1.3m and the width approximately
0.8 m. For racks with vertical servers, the distance between two servers in a
row is needed. The design of such racks isn’t yet completely decided and the
distance between servers can be chosen more or less freely. In the original
article a distance of less than 0.03m was presented as optimal [19], which is the
distance used here. All these values defining the size of the data center and the
rack dimensions are summarized in Table A.1 in Appendix A.

4.3 Scenarios

The different scenarios are based on the idea that the racks in the data center are
divided into zones where different zones can have different server utilizations.
In reality the minimum size of a zone is limited by the design of the distributed
airflow control. Since this design is not known the minimum is instead based
on the number of racks belonging to one CRAH unit, so that a CRAH never
supplies air to more than one zone. This translates to a zone size of 16 racks.
For the data center with 208 racks there are 13 zones and for the one with 416
racks there are 26 zones.

All three scenarios, Even load, Idle servers and Uneven load, share the same
”base utilization” of 0.85. In Even load all servers in all zones have this utiliza-
tion and in Idle servers and Uneven load it is the utilization of a large part of
the servers, 9/13 and 7/13, respectively. The rest of the servers are either idle
in Idle servers or have other utilizations in Uneven load, which has four groups
of zones with different utilizations. This is summarized in Table 4.1.

The model does not take the distribution of zones across the room into
regard. A hot zone next to a cold zone gives the same result as two hot zones
next to each other. An example of how the zones can be distributed across
the room for the data center with 208 racks can be seen in Figure 4.1. Each
rectangle in the figure represents a zone and contains 16 racks. These racks are
ordered in two columns with an aisle in between. Since the data center with
416 racks is twice as large, the number of zones is doubled.
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Table 4.1: The three scenarios, their different utilizations in different zones and
the fraction of zones having this utilization.

Scenarios

Utilization Fraction of zones

Even load 0.85 1

Idle servers
0 4/13

0.85 9/13

Uneven load

0.25 1/13
0.65 4/13
0.85 7/13
0.90 1/13

(a) Even load scenario (b) Idle servers scenario

(c) Uneven load scenario (d) Server utilizations of the different zones

Figure 4.1: A schematic of the three different scenarios for the data center with
208 racks and 13 zones (the larger, colored rectangles). Each zone contains 16
racks in two columns. In (d) the server utilization of the different zones are
given. Also shown are CRAH units, one for each zone.
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4.4 Parameters

The different parameters are the rack outlet temperature, the CRAH water inlet
temperature, the flow rate in the BCW loop and the flow rates of the cooling
tower, both of the water and the airflow. The rack outlet temperature needs
to be set low enough so that the server components don’t get too hot. It was
chosen to be 37◦C, which is the same temperature as the one used in [18]. The
parameters of the BCW loop; the CRAH water inlet temperature and flow rate,
can’t be chosen freely. If the water temperature is too high or the flow rate
too low, there won’t be any solution to the equations. This means that it isn’t
possible to keep the rack outlet temperature at 37◦ C. The water temperature
is a process variable kept fixed by the chiller. A typical set point value of 7.2◦

C (45◦ F) was used [36]. The BCW flow rate was adjusted to give solutions,
but still be kept low in order to minimize the pump energy consumption. This
gave different flow rates for the two data center sizes. The cooling tower water
flow rate was based on not having a too large temperature rise over the chiller
condenser. The airflow rate was determined based on the principle given in [22],
which says that a well-designed cooling tower should have an air-to-water mass
flow rate of 0.4 - 0.6. The cooling tower flow rates also differ between the data
center sizes. All these flow rates, together with the two temperatures presented
before, are summarized in Table A.2 in Appendix A.

4.5 Constants

The values of the different constants are presented in Tables A.3 - A.7 in Ap-
pendix A. These will also be discussed in the following sections.

4.5.1 Physical constants

The physical constants used are the density and the specific heat at constant
pressure of both air and water. These are dependent on temperature. They
are primarily used in energy balances in the IT room where average values are
needed between two states of different temperatures. These temperatures aren’t
known beforehand, so the values of the constants are taken at guessed average
temperatures (based on experience of typical temperatures). The air constants
are taken at 25◦ C and the water constants at 10◦ C, both at 1 atm [32]. The
values are presented in Table A.3 in Appendix A.

The density of air is also needed when calculating the pressure loss coeffi-
cients related to vertical server racks, CL,bend and CL,dist. These are calculated
with equation (3.2.21), which includes the density. Since the temperatures are
already known (or possible to calculate) when these constants are needed, the
density can be determined at the correct temperature (or interpolated between
the closest temperatures in the table given in [32]).
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4.5.2 Efficiency and COP

Needed are the COP of the chiller, the mechanical efficiency of the pumps of the
building chiller water and the cooling tower, as well as the fans of the servers,
CRAH units and the cooling tower. The values of these are based on the articles
by Van Giang et al. [18] (server fans and COP), Iyengar et al. [27] (BCW pump
and fan and pump of the cooling tower) and Shehabi et al. [36] (CRAH fans).
The values of the constants are presented in Table A.4 in Appendix A.

4.5.3 Flow related constants

A number of constants are related to a single flow being split into two flows. In
the compartment of a vertical servers rack δrack 12 (δrack 23) tells the fraction of
the compartment flow which leaves between row 1 and 2 (2 and 3). The values
of these two fractions depend on the design of the racks and just as what was
the case for the space between the servers, this can be chosen freely since the
design is not yet finalized. δrack 12 is taken as 0.08 and δrack 23 as 0.12. An
alternative with closed sides (both fractions equal 0) was also examined. Two
other flow fractions are the ones related to leakage and bypass. The fraction of
the flow lost to leakage was assumed to be 0.02 and the the fraction lost due
to flow bypass 0.25. All of these four constants are presented in Table A.5 in
Appendix A.

4.5.4 Pressure loss and resistance coefficients

All pressure loss coefficients except CL,bend and CL,dist were taken from the
article by Iyengar et al. [27]. CL,bend and CL,dist were calculated from equation
(3.2.21), as stated previously. The pressure loss coefficient due to the distrib-
utor in the upper compartment of a vertical server rack, CL,dist, was modelled
as a side ventilation air supply device, see Figure 4.2b. The resistance coeffi-
cient needed was taken from [39]. The area in equation (3.2.21) is simply that
of the rack, Arack (the area occupied by the distributor is small and can be
neglected). For CL,bend (the pressure loss coefficient caused by the roof of the
lower compartment) a resistance coefficient corresponding to a T branch with
flow towards the branch was used. The value was again taken from [39]. In this
case the value depended on the ratio of the rack width to the height of the side
opening (where the flow leaves the compartment), see Figure 4.2a. This ratio
was too high for the values listed in the table. A KL corresponded to the high-
est listed ratio was instead used. The area needed for the equation is the rack
area, but with the space occupied by the servers subtracted. This corresponds
to multiplying the rack depth with the distance between the servers times 8 (6
spaces between the 7 servers and 2 on the sides). The value of all the pressure
loss and resistance coefficients used are presented in Table A.6 in Appendix A.
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(a) T branch (b) Side ventilation air supply device

Figure 4.2: Flow obstructions giving rise to pressure losses

4.5.5 Other constants

The remaining constants are related to the servers, the power equipment, light-
ing and the CRAH heat exchanger. All of these are presented in Table A.7 in
Appendix A. The server peak power is based on the server Cisco UCS C200 M2
SFF whose peak power is examined in [40]. The fraction of idle to peak power
consumption is assumed to be 0.5. This is a rough value. In reality it differs for
different servers and also varies with the number of virtual machines hosted by
the server [41].

The loss fractions in PDU and UPS were assumed to be 0.03 and 0.05, re-
spectively (taken from [28] and [8]). The lighting power per unit area, (Pd)lights,
is based on [36] where a total floor area is given, as well as a lighting power con-
sumption. UA, the heat transfer coefficient times the heat exchanger area, was
taken from [27].
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Chapter 5

Result and discussion

5.1 Parameter analysis

In this section the effect of some of the data center parameters on the total
cooling power consumption, as well as on other parameters, will be presented
and discussed. All of the graphs are for the larger data center with 416 racks,
Even load and with Traditional air supply without airflow control. Note that
for this scenario the rack flow rate is proportional to the CRAH flow rate (see
equation (3.3.11)) and while the graphs presented in the section only show the
CRAH flow rate depending on different parameters, corresponding graphs with
the rack flow rate would look very similar. It can also be noted, that since the
chiller power consumption depends on the power consumption of all components
earlier in the cooling chain (racks, CRAH units and building chilled water), an
increase in their flow rates (and thus consumptions) also means an increase in
the chiller’s power consumption.

