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a  b  s  t  r  a  c  t

A  combined  cooling  solution  is proposed  to improve  both  thermal  and  energy  performance  for  data
centers  with  high  heat  density.  Multi-stage  heat  pipe  is  introduced  to make  the  internally  cooled  rack,
which  helps  to illuminate  the undesired  mixing  of hot  and  cold  air, and  makes  a  uniform  distribution
of  indoor  temperature.  A water  loop  of  multi  cold  sources  is designed  to make  full  use  of  waterside  free
cooling  potentials.  With  the  switchable  and flexible  operating  mode,  an  energy  efficient  cooling  can be
eywords:
ata center
istributed cooling
ulti stage
eat pipe
ack cooling

expected.  An  operating  data  center  in  Beijing  is  studied  and  retrofitted  using  this  solution.  A comparative
measurement  is performed  to  validate  the  effectiveness  of  this  combined  cooling  solution,  which  shows
an  improved  indoor  thermal  environment  and  reduces  annual  cooling  cost  by approximate  46%.

© 2015  Published  by  Elsevier  B.V.
. Introduction

With the fast development of IT industry, heat density in
ata centers increases rapidly, which imposes big challenges on
eat removal. Data center is a specified enclosure accommodat-

ng devices for data processing and storage. In recent years, with
he rapid growth of data processing performance, rack power has
ncreased from less than 1 kW to more than 20 kW [1]. Normally,

 data center with the average power density of more than 5 kW
er rack can be classified as high heat density data center [2].
uch high heat density imposes big challenges on effective heat
emoval. As a result, the energy spent on thermal management
as increased dramatically. Nowadays, the average annual cool-

ng power consumption can reach as high as 30% of a data center’s
otal operational cost [3]. Various solutions have been proposed to
educe cooling cost of high heat density data centers. However, due

o the diversity of data center size, geometry, layout, power den-
ity and workload distribution, it is difficult to develop a feasible

Abbreviations: CRAC, computer room air-conditioner; PUE, power utilization
ffectiveness; NTU, number of heat transfer unit; IT, information technology.
∗ Corresponding author at: Department of Engineering Mechanics, Tsinghua Uni-
ersity, Beijing 100084, China. Tel.: +86 1062781610.

E-mail address: lizh@tsinghua.edu.cn (Z. Li).

ttp://dx.doi.org/10.1016/j.enbuild.2015.03.002
378-7788/© 2015 Published by Elsevier B.V.
cooling solution that provides both efficient thermal and energy
performance [4].

Currently, thermal management for most high heat density data
centers uses air flow circulation to remove heat from racks to CRAC
units. Cooling air is pumped into under floor plenum by CRAC units,
and is distributed through perforated grid tiles under the floor,
and is finally delivered to server racks. To manage airflow better,
these perforated tiles are usually placed in front of the air-intake
side of rack clusters, called cold aisles. After heat exchange, hot air
exhausts into the space formed by the back side of rack clusters,
called hot aisles. Hot air is pushed back to CRAC units through the
upper space of data centers, or via special ducts or roof plenums.
A typical airflow distribution in a high heat density data center is
illustrated by Fig. 1.

The cold and hot aisle configuration is proposed to improve
airflow performance and thermal management. However, such
centralized terminals (CRAC units) sometimes cause undesired
mixing of cool and hot air streams, such as when rack exhaust air
flows into cold aisles, when cooling air flows back into CRAC units,
and other forms of air leakage, which is illustrated by Fig. 2.

The airflow mal-distribution leads to a poor indoor ther-
mal  environment, especially non-uniform air temperatures and

irregular humidity distribution in cold aisles. Such non-uniformity
lowers the thermal reliability of data processing devices. To reduce
this undesired air mixing, cold-aisle containment and blank space
blocking are proposed and studied [5], illustrated by Fig. 3. It is

dx.doi.org/10.1016/j.enbuild.2015.03.002
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2015.03.002&domain=pdf
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Nomenclature