In Figure 5.1 the rack temperatures, CRAH flow rate and total cooling power
consumption depend on the server utilization (and thus indirectly on the server
heat load). Six graphs are presented, three with the rack inlet temperature
as a fixed process variable with a set point at 13◦C and three with the outlet
temperature fixed at 37◦C. As mentioned previously, only one of these two
temperatures can be a process variable at the time. The other temperature can
be calculated from the equations presented in previous sections. The CRAH flow
rate can also be calculated, but where the temperature is a direct result of the
other variables, the CRAH flow rate is the flow which needs to be supplied by
a CRAH unit in order to keep the process variable at its set point value. In the
first row in Figure 5.1 either the rack inlet, (a), or the outlet temperature, (b),
whichever isn’t the fixed process variable, depends on the utilization. As would
be expected they both increase with the server utilization. In (d) the CRAH
flow rate for the case of fixed outlet temperature also behaves as expected.
With increasing utilization and heat load the CRAH flow rate needs to increase
as well in order to keep the rack outlet temperature fixed. For the case of
rack inlet temperature as the process variable, (c), the CRAH flow rate does
not behave as expected, however. In this case the CRAH flow rate decreases
as the utilization increases and the servers get warmer. While this might seem
strange, it is important to keep in mind that there are two heat transfer processes
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Figure 5.1: These graphs shows the effect of varying server utilization (and thus
heat load) on rack temperatures, (a) and (b), CRAH flow rate, (c) and (d), and
total cooling power consumption, (e) and (f). They are simulated under Even
load and with Traditional air supply without airflow control. In the left column,
(a), (c) and (d), the rack inlet temperature is a process variable held fixed at
13◦C. In the right column, (b), (d) and (f), the outlet temperature is instead a
process variable held at 37◦C. The flow rate of the building chilled water is 0.18
m3/s.
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Figure 5.2: CRAH flow rate and total cooling power consumption for varying
rack outlet temperature (Even load and Traditional air supply without airflow
control). The flow rate of the building chilled water is 0.18 m3/s.

involved; from the servers to the airflow in the racks and from the airflow to the
constant water flow in the CRAH units. The rack inlet temperature is the outlet
temperature of the CRAH units and the equations must be met for both of these
processes. This behavior has a detrimental effect on the rack outlet temperature.
As was seen before the flow rate needed to increase in order to keep the outlet
temperature constant, so this would mean that the outlet temperature can get
very high. Looking at the graph in the upper left corner again, it is evident
that this happens. The outlet temperature increases from about 20◦C at 0
utilization to almost 50◦C at 1. This is an unwanted behavior. The operation
of the IT equipment can be affected by too hot temperatures and if it gets too
hot, it can even get damaged. Looking at (e), which shows the total cooling
power consumption, the unwanted behavior can again be seen where the power
consumption decreases with the heat load. With the rack outlet temperature
as the fixed process variable, (f), the expected behavior with increasing power
consumption with utilization can instead be seen.

Knowing the difference between how the rack inlet and outlet temperatures
affect the system, it is evident that the rack outlet temperature should be chosen
as the process variable of the two. In the rest of the report the result will be
based on keeping the rack outlet temperature fixed. In real data center operation
the same choice should be made, that is, the CRAH and rack fans should base
their operation on keeping the rack outlet temperature fixed (with the help of
sensors and a feedback loop). When placing temperature sensors in the data
center, these should thus be placed on rack outlets, rather than inlets. It should
be noted, however, that since it’s the servers themselves that are sensitive to
high temperatures the sensors should be placed as close as possible to the servers
(or even on them, if possible).

In order to further examine the effect of the rack outlet temperature on
the system, the CRAH flow rate and total cooling power consumption can be
seen depending on the outlet temperature in Figure 5.2. If higher rack outlet
temperatures are allowed the flow rate can be reduced, which gives a reduced
power consumption. This means that when choosing the temperature set point,
one as high as possible, while still within safety margins for the servers, should be
chosen. The effect on the power consumption is as largest at lower temperatures,
however. An increased set point from 32◦C to 33◦C has a much larger effect than
one from 43◦C to 44◦C. From an energy perspective, it would be advisable for
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Figure 5.3: CRAH flow rate and total cooling power consumption for varying
building chilled water flow rate (Even load and Traditional air supply without
airflow control). The rack outlet temperature set point is 37◦C.

this system to not have a lower set point than approximately 37 - 38 ◦C. There
is an effect not included in this model, however, which affects this conclusion.
The server power consumption was assumed to be independent of temperature.
In reality this is not true. Some of the power consumption of servers is lost to
leakage. This factor used to be low, but can now be as high as 50 % of the total
power consumption. As server temperature increases, so does the leakage [20].
To draw correct conclusions about the effect of the rack outlet temperature on
total power consumption, leakage would need to be included in the model.

The next parameter to be examined is the flow rate of the building chilled
water loop. In the model this parameter is held fixed due to a constant pump
power consumption. Its value affects the air flow rate needed to be supplied by
the CRAH units in order to keep a constant rack outlet temperature. For an
outlet temperature of 37◦C the CRAH flow rate and the total cooling power
consumption depending on BCW flow rate is presented in Figure 5.3. For in-
creasing BCW flow rates the CRAH flow rate can be reduced while still keeping
the same rack outlet temperature. For low BCW flow rates, less than 0.2m3/s,
the CRAH flow rate increases rapidly. This would mean that the CRAH power
consumption increases even more rapidly (see equation (3.3.27)). This effect is
mirrored in the total cooling power consumption which has a rapid increase for
BCW flow rates lower than 0.2m3/s. For high BCW flow rates the power con-
sumption of the BCW pump system increases and starts to dominate the total
power consumption, which again increases. This means that there is a minimum
where the total power consumption is as lowest (approximately at 0.3 m3/s).
During real data center operation the BCW flow rate should optimally have the
value corresponding to this minimum.

The last two graphs to discuss are presented in Figure 5.4. These show the
rack inlet temperature depending on the outlet temperature, (a), as well as on
the BCW flow rate, (b). Reduced outlet temperature set point values means
higher rack inlet temperatures. With the increase in flow rate needed to reduce
the rack outlet temperature, the temperature difference over the CRAH units
decreases, resulting in higher rack inlet temperature (CRAH outlet tempera-
ture). This means that the rack inlet temperature is higher at safer operation
and with increased total power consumption (see Figure 5.2b). This is rather
counter intuitive considering that it is common to talk about the effect of raised
inlet temperature in terms of decreased power consumption and reduced reliabil-
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Figure 5.4: Rack inlet temperature depending on both outlet temperature
(V̇BCW = 0.18 m3/s) and building chilled water flow rate (Track out = 37◦C) for
Even load and Traditional air supply without airflow control.

ity. These discussions should be attributed to the effect of the BCW parameters,
rather than the rack outlet temperature, however. As can be seen in 5.3b, an
increased BCW flow rate (and thus increased power consumption if over the
minimum value) gives a lower rack inlet temperature. The temperature of the
BCW water entering the CRAH units also affects the rack inlet temperature
and the power consumption (of the chiller). In summary, if the rack outlet tem-
perature is varied, a higher inlet temperature corresponds to safer, more energy
consuming operation. If the BCW flow rate is varied it’s the other way around.

5.2 Cooling system power consumption

5.2.1 The effect of open sides on vertical server racks

Before going into details about the power consumption for all scenarios and
distributed airflow control approaches, the effect of open sides on vertical server
racks is evaluated. In the derivation of the equations for Airflow control with
vertical servers it was assumed that some of the airflow in the racks could leave
between the server rows. In Table 5.1 the power consumption of racks, CRAH
units and of the whole cooling system is presented for both open sides (with
the fractions of the flow leaving between rows given in Table A.5) and closed
sides (in both cases for the data center with 416 racks). Closed sides means
that the rack airflow can only leave the racks at the top of each compartment,
see Figure 5.5. Looking at the values given in the table it is evident that open
sides equals a slightly higher power consumption than closed sides for both the
two individual components and the whole cooling system. Due to the increased
chiller heat load caused by the higher power consumption of the racks and the
CRAH units, the chiller power consumption increases as well.

The higher power consumption for open sides is due to an increase in the
supplied flow rate. Since rows further up need a higher flow rate due to the
hotter temperatures, rather than a lower one, more air needs to be supplied
in order to make up for the air leaving through the sides and to get sufficient
cooling of servers higher up in the compartment. The more air leaving between
the server rows, the more air needs to be supplied, which results in higher power
consumptions. This means that when designing vertical server racks one should
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Table 5.1: Power consumption of racks, CRAH units and the whole cooling
system for Airflow control with vertical servers for the data center with 416
racks. Shown are the consumption both for open sides and closed sides, where
the former means that some of the flow leaves the racks between rows and the
latter that all leave on the top of each rack compartment.

Vertical server racks

Total cooling power consumption (MW)

Open sides Closed sides

Even load 2.6 2.3

Idle servers 2.1 1.9

Uneven load 2.4 2.1

Rack power (MW) CRAH power (MW)

Open sides Closed sides Open sides Closed sides

Even load 0.06 0.05 0.6 0.4

Idle servers 0.04 0.03 0.4 0.3

Uneven load 0.05 0.04 0.5 0.3

Figure 5.5: Vertical server rack with closed sides showing how the airflow leaves
the rack at the top of each compartment.
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Figure 5.6: The rack power consumption in MW for all three scenarios and all
three distributed airflow control approaches and for both data center sizes.

keep in mind to let as little as possible of the airflow leave between the rows.
It is not necessarily best to have closed sides, however, since this would mean
a higher manufacturing cost. These two factors need to be weighed against
each other in order to decide on the optimal rack design. In the rest of the
simulations and the result closed sides have been used.

5.2.2 Total and component cooling power consumption

In this section the cooling power consumption of both individual components
and the whole cooling system will be presented for both data center sizes. In
Figure 5.6, 5.7 and 5.8 the power consumption of the racks, the CRAH units and
the chiller can be seen for all three scenarios and all three distributed airflow
control approaches. A first observation is that the bar graphs look very similar
for 208 and 416 racks. While the larger data center has higher power consump-
tion, the relative heights of the different airflow control approaches is the same.
Looking at Figure 5.6 it is evident that the rack power consumption for Airflow
control with vertical servers is much higher than for the control approaches with
traditional racks. The reason for this is that the airflow gets hotter the further
up it comes in the vertical server racks, increasing the needed airflow. It should
be noted though, that the additional effect of natural convection is not included
in the model (motion caused by density differences due to the increased temper-
ature further up in the rack). This would give an additional push to the flow,
reducing the power consumption of the fans. The difference between the two
control approaches with traditional air supply is small. Traditional air supply
with airflow control has slightly lower power consumption for the Idle servers
and Uneven load scenarios.

While the rack power consumption was highest for Airflow control with ver-
tical servers, it is the other way around for the CRAH and the chiller power
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Figure 5.7: The CRAH power consumption in MW for all three scenarios and
all three distributed airflow control approaches and for both data center sizes.
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Figure 5.8: The chiller power consumption in MW for all three scenarios and
all three distributed airflow control approaches and for both data center sizes.
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Table 5.2: The table compares the cooling power consumption of the two dis-
tributed airflow control approaches with flow control to the one without flow
control (the power consumption for either Traditional air supply with airflow
control or Airflow control with vertical servers divided by the power consump-
tion for Traditional air supply without airflow control).

Airflow control

Traditional Vertical

Even load 1 0.69

Idle servers 0.85 0.61

Uneven load 0.84 0.60

consumptions, see Figure 5.7 and 5.8. The CRAH power consumption, in par-
ticular, is much lower for this control approach. This is partly due to the airflow
control, which is present for Traditional air supply with airflow control as well,
and partly due to the eliminated airflow bypass. For traditional air supply a
large part of the induced airflow is simply lost due to this effect. Since the
power consumption of the CRAH fans depend on the cube of the flow rate (see
equation (3.3.27)), this has a large impact. It should also be noted that for
all cases the CRAH power consumption is much higher than the rack power
consumption. This is why the chiller power consumption, which depends on
the heat load from the racks and the CRAH units, is also lowest for Airflow
control with vertical servers. The chiller power consumption is for most of the
distributed airflow control approaches in the same order of magnitude as the
CRAH power consumption.

The total cooling power consumption not only depends on racks, CRAH
units and chiller, but also the power consumption of the building chilled water
pumps and the pumps and the fans of the cooling tower. As explained previ-
ously, these operate with constant flow rates and constant power consumptions.
In other words their contribution to the total cooling power consumption is the
same for all scenarios and all airflow control approaches. The differences be-
tween these will thus only depend on racks, CRAH units and chiller. Since both
components where Airflow control with vertical servers had the lowest consump-
tion, the CRAH units and the chiller, have higher power consumption than the
racks, it comes as no surprise that this control approach has the lowest total
cooling power consumption for all three scenarios. This can be seen both in
Figure 5.9 and in Table 5.2. The figure is another bar diagram for both sizes of
data centers showing the power consumption for all three scenarios and all three
airflow control approaches. The table, on the other hand, shows the fraction
of distributed airflow control power consumption to no distributed airflow con-
trol power consumption for both Traditional air supply with airflow control and
Airflow control with vertical servers. These values are identical for the two data
center sizes. It is evident that both cases with airflow control are better than
the case without airflow control. While the power consumption for Even load
is identical for traditional air supply with and without airflow control, there is
always differences in heat load between racks in reality and thus always better
with airflow control.
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Figure 5.9: The total cooling power consumption in MW for all three scenarios
and all three distributed airflow control approaches and for both data center
sizes.

The reduction in power consumption for Airflow control with vertical servers
relative to Traditional air supply without airflow control is significant. For the
Uneven load scenario the power consumption of the vertical servers approach
amounts to 60% of the consumption for traditional without control. This trans-
lates to 6.2 · 106 kWh saved per year for 208 racks and 1.2 · 107 kWh per year
for 416 racks. For an electricity cost of 31.62 EUR/MWh (the average cost in
2014 for Stockholm, Sweden [42]), this corresponds to 196 000 EUR for 208
racks and 379 000 EUR for 416 racks. The yearly energy savings for both cases
with distributed airflow control, relative Traditional air supply without airflow
control, is presented in Table 5.3.

Table 5.3: The energy that could be saved per year in kWh if a data center
switched from Traditional air supply without airflow control to either Traditional
air supply with airflow control or Airflow control with vertical servers.

Energy savings over a year in kWh

208 racks 416 racks

Traditional Vertical Traditional Vertical

Even load 0 4.6 · 106 0 9.3 · 106

Idle servers 2.0 · 106 5.3 · 106 4.0 · 106 1.1 · 107

Uneven load 2.4 · 106 6.2 · 106 4.8 · 106 1.2 · 107
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Concluding this section, the effect of the rack outlet temperature on the total
cooling power consumption is again presented in Figure 5.10, this time for all
three scenarios and all three airflow control approaches. Seen in the figure is that
the energy which can be saved by introducing airflow control in a data center
is as highest at lower outlet temperatures. In the previous diagrams and tables
the outlet temperature was set to 37◦C. If this needed to be lower, the energy
saved when introducing airflow control in a data center would be even more
significant. It can also be seen that within this temperature interval, the total
cooling power consumption of Airflow control with vertical servers is not very
sensitive to the rack outlet temperature set point. For the control approaches
with traditional air supply, the power consumption rises rather rapidly for set
point temperatures lower than 37◦C. This makes it costly to introduce larger
safety margins in order to stand better prepared for sudden increases in heat
load or to lower the effect of local hot spots. For vertical server racks safety
margins could be increased to a much lesser cost.
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Figure 5.10: Total cooling power consumption depending on rack outlet temper-
ature for all airflow control approaches and all scenarios; (a) Even load, (b) Idle
servers, (c) Uneven load. In (a) the cases with traditional air supply overlap.
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5.3 Total power consumption and PUE

The total server heat load of the data center with 208 racks was 2.93 MW, 2.52
MW and 2.77 MW for Even load, Idle servers and Uneven load, respectively.
For the data center with 416 racks the server heat load is simply doubled; 5.87
MW, 5.04 MW and 5.54 MW. The server heat flux of the data center (the
server heat load per unit area) for the different scenarios was 4.12 kW/m2, 3.54
kW/m2 and 3.89 kW/m2.