Q heat dissipation (W)
K heat transfer coefficient (W/(m2 K))
A area (m2)
c specific heat (J/(kg K))
m mass flow rate (kg/s)
� overall effectiveness of heat transfer
t temperature (◦C)
ε effectiveness of heat transfer for single heat

exchanger
N stage number
n  row number
V velosity (m/s)
D diameter (mm)
ı  thickness (mm)
d distance (mm)

Subscripts and superscripts
in inlet
out outlet
w water
f refrigerant
fin fin
o outer
t tube
uw upwind
h heat transfer
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characteristics of heat transfer in data center space by numerically
computing the air flow and convective heat exchange. As computer
science develops rapidly, numerical simulation is proving to play an
r row

upposed to completely isolate the cold air stream by sealing the
ntire cold aisle and all blank spaces among the racks.

However, airflow does not always follow the settled routes, leak-
ge happens wherever possible, especially with large scale data
enters. Referencing an operational raised floor cooling data center
n Beijing, Fig. 4 provides air temperature and humidity distribu-
ion measurement for a cold aisle containment, with the average
ack heat dissipation over 6 kW,  and cooling air thermal conditions
f 16.2 ◦C/71% inside the cold aisle. Large non-uniformity can be
bserved from the vertically measured air temperature and humid-
ty along each rack. Similar phenomena can be observed for other
hysical isolation oriented design, such as overhead returns with
eiling vents or ducts and their combination [5].

To meet the minimum thermal requirements for servers located
t the worst positions inside the cold-aisle containment (near

he top of racks in Fig. 4), colder chilled water or larger air flow
ate is commonly seen as state-of-the-art at the price of higher
nergy penalty. Since indoor air flow has significant impact on both

Fig. 1. Typical data center airflow with cold/hot aisle layout.
Fig. 2. Undesired air mixing.

thermal and energy performance of data center cooling, a literature
review should be performed before any new solution is proposed.

Nowadays, there are three major research areas focused on
improving data center airside performance, covering the design,
simulation and optimization of data center.

Most research on data center design relies on engineering expe-
rience, field measurements and mathematical correlation. Sharma
et al. [6] proposed a thermal effectiveness based evaluation for data
center layout. Rambo and Joshi [7] characterized the overall effi-
ciency of data centers based on minimum temperature and entropy
gradient principle. They considered the air flow performance from
under floor plenum to perforated tiles as a significant influence
factor. Kang et al. [8] used a simplified correlation to describe the
air movement and evaluate air flow performance through perfo-
rated tiles of different forms and arrangement, with the assumption
of uniform plenum pressure. Recently, official guidelines for data
center operation, including recommended layout, thermal envi-
ronment and management, have been published by the American
Society of Heating, Refrigeration, and Air-conditioning Engineers
(ASHRAE) [9]. These technical standards [9,10] are raised with each
new research findings and technology advancement.

Simulation is another important approach to study data center
thermal behavior with low cost. CFD (Computational Fluid Dynam-
ics) software helps to better understand the underlying physical
Fig. 3. Schematic of cold-aisle containment in data centers.
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Fig. 4. Measurement of air temperature/hum

rreplaceable role in data center thermal analysis. Patel et al. [11,12]
omputed the steady state temperature profile and air movement
or a raised floor data center using rack intake air temperature as
he evaluating metric for several typical rack layouts. Rambo and
oshi [13,14] studied characteristics of turbulence air flow in data
enters using RANS model, and performed detailed thermal sim-
lation inside racks. Shrivastava et al. [15] used a multi-scale CFD
odel to evaluate the cooling effectiveness of data centers with

nder floor plenum and roof diffusers. Iyengar et al. [16] performed
 similar study without under floor plenum, to compare rack intake
ir temperature by changing rack layout and diffuser position. The
ack intake air temperature once again is considered as the fea-
ible metric to assess room level thermal. Schmidt and Cruz [17]
tudied air behavior through different types of perforated tiles and
he impact on data center temperature distribution by simulation
nd measurement. Radmehr et al. [18] analyzed the influence of air
eakage around perforated tiles, including reverse flow and short
ircuits, on data center thermal environment. In addition, a CFD
ased prediction on air flow performance is validated and corre-

ated by measurements. Rambo and Joshi [19] made a detailed 2D
imulation and correlation on air flow rate and distance between
RAC units and perforated tile line. Van Gilder and Schmidt [20]
tudied the impact of under floor plenum depth and tie open area
roportion on air flow uniformity through perforated tiles using

 raised floor data center CFD model. Such effect is compared for
everal data center layouts by simulation.