Figure 5.11 shows pie charts with the power distribution between the dif-
ferent power consuming components in the data center for all scenarios and
airflow control approaches. It is based on the data center with 416 racks, but
a corresponding power breakdown of the 208 racks data center would look very
similar. The charts include the consumption of the servers, lighting and losses
in UPS and PDU. In all of the cases the servers have the highest power con-
sumption, between 57% and 68%. Thereafter is the power consumption of the
chiller which makes up 21% of the total power consumption in all cases. The
CRAH power consumption is between 4% and 15%, while the combined con-
sumption of lighting, UPS and PDU losses are 6% in all cases. This part is
dominated by the two power equipment losses, which are of the same order of
magnitude while the lighting is one order of magnitude less (not shown in fig-
ure). The rest, the server fans in the racks, the building chilled water pumps
and the fans and the pumps of the cooling tower, constitute less that 1% of
the total power consumption. If the simulations had used an optimal building
chiller water flow rate, corresponding to the cooling power minimum in Figure
5.3, the BCW power consumption would be a slightly larger part of the total
consumption. In these simulations a lower flow rate was used, so increasing it
to the minimum would result in both a larger BCW power consumption and a
lower total power consumption.

There are no big differences between the three scenarios, but between the
airflow control approaches there are. The two traditional approaches are sim-
ilar with the servers having a slightly higher percentage in the airflow con-
trol case (60% - 61% instead of 57% - 60%). For Airflow control with vertical
servers, however, the server percentage is markedly higher (67% - 68%) while
the CRAH percentage is instead reduced. Since PUE is the total power con-
sumption through the server power consumption, this means that PUE is lower
with airflow control and lowest with the vertical server approach. PUE is shown
together with the charts in Figure 5.11 for each case. In the Even load scenario
PUE goes from 1.68 for Traditional air supply without airflow control to 1.49
for Airflow control with vertical servers, in the Idle servers scenario it goes
from 1.72 to 1.47 and in the Uneven load scenario from 1.74 to 1.48. It might
seem unexpected that the chiller and ”other” have a constant percentage as
the CRAH percentage decreases, while the server percentage instead increases.
This can be explained with how the different components relates to the CRAH
power consumption. Both chiller and power equipment losses, which dominates
”other”, depend on the CRAH power consumption. As this decreases so does
the power consumption of the chiller and ”other”, which makes it possible to
keep a constant percentage. The servers, on the other hand, have a constant
power consumption within the same scenario. When the power consumption of
the other components decreases, the server percentage will increase.
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Figure 5.11: Pie charts showing power breakdowns of the data center power
consumption. The first row shows the distribution for Traditional air supply
without airflow control, the second for Traditional air supply with airflow control
and the third for Airflow control with vertical servers. The first column is for
Even load, the second for Idle servers and the third for Uneven load. The
power consumption of the racks (server fans), building chiller water and cooling
tower have been combined and still contribute less than 1%. Other includes the
lighting and the power losses in the UPS and the PDU. Also shown is the PUE
for each case.
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It should be noted that since the modelling had a focus on the cooling
system in the IT room, three of the four most power consuming components
of the data center (servers, chiller and ”other”) have been modelled in a rather
simplified way. This means that no large, profound conclusions should be drawn
about these components based on Figure 5.11. The figure serve better to show
the general trend of how a reduced portion of the power consumption can be
attributed to the CRAH units for Airflow control with vertical servers, while
the server portion simultaneously increases.

5.4 Comparison and evaluation of the different
approaches to distributed airflow control

The result presented in previous sections implies both that distributed airflow
control is always better than a lack of control, and that Airflow control with
vertical servers is the best approach to airflow control. Before coming to such
conclusions, more aspects need to be taken into regard. A significant disadvan-
tage of distributed airflow control in the form that has been modelled here is
the fact that the air ventilation of each zone of racks is supplied by one specific
CRAH unit. If this were to fail, the zone in question would be completely with-
out cooling, leading to downtime and damaged IT equipment. Although this
is indeed a critical issue, it is also one that is easily amended. By increasing
the minimum zone size, more than one CRAH unit could be responsible for
supplying airflow to the zone. If one fails at least some ventilation would still
be present. The same effect could be achieved through usage of a larger number
of CRAH units, each with less cooling capacity. This will result in a trade-off
between safety and small zone sizes with micro managed airflow control. Since
an increased number of CRAH units could mean an increase in the investment
cost, a total cost of ownership analysis would need to be made in order to know
the true monetary savings by introducing distributed airflow control in a data
center. This is even more true if redundancy is required, that is, having more
CRAH units than needed to better handle partial or complete failure of a unit.
Usually a n+1 redundancy is used in data centers. This means that one more
CRAH unit than what is needed for the heat load is present. For airflow control
this would translate to an extra unit in each zone, having a larger impact on
the total cost of ownership. It should be noted that while the monetary savings
may not be as large as the diagrams in previous section implies, large energy
savings is still present and this is, of course, important from an environmen-
tal perspective. Another effect that also needs to be taken into regard is how
the airflow distribution affects the flow resistance in the under floor plenum. If
piping would be used to deliver the airflow, for instance, this would result in
a different flow resistance than the one for the traditional case without airflow
control. This depends on the design, but would reasonably increase the flow
resistance, rather than reduce it.

As for the differences between the two approaches with distributed airflow
control, Airflow control with vertical servers performed a lot better than Tra-
ditional air supply with airflow control. The total cooling power consumption
was lower, which could mainly be attributed to the CRAH units but also to the
chiller. Added to this is how the power consumption of the vertical server racks
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was less sensitive to the rack outlet temperature within the examined interval,
making larger safety margins feasible. Since these differences are mainly due to
the eliminated bypass flow it would be reasonable to also compare Airflow con-
trol with vertical servers with another traditional approach that also eliminates
bypass; hot/cold aisle containment. The vertical server racks themselves had
higher power consumption than traditional ones due to the hotter air cooling
servers higher up in the compartments. This didn’t take account of the natural
convection occurring however, which would reduce the power consumption, nor
the effect of air recirculation for traditional racks (although the latter wouldn’t
be present for hot or cold aisle containment). The simulations also assumed
closed sides, which as discussed earlier may not be the most optimal design
due to the higher manufacturing cost. If some of the air would be allowed to
leave between server rows the power consumption of Airflow control with vertical
servers would increase, but as long as the escaped air constitutes a low frac-
tion of the whole the increase would not be large. All together this means that
Airflow control with vertical servers was better than Traditional air supply with
airflow control, but that it should also be compared to other configurations and
at the same time include the natural convection in the model and the optimal
fraction of the flow leaving through the sides of the racks (from a total cost of
ownership point of view).

5.5 Model limitations

All of the approximations and assumptions listed in section 3.3.1 set limits on
the model’s accuracy and the situations in which it applies. This section will
discuss some of the larger ones.

The whole model is based on the idea that the fans of the servers and the
CRAH units operate in phase, both trying to keep either the rack inlet or the
outlet temperature constant. In reality this will not be the case. The operation
of the CRAH units can be quite different in different data centers. It might
operate at constant fan speed or be based on sensors in different locations. Op-
timally the units will react to changing heat loads and have temperature sensors
placed close to servers at the rack outlet side, as suggested in this report. The
servers have their own control algorithms based on their own sensors. Without
any communication between servers and CRAH units there will be a risk of over
or under cooling from the units. The model presented here thus constitutes a
best case scenario. If the operation were to be based on a fixed inlet tempera-
ture instead, there would be a risk of recirculation. In simulations this approach
resulted in reduced flow rate in order to keep a constant inlet temperature at
higher heat loads. Even if the CRAH units would operate on this principle
and reduce their flow rate accordingly, the servers would not and more airflow
would be blown through the racks than what was supplied by the CRAH units
(recirculation). As this recirculation would result in higher inlet temperatures,
the CRAH units would reduce their flow rate even more while the server fans
would increase the rack flow, further amplifying this effect.

For the vertical server racks there is also the question of how the servers
in the three compartment rows would behave. In the model they all operated
in phase, moving enough air through their own row to ensure that the outlet
temperature of the top row was kept constant. This is ideal, but would require
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a quite advanced control with communication taking place between the servers.
Without this the servers would base their operation on their own outlet temper-
ature in each row. The following would then occur: the lower rows would blow
enough air for their own operation, which is less than that needed further up
(due to higher temperatures and the fractions of the flow having left between
the rows for the open sides case). Those higher up would have to not only
move air through their own row, but also the extra air needed through lower
rows that these don’t move themselves. This would in turn reduce the outlet
temperature of rows further down, resulting in them lowering their fan speed
even more. The higher rows would then have to further increase their own fan
speeds and the ones further down would continue to lower theirs and so on. In
the end the topmost row would move most of the air, the fan speeds of lower
rows decreased to a minimum. There is also the matter of how the fractions of
the supplied flow leaving between each row were assumed to be equal for the
upper and lower compartment. Since the compartments aren’t equal due to
roof and distributor, the flow through each row would also differ. This means
that the compartments should be modelled individually for the open sides case.
This doesn’t affect the conclusion that as little amount as possible of the flow
rate should leave between the server rows. All flow that leaves the rack between
rows is wasted, since even more flow is needed further up. More air needs to be
supplied to make up for this loss resulting in higher power consumptions. This
is true no matter if it’s 1% or 99% of the flow that leaves between the rows. The
actual values of the power consumptions for open sides are affected, however,
and when deciding an optimal amount of airflow leaving between rows (while
taking regard to manufacturing cost), the compartments should be modelled
individually. All the simulations outside of the section analyzing the effect of
open sides are done with closed sides and are not affected by this error.

Since the modelling had a focus on the cooling power consumption in the
IT room, the modelling of the rest of the components is rather simplified. This
is most obvious for the chiller where a constant COP was used. In reality the
COP changes with heat load. In [22] a chiller is modelled whose COP more
than doubles during the operation interval (2.9 at lower heat loads and 6.7 as
the maximum value at a higher heat load). The servers too was modelled in a
simplified way, both in terms of the linear relationship between power consump-
tion and utilization and in how the idle power consumption was assumed to be
half of the peak consumption. As mentioned in previous sections, the server
power consumption varies with temperature due to increased leakage and idle
power varies with virtualization (hosting virtual machines on the server).

Other simplifications with impact on the result are the assumption of an even
flow through the racks and the neglect of recirculation for traditional racks. The
latter results in an increased inlet temperature and both can give rise to local
hot spots which this model has no way to predict. That would instead require
computational fluid dynamics simulations. The increased inlet temperature
would result in higher flow rates and power consumptions. The approximation
of completely uniform flow rate within one zone, and as a consequence abrupt
changes at zone boundaries, also affects the result. Instead of some of the flow
in high heat load zones ”escaping” to neighbouring zones, as would happen
in reality, all remain within the zone. This means that the calculated CRAH
power consumption for Traditional air supply with airflow control is too low.
More airflow would need to be supplied by the CRAH units to make up for the
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escaping air and the power consumption would as a result increase (but not to
a higher value than the one for Traditional air supply without airflow control).

Up to this point the model has been discussed, but there are limitations
in the simulations as well. Several of the constants used depend on the com-
ponents in a data center; pump and fan efficiencies differ for different pumps
and fans, for instance, so does UA for different heat exchangers and the max-
imum server power for different servers. The pressure loss coefficients taken
from other sources could be explored in more detail since these too would rea-
sonably differ for different systems and components. The resistance coefficients
for the distributor and lower compartment roof in the vertical server racks in-
troduce their own errors due to using values for devices not exactly identical
to the situation. Also, the value for the resistance coefficient of the roof was
based on a T branch with other relative dimensions, as explained when it was
introduced in section 4.5.4. The bypass and leakage fractions were based on
typical values, but could differ depending on the data center. As for the density
and specific heat, these values were based on guessed averages. The average
air temperature was assumed to be 25◦C (over racks and CRAH units) and the
average water temperature was assumed to be 10◦C (over CRAH units on the
water side). During simulations of Figure 5.4 (rack inlet temperature depending
on rack outlet set point temperature) the average temperatures were calculated
for the whole outlet temperature interval. The average air temperature varied
between 23.9◦C and 28.5◦C and the average water temperature between 8.0◦C
and 15.3◦C. This corresponds to maximum errors of 0.07% for the water density,
0.2% for the water specific heat, 1.7% for the air density and no error for the
air specific heat. While this doesn’t cover all scenarios and control approaches,
with such small errors there won’t be any large differences.

Conclusively, while the actual values of the result are affected by these dif-
ferent errors and limitations, the general trends still hold.
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Chapter 6

Outlook

The model could be further improved in several different ways. It could easily be
adapted to real data centers, using relevant constants and modifying the model
where needed. Real server workload data could be used to better simulate real
situations. Within the model itself, all the components with simplified modelling
due to time restrictions could be expanded upon. The chiller could have a COP
which reacts to the heat load and the servers could have a more advanced,
non-linear model taking leakage and virtual machines into regard, for example.
Some of the larger approximations of the model could also be improved upon,
such as uniform airflow within zones. An important suggestion is to include the
effect of natural convection in the modelling of the vertical server racks. This is
needed in order to fully evaluate these and have a more accurate understanding
of their energy savings potential. Also needed is to evaluate the optimal open
sides fractions of the vertical server racks in order to minimize the escaping air
between servers while still holding down the manufacturing cost.

Apart from improving the present model there are also many ways to further
develop it and include new aspects. One that would move the model even
further from the present data center operation, but on the other hand would
form a better base for airflow control, is to include a new process variable.
Instead of controlling the IT room fans based on the rack outlet temperature,
the temperature of the server heat sink could be used. Considering that it is the
temperatures of the servers that are the critical ones, using one of these would
be ideal.

Another way to develop the model is to include more versions of the IT
room design and cooling. It would for instance be interesting to compare the
present distributed airflow control approaches with a cold or hot aisle contain-
ment set-up paired with airflow control, as discussed previously. Hot and cold
aisle containment are common methods to reduce airflow bypass and recircula-
tion, areas where Airflow control with vertical servers excels. The model could
also be expanded upon to incorporate free cooling; either direct free cooling or
other methods to better utilize the outside air.
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Chapter 7

Conclusions

A comprehensive model of the data center cooling power consumption was con-
structed. This covered all components of a raised-floor design using CRAH
units, chiller and cooling tower and was adapted to three different approaches
to distributed airflow control. Traditional air supply without airflow control and
Traditional air supply with airflow control both used traditional server racks,
but differed in if the airflow distribution was controlled or not, while Airflow
control with vertical servers introduced a new kind of server racks.

When applying the model in simulations, it was shown that Airflow control
with vertical servers outperforms both Traditional air supply without airflow
control and Traditional air supply with airflow control in everything but the
rack power consumption. For this to be true the fractions of the rack flow
leaving between the server rows should be low, but this should also be weighed
against the increase in manufacturing cost of closing off the sides. This means
that completely closed sides may not be ideal. Looking at how large part of
the total power consumption that is made up by the different components, the
servers had the largest fraction in all cases, followed by the chiller. Neither
the racks, the BCW pumps or the pumps and the fans of the cooling tower
had a power consumption constituting more than 1% of the whole. The PUE
for the different cases ranged from 1.68-1.74 for Traditional air supply without
airflow control, depending on the scenario, through 1.63-1.68 for Traditional air
supply with airflow control, to 1.47-1.48 for Airflow control with vertical servers.
As for the energy savings potential, introducing Airflow control with vertical
servers in a traditional data center without airflow control could reduce the
power consumption to 60% - 69% of the initial consumption, depending on the
scenario. For Uneven load this translates to 6.2 · 106 kWh a year for 208 racks
and 1.2 · 107 kWh for 416 racks.
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Appendix A

Tables

In this appendix tables listing the values of the different constants and param-
eters used in the simulations are given.