Optimization is an overall redesign based on investigation, mea-
urement and analysis. New strategies and solutions of energy
fficient cooling for high heat density data centers have emerged

ecently [21–40]. With the introduction or combination with tech-
ologies like heat pipe air-conditioner [31,34,36,37], solar cooling
30], evaporative cooling [32], cold storage [39,40] and other inte-
rated cooling modes [38], chiller operating time or chiller load
 distribution in the cold-aisle containment.

is reduced, and more free cooling becomes available. Facebook’s
new built data center located at Prinevill in Oregon removes all
heat dissipated by servers using natural ventilation only, profiting
from the local climate. This full free cooling solution earns remark-
able energy benefits for data center thermal management, with an
annual PUE value as low as 1.073, indicating that 93% of data center
annual energy consumption flows into data processing equipment
[41]. IBM’s data center uses waste heat for space heating and natural
ventilation for indoor humidity control. Combined with specially
designed micro-channel liquid coolers for blade server cooling, the
annual power consumption for data center thermal management
is reduced by about 40% on average [42,43]. Google’s data cen-
ter uses evaporative cooling to reduce chiller operating time [44].
Thermacore’s so called Therma-Bus Tech proposes an effective liq-
uid cooling solution for high performance chips such as multi-core
CPUs and high speed microprocessors, using output water loop
of cooling towers to remove heat directly from data processing
devices to the outdoor environment [45].

All the work above have proposed new methods and solutions
based on theoretical, technical and operational innovation, which
greatly improved the development of thermal management for
high heat density data centers.

2. Multi-stage heat pipe loop

As illustrated by Fig. 5, with the cooling terminals located inside
the rack, the entire heat exchange of the air flow loop is sealed
inside, and physically isolated from other racks. Such cooling ter-

minal has been used and studied recently [46]. However, there is an
inevitable risk of water leakage for such water-cooling terminals,
which is extremely dangerous to data processing devices. A safety-
adaptive rectification to the rack-cooling terminal is necessary.
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Fig. 5. Schematic of distributed cooling solution.

Because of the non-detrimental leakage and good heat con-
uct performance, the R22 is selected as suitable two-phase heat
xchanging fluid to efficiently transport heat from the terminals to
he cold sources, with detailed design illustrated in Section 3. For

 given data center with fixed heat dissipation and heat exchanger
nput, a smaller temperature difference between air flow loop and

ater loop means less dissipation of heat transport potential [31].
n other words, a better performance of heat exchanging terminals
n Fig. 5 means a higher cold source temperature, which means

ore potential for waterside free cooling. Therefore, how to reduce
he temperature difference spent on the heat pipe heat exchanger
ecomes a key issue.

Effectiveness of heat transfer (defined by Eq. (2) and (3) [47]) is
sed to evaluate the thermal performance of water (counter flow)
nd heat pipe media heat exchangers (illustrated by Fig. 6).

TU = KA
(1)
cm

heat−pipe = 1 − e−NTU (2)

Fig. 6. Indirect heat exchanger usin
Fig. 7. Performance comparison of the two heat exchangers (Logarithmic Coordi-
nates).

�water−air =
1 − exp

{
(−NTU)

[
1 − (cm) min

(cm) max

]}

1 − (cm) min
(cm) max exp

{
(−NTU)

[
1 − (cm) min

(cm) max

]} (3)

Table 1 lists the calculations of heat transfer effectiveness using
NTU with uniform mass flow rate distribution. For detailed deduc-
tion, view Refs. [48–50].

Fig. 7 compares the effectiveness of heat transfer between water
and heat pipe heat exchanger. It can be seen from Fig. 7 that in
condition of infinite KA,  the water media heat exchanger has the
highest overall effectiveness of 1, while that of the single-heat pipe
media is only 0.5, indicating a large potential for the optimization
of heat pipe arrangement.