Table A.1: The parameters which define the size of the data center and the rack
dimensions

The data center

Constant Symbol Value Unit

The floor area occupied by a rack Arack 1 m2

The depth of a rack 1.3 m

The distance between vertical servers 0.03 m

No of servers in a rack Nservers/rack 42

No of rows in a vertical servers rack Nrows/rack 6

The data center with 208 racks

Total number of racks Nracks 208

Total number of CRAH units NCRAH 13

The data center with 416 racks

Total number of racks Nracks 416

Total number of CRAH units NCRAH 26
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Table A.2: The values of the different parameters

Parameters

Constant Symbol Value Unit

Rack outlet temperature Track out set 37 ◦C

Water inlet temperature in CRAH TCRAH H2O in 7.2 ◦C

The data center with 208 racks

Flow rate in BCW loop V̇BCW 0.09 m3/s

Water flow rate in cooling tower V̇CT pump 0.085 m3/s

Airflow rate in cooling tower V̇CT fan 37.2 m3/s

The data center with 416 racks

Flow rate in BCW loop V̇BCW 0.18 m3/s

Water flow rate in cooling tower V̇CT pump 0.17 m3/s

Airflow rate in cooling tower V̇CT fan 75 m3/s

Table A.3: The values of the different physical constants used in the simulations

Physical constants

Constant Symbol Value Unit

Density of air ρair 1.184 kg/m3

Density of water ρH2O 999.7 kg/m3

Specific heat of air cp,air 1007 J/kgK

Specific heat of water cp,H2O 4194 J/kgK

Table A.4: The values of the pump and fan efficiencies used, as well as the COP
of the chiller.

Efficiency and COP

Constant Symbol Value

Server fan efficiency ηrack fan 0.5

CRAH fan efficiency ηCRAH fan 0.556

BCW pump efficiency ηBCW pump 0.8

COP of chiller COPchiller 3.66

CT pump efficiency ηCT pump 0.8

CT fan efficiency ηCT fan 0.8
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Table A.5: The values of different flow fractions, that is, the fractions of different
flows separated from the main flow at different places.

Flow related constants

Constant Symbol Value

Flow fraction leaving rack between row 1 and 2 δrack 12 0/0.08

Flow fraction leaving rack between row 2 and 3 δrack 23 0/0.12

Bypass flow fraction δbypass 0.25

Flow leakage fraction δleakage 0.02

Table A.6: The values of pressure loss and resistance coefficients and related
constants.

Pressure loss and resistance coefficients

Constant Symbol Value Unit

Pressure loss coeff. of trad. servers CL,server 375 Pa0.5s/m3

Pressure loss coeff. of rack front door CL,rack front 3 Pa0.5s/m3

Pressure loss coeff. of rack rear door CL,rack rear 3 Pa0.5s/m3

Resistance coeff. of T branch [1] KL bend 2.28 sm

Resistance coeff. of side ventilation KL dist 2.04 sm

Pressure loss coeff. of a CRAH unit CL,CRAH int 3.55 Pa0.5s/m3

Correction of CL,CRAH int βCRAH 0.2

Pressure loss coeff. of BCW loop CL,BCW 1557 Pa0.5s/m3

Pressure loss coeff. of CT pump CL,CT pump 1311 Pa0.5s/m3

Pressure loss coeff. of CT fan CL,CT fan 0.12 Pa0.5s/m3

[1] The value is valid when the ingoing fluid goes towards the branch and when the

ingoing to outgoing velocity equals 1.6.

Table A.7: The values of miscellaneous constants, not belonging to previous
groups

Other constants

Constant Symbol Value Unit

Fraction of idle to peak server power δidle power 0.5

Server power consumption at peak load Ẇserver peak 363 W

Loss fraction in PDU δPDU loss 0.03

Loss fraction in UPS δUPS loss 0.05

Lighting power per unit area (Pd)lights 10.8 W/m2

Heat transfer coeff. × HE area UA 23000 W/K
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Appendix B

Flow charts

In the following pages in this appendix flow charts of the simulations of the
power calculations for different components are given.
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Figure B.1: A flowchart of the rack and CRAH power calculations. The param-
eter controlFlow controls which distributed airflow control should be simulated.
The function ITflow is called upon in order to get the CRAH flow rates. All
calculations are based on the equations given in section 3.3 and are either solved
directly or with the help of the MATLAB function fzero. Quantities that are
different for different scenarios are calculated for each of these and marked with
(3S). This gives many flow rate calculations (one for Even load, two for Idle
servers and four for Uneven load) and three power calculations each for the
rack and CRAH power consumptions.
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Figure B.2: A flowchart of the CRAH flow rate calculations. The parameter
controlFlow controls which distributed airflow control should be simulated. All
calculations are based on the equations given in section 3.3 and are solved with
the help of the MATLAB function fzero. The flow rates differ depending both
on scenario and within a scenario and are calculated for each situation.

79



Figure B.3: Flowcharts of the power calculations of the servers, other heat
sources, building chiller water, chiller and cooling tower. The calculations are
based on the equations gives in section 3.3. All quantities that differ for different
scenarios are calculated for each and marked with (3S). None of the calculations
of these components differ for different approaches to distributed airflow control.
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Appendix C

Derivation of formulas

In this appendix different equations from section 3.3.4 for the IT room are de-
rived (CRAH and rack flow rates and temperature relations for different airflow
control approaches).

C.1 Traditional air supply without airflow
control

C.1.1 CRAH flow rate

The derivations of the CRAH flow rate equations (3.3.16), (3.3.18), (3.3.20)
and (3.3.22) will be presented here. In the first section equations used in the
derivations for both of the two different process variables (rack inlet and outlet
temperatures) are presented. The two following sections are devoted to each of
the two process variables. These sections are similar, the difference being which
temperature is considered known and which needs to be eliminated from the
equations.

C.1.1.1 Initial equations

The heat exchanger effectiveness equation (3.2.23) can for the CRAH heat ex-
changer be written:

εHE =
Cair(TCRAH air in − TCRAH air out)

Cmin(TCRAH air in − TCRAH H2O in)
(C.1.1)

where TCRAH air in, TCRAH air out and TCRAH H2O in are the temperatures of
the air entering the CRAH units, the air leaving the units and the water entering
the CRAH heat exchanger, respectively. The CRAH air inlet and outlet tem-
peratures in the equation will be changed into rack temperatures next. For this
end the fluid mixture equation (3.3.15) will be used, as well as the assumption
that the CRAH outlet temperature equals the rack inlet temperature. Equation
(C.1.1) becomes:
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εHE =

Cair

(
δbypassTrack in max/set + (1− δbypass)Track out max/set+

−Track in max/set

)

Cmin

(
δbypassTrack in max/set + (1− δbypass)Track out max/set+

−TCRAH H2O in

) =

=
Cair(1− δbypass)(Track out max/set − Track in max/set)

Cmin

(
δbypassTrack in max/set + (1− δbypass)Track out max/set+

−TCRAH H2O in

)
(C.1.2)

Next two versions of both equation (C.1.2) and the other effectiveness formula,
equation (3.2.24), will be derived. The difference between them being which
side of the heat exchanger has the minimum heat capacity rate, Cmin.

Cmin on the air side of the heat exchanger

Equation (C.1.2) becomes:

εHE =
(1− δbypass)(Track out max/set − Track in max/set)

δbypassTrack in max/set + (1− δbypass)Track out max/set − TCRAH H2O in

(C.1.3)

NTU and Cr in equation (3.2.25) is:

NTU =
(UA)CRAH

Cmin
=

(UA)CRAH

ρairV̇CRAH maxcp,air
=

B

V̇CRAH max

(C.1.4)

Cr =
Cmin
Cmax

=
ρairV̇CRAH maxcp,air

ρH2OV̇CRAH H2Ocp,H2O

=

=
ρairV̇CRAH maxcp,air

ρH2O
V̇BCW

NCRAH
cp,H2O

= D
V̇CRAH max

V̇BCW

(C.1.5)

with
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B =
(UA)CRAH
ρaircp,air

D =
ρaircp,airNCRAH
ρH2Ocp,H2O

(C.1.6)

Inserting these expressions for NTU and Cr into the effectiveness equation
(3.2.24):

εHE = 1− exp


(

B
V̇CRAH max

)0.22
D V̇CRAH max

V̇BCW

(
e
−D V̇CRAH max

V̇BCW

(
B

V̇CRAH max

)0.78

− 1

) =

= 1− exp

(
B0.22V̇BCW

DV̇ 1.22
CRAH max

(
e
−DB0.78 V̇ 0.22

CRAH max
V̇BCW − 1

))
(C.1.7)

with B and D defined in equation (C.1.6).