In order to further improve the overall effectiveness of heat pipe
media heat exchangers, a multi-stage connection is proposed, illus-
trated by Fig. 8. Compared with the single stage heat pipe, multi
media temperature tfi is more similar to water media temperature.

Assuming an N-stage heat pipe media heat exchanger with uni-
form NTU and air flow rate cm of outdoor and indoor unit in each
stage. According to Table 1, the overall effectiveness of heat trans-
fer for each stage and the entire system can be calculated by Eqs.
�1 = �2 = · · ·�N = ε

2
= 1

2

(
1 − e− NTU

N

)
(4)

g heat pipe/water as media.
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Fig. 9. Performance comparison of the two heat exchangers (Logarithmic Coordi-
nates).

T
C

Fig. 8. Two-stage heat pipe media heat exchanger.

 = N�N

1 + (N − 1) �N
=

N
2

(
1 − e− NTU

N

)

1 + 1
2 (N − 1)

(
1 − e− NTU

N

) (5)

ome important conclusions can be deduced from Eq. (5).
Given stage number N and infinite NTU, the overall effectiveness

f each stage heat pipe media heat exchanger is 0.5, and the overall
ffectiveness of the entire system can be calculated by Eq. (6).

 = N

N + 1
(6)

Given NTU and infinite stage number N, the overall heat transfer
ffectiveness of the entire system will be the same as water media
eat exchanger, calculated by Eq. (7).

 = NTU
NTU + 2

(7)

Given infinite NTU and infinite stage number N, the overall heat
ransfer effectiveness of the entire system will be 1.

Fig. 9 illustrates the variation of the overall heat transfer effec-
iveness with NTU values for water and multi-stage (stage number

 from 1 to 30) heat pipe media heat exchangers.
It can be seen from Fig. 9 that, compared with the single stage

eat pipe, multi-stage heat pipe heat exchanger shows better ther-
al  performance, which enables smaller temperature difference

etween air loop and water loop.
Fig. 9 also shows that with fixed NTU, the overall effectiveness of

ulti-stage heat pipe heat exchanger increases with stage number
. When N keeps increasing, the thermal performance of multi-

tage heat pipe comes closer to that of water media heat exchanger,
specially within the commonly used NTU values (0.5–2). However,

he complexity and initial cost also increase with stage number N.A
wo-stage heat pipe heat exchanger is finally chosen for the balance
f thermal performance and engineering feasibility.

able 1
alculation of effectiveness of heat transfer.

Heat pipe media heat exchanger (c

Effectiveness of Heat Exchanger 1 ε1 = t1,in−t1,out
t1,in−tf

= 1 − e−NTU1 , NTU1

Effectiveness of Heat Exchanger 2 ε2 = t2,out−t2,in
tf −t2,in

= 1 − e−NTU2, NTU2

Overall Effectiveness � = t2,out−t2,in
t1,in−t2,in

= ε1 ·ε2
ε1+ε2

Overall Effectiveness (K1A1 = K2A2) � = ε1
2 = 1

2

(
1 − e−NTU

)

Fig. 10. Schematic of the internally cooled rack.

3. Distributed cooling terminal

An internally cooled rack is proposed as distributed cooling ter-
minal using two-stage heat pipe media heat exchangers illustrated
by Fig. 10.

The two heat pipe loops, illustrated by Fig. 11, each consists of
two heat exchange units (indoor/outdoor unit) and two fluid pipes
(liquid/steam pipe), connects the air flow loop and cooling water
loop in series. The indoor unit 1 is installed at the bottom of the
rack to cool the rack intake air from indoor temperature (23–25 ◦C)
to server required intake temperature (18–20 ◦C) by supply water

(10–12 ◦C). While indoor unit 2 is installed at the top of the rack
to cool the server exhaust air (35–40 ◦C) to indoor temperature
(23–25 ◦C) by the output water of outdoor unit 1 (13–15 ◦C). The

1m1 = c2m2) Water media heat exchanger (c1m1 = c2m2 = cwmw)

= K1A1
c1m1

ε1 = t1,in−t1,out
t1,in−tw,2

= NTU1
1+NTU1

, NTU1 = K1A1
c1m1

= K2A2
c2m2

ε2 = t2,out−t2,in
tw,1−t2,in

= NTU2
1+NTU2

, NTU2 = K2A2
c2m2

� = t2,out−t2,in
t1,in−t2,in

= 1
1

ε1
+ 1

ε2
−1

� = ε1
2−ε1

= NTU
NTU+2
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Table 2
Chiller performance comparison.