Cmin on the water side of the heat exchanger

Equation (C.1.2) becomes:

εHE =
Cair(1− δbypass)(Track out max/set − Track in max/set)

CH2O

(
δbypassTrack in max/set + (1− δbypass)Track out max/set+

−TCRAH H2O in

)
(C.1.8)

and NTU and Cr in equation (3.2.25) will now be:

NTU =
(UA)CRAH

Cmin
=

(UA)CRAH

ρH2Ocp,H2O
V̇BCW

NCRAH

=
F

V̇BCW
(C.1.9)

Cr =
Cmin
Cmax

=
ρH2Ocp,H2O

V̇BCW

NCRAH

ρaircp,airV̇CRAH max

=
1

D
· V̇BCW

V̇CRAH max

(C.1.10)
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with D defined in equation (C.1.6) and

F =
(UA)CRAHNCRAH

ρH2Ocp,H2O
(C.1.11)

Again inserting these expressions forNTU and Cr into the effectiveness equation
(3.2.24):

εHE = 1− exp


(

F
V̇BCW

)0.22
1
D ·

V̇BCW

V̇CRAH max

(
e
− 1

D ·
V̇BCW

V̇CRAH max

(
F

V̇BCW

)0.78

− 1

) =

= 1− exp

(
F 0.22DV̇CRAH max

V̇ 1.22
BCW

(
e
− F0.78V̇ 0.22

BCW
DV̇CRAH max − 1

))
(C.1.12)

with D defined in equation (C.1.6) and F in (C.1.11).

C.1.1.2 Rack inlet temperature as process variable

In this case the energy balance equation (3.3.14) can be written:

Track out max = Track in set +
Q̇rack max

ρaircp,airV̇rack max
=

=

Track in set+
+

Q̇rack maxNrack

ρaircp,airNCRAH(1− δleakage)(1− δbypass)V̇CRAH

 =

= Track in set +A
Q̇rack max

V̇CRAH
(C.1.13)

where the flow rate relation equation (3.3.11) has been used and

A =
Nrack

ρaircp,airNCRAH(1− δleakage)(1− δbypass)
(C.1.14)

This will be inserted into either equation (C.1.3) or (C.1.8) depending on min-
imum heat capacity rate side.
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Cmin on the air side of the heat exchanger

Inserting Track out max from equation (C.1.13) into equation (C.1.3):

εHE =
(1− δbypass)A Q̇rack max

V̇CRAHδbypassTrack in set + (1− δbypass)

(
Track in set +

AQ̇rack max

V̇CRAH

)
+

−TCRAH H2O in


=

=
(1− δbypass)AQ̇rack max

(Track in set − TCRAH H2O in)V̇CRAH + (1− δbypass)AQ̇rack max
=

=
A′Q̇rack max

(Track in set − TCRAH H2O in)V̇CRAH +A′Q̇rack max
(C.1.15)

with

A′ = (1− δbypass)A =
Nrack

ρaircp,airNCRAH(1− δleakage)
(C.1.16)

Combining equation (C.1.7) and (C.1.15) gives an equation to (numerically)
solve for V̇CRAH :

1− exp

(
B0.22V̇BCW

DV̇ 1.22
CRAH

(
e
−DB0.78 V̇ 0.22

CRAH
V̇BCW − 1

))
=

=
A′Q̇rack max

(Track in set − TCRAH H2O in)V̇CRAH +A′Q̇rack max

(C.1.17)

with A′ defined in equation (C.1.16) and B and D in (C.1.6).

Cmin on the water side of the heat exchanger

With Cmin now being on the water side, the only difference to equation (C.1.15)
is that the heat capacity rates no longer cancels out:
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εHE =
CairA

′Q̇rack max

CH2O

(
(Track in set − TCRAH H2O in)V̇CRAH +A′Q̇rack max

) =

=
ρaircp,airV̇CRAHA

′Q̇rack max

ρH2Ocp,H2O
V̇BCW

NCRAH

(
(Track in set − TCRAH H2O in)V̇CRAH+

+A′Q̇rack max

) =

=
EV̇CRAHQ̇rack max

V̇BCW

(
(Track in set − TCRAH H2O in)V̇CRAH +A′Q̇rack max

)
(C.1.18)

where

E =
ρaircp,airNCRAHA

′

ρH2Ocp,H2O
(C.1.19)

Combining equation (C.1.18) and (C.1.12) gives an equation to (numerically)
solve for V̇CRAH :

1− exp

(
F 0.22DV̇CRAH

V̇ 1.22
BCW

(
e
−F0.78V̇ 0.22

BCW
DV̇CRAH − 1

))
=

=
EV̇CRAHQ̇rack max

V̇BCW

(
(Track in set − TCRAH H2O in)V̇CRAH +A′Q̇rack max

) (C.1.20)

where D is defined in equation (C.1.6), F in (C.1.11), A′ in (C.1.16) and E in
(C.1.19).

C.1.1.3 Rack outlet temperature as process variable

In a similar way as in the last section, the energy balance equation (3.3.14) is
rewritten as:
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Track in max = Track out set −
Q̇rack max

ρaircp,airV̇rack max
=

=

Track out set+
− Q̇rack maxNrack

ρaircp,airNCRAH(1− δleakage)(1− δbypass)V̇CRAH

 =

= Track out set −A
Q̇rack max

V̇CRAH
(C.1.21)

where A was defined in equation (C.1.14). Again, the equation is inserted into
either equation (C.1.3) or (C.1.8) depending on minimum heat capacity rate
side.

Cmin on the air side of the heat exchanger

Inserting Track in max from equation (C.1.21) into equation (C.1.3):

εCRAH HE =
(1− δbypass)A Q̇rack max

V̇CRAH δbypass

(
Track out set −

AQ̇rack max

V̇CRAH

)
+

+(1− δbypass)Track out set − TCRAH H2O in


=

=
A′Q̇rack max

(Track out set − TCRAH H2O in)V̇CRAH − δbypassAQ̇rack max
(C.1.22)

Combining equation (C.1.7) and (C.1.22) gives an equation to (numerically)
solve for V̇CRAH :

1− exp

(
B0.22V̇BCW

DV̇ 1.22
CRAH

(
e
−DB0.78 V̇ 0.22

CRAH
V̇BCW − 1

))
=

=
A′Q̇rack max

(Track out set − TCRAH H2O in)V̇CRAH − δbypassAQ̇rack max

(C.1.23)

where B and D are defined in equation (C.1.6), A in equation (C.1.14), and A′

in (C.1.16).
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Cmin on the water side of the heat exchanger

With Cmin now being on the water side, the only difference to equation (C.1.22)
is once again that the heat capacity rates no longer cancels out:

εCRAH HE =
CairA

′Q̇rack max

CH2O

(
(Track out set − TCRAH H2O in)V̇CRAH+

−δbypassAQ̇rack max

) =

=
ρaircp,airV̇CRAHA

′Q̇rack max

ρH2Ocp,H2O
V̇BCW

NCRAH

(
(Track out set − TCRAH H2O in)V̇CRAH+

−δbypassAQ̇rack max

) =

=
EV̇CRAHQ̇rack max

V̇BCW

(
(Track out set − TCRAH H2O in)V̇CRAH+

−δbypassAQ̇rack max

)
(C.1.24)

Combining equation (C.1.24) and (C.1.12) gives an equation to (numerically)
solve for V̇CRAH :

1− exp

(
F 0.22DV̇CRAH

V̇ 1.22
BCW

(
e
−F0.78V̇ 0.22

BCW
DV̇CRAH − 1

))
=

=
EV̇CRAHQ̇rack max

V̇BCW

(
(Track out set − TCRAH H2O in)V̇CRAH − δbypassAQ̇rack max

)
(C.1.25)

where D is defined in equation (C.1.6), F in (C.1.11), A in equation (C.1.14)
and E in (C.1.19).