Operating mode Component Evaporator NTU Inlet/output temperature (◦C) Evaporation temperature (◦C) Condensation temperature (◦C) COP

Single-chiller Chiller 2 14/10 

Multi-chiller
Chiller 2 2 18/14 

Chiller 1 2 14/10 
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The comparison shows a higher COP of a multi-chiller mode than
that of a single-chiller mode. If the lower pump power consumption
Fig. 11. Schematic of heat pipe loops.

utput water of outdoor unit 2 (return water, 22–24 ◦C) is cooled by
he cold source and finally delivers all heat to outdoor environment.

Air intake temperature is set by Class A1 Grade recommended
y ASHRAE guidelines [10], in which the environmental grade for
ifferent types of IT equipment in data center is shown by Fig. 12.

In order to fit the server load variation and maintain a uniform
ntake/exhaust air temperature, the amount of heat exchanged by
ach unit in the heat pipe loops can be adjusted through fan speed
ontrol. Such configuration achieves uniform indoor air temper-
ture distribution and the cold and hot aisle can be replaced by
ore racks. For indoor humidity control, a few dehumidifiers are

rranged at each corner of the room to maintain a recommended
ack intake air relative humidity of 35–50%[10].

. Combined water loop
To further improve outdoor free cooling potential and energy
erformance, a combined water loop with multi-cold source

s designed to provide large temperature difference between

Fig. 12. ASHARE environmental classes for data centers.
9.2 45 2.75
13.4 45

2.989.4 45

supply and return water (∼10◦C), meeting the requirement of
temperature-matched heat transfer [51], illustrated by Fig. 13. Two
chillers and one open cooling tower are connected in series as
switchable cold source, which provide cooling water of required
temperature. With two  heat pipe outdoor units and one pump inte-
grated, the water loop transfers the heat from heat pipe loops to
outdoor environment.

The multi-cold source enables the water loop to automatically
distribute cooling load and choose cold source, according to the
availability of waterside free cooling. With fixed supply/return
water temperature (10–12 ◦C/22–24 ◦C), the operating mode of the
multi-cold source is decided by the output water temperature of
the cooling tower, which is mainly determined by outdoor air wet
bulb temperature [52]. When outdoor wet bulb temperature is low
enough, all cooling load is undertaken by the cooling tower. When
that temperature is not sufficiently low, chillers and the cooling
tower co-work to share the cooling load, with chillers started one
by one. When that temperature is too high to use the cooling tower,
all heat is removed by chillers.

To quantify the performance advantage of multi-chiller arrange-
ment and find the optimum cooling load distribution among the
co-operating chillers, the chiller’s COP is analyzed and compared
with the single-chiller mode under following conditions:

(1) The same total cooling load.
(2) The same outdoor conditions.
(3) The same total evaporator area.
(4) The same condensation temperature.

Detailed information is shown in Table 2.
It is noted that compared to the single-chiller mode, each chiller

of the multi-chiller mode shares half evaporator area and half water
flow rate, according to Eq. (1), it is reasonable to assume a uniform
evaporator NTU value for each chiller in each mode.
is considered, a better energy performance for the combined water

Pump

Combined

Coolin

Outdoor
Unit  2 

d Water Loo p

Chille

Chille

ng Tower

Outdoo
Unit 1

p

er 2 

er 1 

or

Fig. 13. Schematic of the combined water loop.
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and finally will affect the COP detrimentally.
Fig. 18 demonstrates the real-time measurement of CRAC’s
Fig. 14. Multi-chiller COP curve.

oop can be expected through the co-operating of two  chillers. It
lso can be seen that with other conditions fixed, the COP of multi-
hiller is decided by the cooling load distribution, or the output
ater temperature of chiller 2. The COP curve is shown by Fig. 14,

ased on Table 2, indicating the optimum operating performance
n condition of uniform cooling load distribution for each chiller.
his conclusion is useful to optimize the co-operating conditions.

According to the statistical outdoor weather data of Beijing,
ssuming the wet bulb efficiency of the cooling tower to be 75%[30],
nd supply/return temperature of the combined water loop to be
0/20 ◦C, Table 3 shows the calculation of the theoretical annual
perating time of each chiller and cooling tower in Beijing. It must
e noted that the calculation is based on certain ideal assumption
nd simplification, which may  be quite different from the actual
orking conditions. Therefore, the results can only be used for

eference.
It can be seen that for the combined water loop, the annual per-

entage of chiller total operating time is less than 50%, with annual
ull load operating time percentage less than 20%. Meanwhile, the
nnual percentage of cooling tower total operating time is more
han 80%, with annual full load operating time percentage more
han 40%. Such operating mode enables the cooling tower to under-
ake as more cooling load as possible, and decreases the full load
perating time of chillers. Therefore, the energy cost of the water
oop can be reduced.

. Case study

An operating data center in Beijing is retrofitted using dis-
ributed terminals and the combined water loop. To verify the

ffectiveness of this cooling solution, a measurement based com-
arison on both thermal and energy performance of the two cooling
ystems is performed, in condition of similar cooling load and out-
oor conditions.

able 3
perating mode of the combined water loop in Beijing.

Outdoor air wet
bulb temperature

Cooling tower
operating hours

Chiller2
operating hours

Chiller1
operating hours

≤6◦C 3848 0 0
6–13◦C 1458 1458 0
13–19◦C 1721 1721 1721
>19◦C 0 1733 1733
Partial load 3179 3179 1721
Full  load 3848 1733 1733
Total 7027 4912 3454
Fig. 15. Data center layout and air flow.

The basic information of the data center before retrofitting is
shown in Table 4.

Fig. 15 illustrates the data center layout and air flow before
retrofitting. The data center uses non-raised floor or ceiling return
layout with cold and hot aisles. The cooling air (solid lines) is deliv-
ered to the cold aisle by three CRAC units, with hot air (dashed lines)
sent back through upper and lateral space.

5.1. Performance measurement (before retrofitting)

Indoor air temperature distribution is measured to evaluate the
air flow performance. Fig. 16 shows the time averaged tempera-
ture distribution of rack intake air at several typical locations during
January 15th, 2011, with the measurement error due to the reliabil-
ity of metering methods, accuracy of metering devices and other
influence factors controlled within ±0.5 ◦C, and the temperature
data is collected every ten minutes. The measurement shows a quite
non-uniform distribution. There are 27 racks with intake air tem-
perature over 25 ◦C while only two  racks below 15 ◦C, in condition
of the CRAC supplied air temperature of 12 ◦C. Such non-uniform
distribution indicates a poor indoor air flow performance with a
massive undesired air mixing.

Real-time measurement of return air temperature for each CRAC
unit during January 15th, 2011 is illustrated by Fig. 17, with the
measurement error controlled within ±0.5 ◦C and data collected
every ten minutes. The maximum return air temperature difference
can be 6 ◦C. The non-uniformity of return air temperature can lead
to an unfavorable cooling load distribution among the CRAC units
COP during January 15th, 2011, The cooling load of CRAC units is

Fig. 16. Temperature distribution of rack intake air.
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Table 4
Basic information of the data center in Beijing.

Data center size 18 m × 5.5 m × 3 m External wall 1 Rack number 39 Total rack power 50–60 kW

CRAC unit number 3 CRAC cooling capacity80 kW Indoor temperature 20–28 ◦C Indoor humidity 40–70%
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Fig. 17. Real-time return air temperature measurement.

pproximately equalized by the power consumption of all servers,
ue to the ignorable heat transported through the external walls,
hown by Fig. 19. All power data is measured by real-time power
etering devices, with the measurement error controlled within
0.5 kWand data collected every ten minutes.