C.1.2 Rack flow rate

In this section equation (3.3.24), the expression for the flow rate of racks with a
heat load lower than the maximum heat load, will be derived. The effectiveness
equation (3.2.23) can be written:

εHE =
Cair(TCRAH air in y − TCRAH air out y)

Cmin(TCRAH air in y − TCRAH H2O in)
(C.1.26)

Solving for TCRAH air in this becomes:
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TCRAH air in y =
εHECminTCRAH H2O in y − CairTCRAH air out y

εHECmin − Cair
(C.1.27)

Putting equation (C.1.27) equal to the mixture formula valid for this case, equa-
tion (3.3.23), while changing TCRAH air out to Track in:

V̇rack yTrack out set +
(
NCRAH(1−δleakage)

Nrack
V̇CRAH − V̇rack y

)
Track in y

NCRAH(1−δleakage)
Nrack

V̇CRAH
=

=
εHECminTCRAH H2O in − CairTrack in y

εHECmin − Cair
(C.1.28)

⇒

Track in y =

εHECminTCRAH H2O in

εHECmin−Cair
− NrackV̇rack yTrack out set

NCRAH(1−δleakage)V̇CRAH

NCRAH(1−δleakage)V̇CRAH−NrackV̇rack y

NCRAH(1−δleakage)V̇CRAH
+ Cair

εHECmin−Cair

=

=
I − JV̇rack yTrack out set

1− JV̇rack y +K

(C.1.29)

I =
εHECminTCRAH H2O in

εHECmin − Cair

J =
Nrack

NCRAH(1− δleakage)V̇CRAH

K =
Cair

εHECmin − Cair

(C.1.30)

The effectiveness εHE can be calculated directly from equation (3.2.24), since
both of the involved flow rates, the building chiller water and the CRAH flow
rate, are now known.

Next comes a rack energy balance. The server fans are assumed to try to
keep the rack outlet temperature constant at the set point value.

V̇rack y =
Q̇rack y

ρaircp,air(Track out set − Track in y)
(C.1.31)
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Inserting equation (C.1.29):

V̇rack y =
Q̇rack y

ρaircp,air

(
Track out set − I−JV̇rack yTrack out set

1−JV̇rack y+K

) =

=
Q̇rack y(1− JV̇rack y +K)

ρaircp,air (Track out(1 +K)− I)

(C.1.32)
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C.2 Airflow control with vertically placed
servers

C.2.1 Temperature relations

In this section equation (3.3.39), relating the rack inlet temperature to the
outlet temperature, will be derived. Equation (3.3.35)-(3.3.37) are given again
for convenience.

Q̇row = ρairCp,airV̇part y(Track 12 y − Track in y) (C.2.1)

Q̇row = ρairCp,air(1− δrack 12)V̇part y(Track 23 y − Track 12 y) (C.2.2)

Q̇row = ρairCp,air(1− δrack 12 − δrack 23)V̇part y(Track out set − Track 23 y)

(C.2.3)

Equation (C.2.1) can be written:

Track 12 y = Track in y +
Q̇row y

ρairCp,airV̇part y
(C.2.4)

Inserting this into equation (C.2.2):

Q̇row y = ρairCp,air(1− δrack 12)V̇part y

·

(
Track 23 y − Track in y −

Q̇row y

ρairCp,airV̇part y

)

⇔

Track 23 y = Track in y +
Q̇row y

ρairCp,air(1− δrack 12)V̇part y
+

Q̇row y

ρairCp,airV̇part y
(C.2.5)
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Inserting into equation (C.2.3):

Q̇row y = ρairCp,air(1− δrack 12 − δrack 23)V̇part y

(
Track out set − Track in y+

− Q̇row y

ρairCp,air(1− δrack 12)V̇part y
− Q̇row y

ρairCp,airV̇part y

)
(C.2.6)

which can be written:

Track out set − Track in y =
Q̇row y

ρairCp,air(1− δrack 12 − δrack 23)V̇part y
+

+
Q̇row y

ρairCp,air(1− δrack 12)V̇part y
+

Q̇row y

ρairCp,airV̇part y
(C.2.7)

using V̇rack y = 2V̇part y this becomes:

Track out set − Track in y =
2Q̇row y

ρairCp,airV̇rack y

(
1

(1− δrack 12 − δrack 23)
+

+
1

(1− δrack 12)
+ 1

)
(C.2.8)

Inserting the relation between V̇rack and V̇CRAH from equation (3.3.13) and
relating the row heat load to the rack heat load:

Track in y =Track out set −
2Q̇rack y

Nrows/rackρairCp,air
V̇CRAH yNCRAH(1−δleakage)

Nrack

·

(
1

(1− δrack 12 − δrack 23)
+

1

(1− δrack 12)
+ 1

)
=

=Track out set −G
Q̇rack y

V̇CRAH y

(C.2.9)

92



with

G =
2Nrack

ρairCp,airNCRAHNrows/rack(1− δleakage)

·

(
1

(1− δrack 12 − δrack 23)
+

1

(1− δrack 12)
+ 1

) (C.2.10)

C.2.2 CRAH flow rate

The derivations of the CRAH flow rate equations (3.3.41) and (3.3.42) will be
presented here. First heat exchanger effectiveness equations valid for this case
will be derived.

C.2.2.1 Heat exchanger effectiveness equations

The heat exchanger effectiveness equation (3.2.23) can for this case be written:

εHE =
Cair(TCRAH air in y − TCRAH air out y)

Cmin(TCRAH air in y − TCRAH H2O in)
(C.2.11)

The CRAH air inlet and outlet temperatures will be changed into rack temper-
atures next. The energy balance equation (3.3.33) will be used, as well as the
assumption that the CRAH outlet temperature equals the rack inlet tempera-
ture. Equation (C.2.11) becomes:

εHE =
Cair

(
Track in y +H

Q̇rack y

V̇CRAH y
− Track in y

)
Cmin

(
Track in y +H

Q̇rack y

V̇CRAH y
− TCRAH H2O in

) =

=
CairHQ̇rack y

Cmin

(
(Track in y − TCRAH H2O in)V̇CRAH y +HQ̇rack y

) (C.2.12)

Next the relationship between Track in y and Track out set is used, equation
(C.2.9). Equation (C.2.12) then becomes:
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εHE =
CairHQ̇rack y

Cmin


(
Track out set −G

Q̇rack y

V̇CRAH y

− TCRAH H2O in

)
V̇CRAH y+

+HQ̇rack y


=

=
CairHQ̇rack y

Cmin

(
(Track out set − TCRAH H2O in) V̇CRAH y + (H −G)Q̇rack y

)
(C.2.13)

The other heat exchanger effectiveness formula, equation (3.2.24), will be the
same in this case as in a previous appendix section, C.1.1.1 (equation (C.1.7)
and (C.1.12)).

C.2.2.2 Cmin on the air side of the heat exchanger

Equation (C.2.13) becomes:

εHE =
HQ̇rack y

(Track out set − TCRAH H2O in) V̇CRAH y + (H −G)Q̇rack y
(C.2.14)

Putting this equal to equation (C.1.7) gives the final equation:

1− exp

(
B0.22V̇BCW

DV̇ 1.22
CRAH max

(
e
−DB0.78 V̇ 0.22

CRAH max
V̇BCW − 1

))
=

=
HQ̇rack y

(Track out set − TCRAH H2O in) V̇CRAH y + (H −G)Q̇rack y
(C.2.15)

C.2.2.3 Cmin on the water side of the heat exchanger

Equation (C.2.13) now becomes:
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εHE =
CairHQ̇rack y

CH2O

(
(Track out set − TCRAH H2O in) V̇CRAH y + (H −G)Q̇rack y

) =

=
ρaircp,airV̇CRAH yHQ̇rack y

ρH2Ocp,H2O
V̇BCW

NCRAH

(
(Track out set − TCRAH H2O in) V̇CRAH y+

+(H −G)Q̇rack y

) =

=
HDV̇CRAH yQ̇rack y

V̇BCW

(
(Track out set − TCRAH H2O in) V̇CRAH y + (H −G)Q̇rack y

)
(C.2.16)

with D defined in equation (C.1.6). Putting this equal to equation (C.1.12)
gives the final equation for this case:

1− exp

(
F 0.22DV̇CRAH max

V̇ 1.22
BCW

(
e
− F0.78V̇ 0.22

BCW
DV̇CRAH max − 1

))
=

=
HDV̇CRAH yQ̇rack y

V̇BCW

(
(Track out set − TCRAH H2O in) V̇CRAH y + (H −G)Q̇rack y

)
(C.2.17)
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