Fig. 20 shows the measurement of the real-time outdoor dry
ulb temperature during the same day, with the measurement
rror controlled within ±0.5◦C and data collected every 10 min.
he announced COP by the CRAC manufacturer is 3.5–4.0 under
he similar cooling load and outdoor condition. The measurement
hows an unsatisfied energy performance of the CRAC units.

Fig. 21 shows the daily-averaged intake and exhaust air tem-
erature of all racks in January, 2011, with the measurement error
ontrolled within ±0.5◦C. As we can see, the difference between
ntake air temperature and exhaust air temperature is as large as
.5 ◦C averagely.

The measurement on both the indoor air flow performance
nd CRAC energy performance shows a practical demand for the
etrofitting of cooling system.

.2. Performance measurement (after retrofitting)

The combined water loop using distributed cooling terminals

roposes a feasible solution for the retrofitting demand. Fig. 22
hows the photos of the internally cooled racks filled with operating
ervers, using specially designed two-stage heat pipe loops.
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Fig. 18. Real-time COP of CRAC units on January 15th.
Fig. 19. Annual cooling load of the data center (Calculated by DeST).

Figs. 23 and 24 shows the measurement of the daily-averaged
air temperature and humidity distribution inside one rack in June,
2012, with the measurement error controlled within ±0.5 ◦C and
±5%, respectively. The measurement shows that, for that rack, the
curve of intake air almost coincides with that of exhaust air, basi-
cally the same as indoor temperature (23–25◦C). And the server
intake air temperature of that rack varies from 17.4 to 22◦C, with the
relative humidity changing from 39% to 64%, both fit the guidelines
recommended by ASHRAE [10].

The measurement of the daily-averaged intake and exhaust air
temperature and humidity of all 39 racks in June 6th, 2012 is
demonstrated by Figs. 25 and 26, with the measurement error con-
trolled within ±0.5 ◦C and ±5%. It can be seen that, after retrofitting,
the largest temperature difference between the intake and exhaust
air for a single rack is less than 3.5 ◦C, with the averaged value of
1.4 ◦C for all 39 racks. The maximum humidity difference for one
single rack is 10%, with the averaged value of 5% for all 39 racks.

It also can be seen that, during that day, the indoor air temper-
ature changes from 20 to 26 ◦C, and the humidity varies from 30%
to 60%, basically in accordance with the measured values shown by
Figs. 23 and 24.

The daily averaged intake and exhaust air temperature of all
racks in January, 2012 is showed in Fig. 27, with the measurement
error controlled within ±0.5 ◦C. It can be seen that, compared with
Fig. 21, which shows the measurement before retrofitting in the
same month, 2011, the largest temperature difference between the
intake and exhaust air is less than 2.5 ◦C, which shows a better

indoor cooling.

The indoor measurement above shows that compared with the
air temperature and humidity distribution before retrofitting, the
internally cooled racks create a more uniform indoor temperature

Fig. 20. Real-time outdoor dry bulb temperature on January 15th.
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Fig. 21. Daily-averaged intake and exhaust air temperature of all racks in January, 2011.

Fig. 22. Internally cooled racks using two-stage heat pipe loops.

Fig. 23. Daily-averaged air temperature inside the chosen internally cooled rack in June.
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Fig. 24. Daily-averaged air humidity inside the chosen internally cooled rack in June.
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Fig. 25. Daily-averaged intake and exhaust air temperature of all racks in June 6th.

haust

a
T
a

w
s
h
f
p
t

Fig. 26. Daily-averaged intake and ex

nd humidity by effectively reducing the cold and hot air mixing.
he distributed cooling terminals improve the air flow performance
nd show a good agreement with the initial design.

The daily-averaged temperature distribution of the combined
ater loop during June, 2012 is illustrated by Fig. 28, with the mea-

urement error controlled within ±0.5 ◦C and data collected every
our. The measurement shows a uniform cooling load allocation
or each heat pipe loop, which is in accordance with the air tem-
erature distribution inside the rack measured by Fig. 23, and fits
he initial design well.

Fig. 27. Daily-averaged intake and exhaust air 
 air humidity of all racks in June 6th.

Chiller performance is measured and compared between the
single-chiller and multi-chiller operating mode during June, 2012.
The COP curve is illustrated by Fig. 29, with the temperature/power
measurement error controlled within ±0.5◦C/±0.5 kW and data
collected every half an hour. The measurement shows a better
energy performance of co-operating chillers, which agrees with the
analysis in Table 2.
Table 5 validates the performance of the combined water loop,
through the comparison of the measured and designed condi-
tions (workload, operating time) for each major component after

temperature of all racks in January, 2012.
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Fig. 28. Daily-averaged water temperature distribution in June, 2012.

Table 5
Performance validation.

Performance Full load operation hours Partial load operation hours Total operation hours

Data type Design Measurement Design Measurement Design Measurement

179 2877 7027 6427
179 3400 4912 5575
721 2215 3454 4284

a
w
w

t
e
e

E

P

I
c
p
s
i

2
b
m
T
o
c

Table 6
Annual operating performance comparison.

Averaged PUE Averaged EER
Cooling tower 3848 3550 3
Chiller 2 1733 2175 3
Chiller 1 1733 2069 1

 whole year operation, with the measurement error controlled
ithin ±10%. The measurement shows an acceptable agreement
ith the design.

Table 6 compares the annual operating performance between
he two cooling systems, using two energy-related indexes, energy
fficiency ratio (EER, defined by Eq. (8) [30]) and the energy usage
ffectiveness (PUE, defined by Eq. (9) [1]).

ER = W

Q
(8)

UE = P

P ′ (9)

n which, W stands for the total power consumption of all cooling
omponents, Q represents total cooling load. P stands for the total
ower consumption of the data center, P’ represents the power con-
umed by all data processing devices. All power consumption data
s acquired through the real-time power metering devices.

During the whole year 2011 which is before retrofitting and
012 which is after retrofitting, the server workload distribution
asically remained the same, with no other interruptions (such as

assive or long time renewal, updating or maintenance of servers).

he measurement error due to the reliability of metering meth-
ds, accuracy of metering devices and other influence factors is
ontrolled within ±20%.

Fig. 29. Chiller performance measurement.
Before retrofitting 1.39 2.6
After retrofitting 1.21 4.8

It can be seen from Table 6 that, compared to former CRAC sys-
tem, the combined cooling solution effectively reduced the annual
cooling energy consumption by about 46%. And total annual energy
cost by the entire data center has been reduced by about 13%.

The total retrofitting cost is 350000 CNY, 3500 CNY per square
averagely, and this price reduces with the increase of data center
area and installed capacity. The annual average power consump-
tion of CRAC system before and after retrofitting is 185,000 and
100,000 kWh, respectively. Approximately 46% of the cooling cost
is saved per year after retrofitting. According to the general indus-
trial electricity price 0.8 CHY per kWh, it will save 68000 CHY every
year, and the pay back period is about 4 years.

6. Conclusions

Aimed at better energy and thermal performance, a distributed
cooling solution is proposed for high heat density data centers.
Based on the least dissipation theory and property matched heat
exchange principle, the internally cooled rack with two-stage heat
pipe loops and a combined water loop with serially connected multi
cold sources is designed, which can dynamically and effectively
adjust the cooling load distribution according to the variation of
both server workloads and outdoor conditions. Such method uses
specific rack to improve airside performance, which allows flexi-
ble application to scalable data centers. The versatility of waterside
efficient cooling is guaranteed by the common water loop, which
has switchable operating mode between chiller and free cooling
according to different outdoor conditions.
The measurement based on study of a retrofitted data center
validates the performance of the distributed cooling system.
The measurement shows that, compared with the former CRAC
system, the new cooling solution effectively improves the thermal
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eliability of data processing devices and reduces cooling energy
ost by about 46%. The internally cooled racks improve indoor air
ow performance, basically eliminate undesired air mixing and
ot spots, and create a more uniform indoor thermal environment.

n addition, the distributed cooling solution cancels the cold and
ot aisle layout and increases the indoor space utilization. The
ombined water loop shows better energy performance, with
nnual cooling power consumption reduced by about 13%.

This study provides a feasible cooling solution for high heat
ensity data centers, future work may  focus on the optimization
esign of distributed cooling terminals and operating strategy of
he combined water loop.
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