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Objective of the White Paper
With more water-cooled IT products arriving in the marketplace, ASHRAE

TC 9.9 felt the need to outline some of the common processes, parts, and materi-
als for focus in use for future water-cooled designs. Some parts in a water-cooled
IT system will be specific to the product design, such as cold plates, manifolds,
arrangement of piping, pumps, valves, and so on, but others such as quick con-
nects, hoses, hose connections, materials, and water chemistry fall more into the
category of common parts that can be used by all current and potential manufac-
turers of water-cooled IT equipment. This white paper is an attempt to provide
and make available those items that could be classified as common. The material
published in this white paper compliments the materials published in Liquid Cool-
ing Guidelines for Datacom Equipment Centers, second edition (ASHRAE 2014).

Beyond the objective stated above, this white paper also corrects misunder-
standings in the latest edition of Liquid Cooling Guidelines for Datacom Equip-
ment Centers, and provides guidance for avoiding common mistakes based upon
the book’s content. We also expect that much of the content in this white paper
will be incorporated into a future third edition.
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Introduction to
Water-Cooled Servers

When cooling data centers and the heat-generating IT equipment (ITE) con-
tained within, many feel that liquid cooling is the way of the future. While liquid
cooling has been on the verge of disrupting the market for a long time, only mod-
est progress has been made. It was common opinion among industry experts that
the first to market with a liquid-cooled solution would lose. This may seem
counter-intuitive, but makes sense given that ITE manufacturers have been hesi-
tant to invest heavily in liquid cooling technology because the market for that type
of equipment has been sparse. In turn, the market has been reluctant to embrace
liquid cooling when air cooling continues to be the predominant cooling medium
for servers in the marketplace and where liquid cooling is perceived as a niche
market.

ITE manufacturers at both the server and component (i.e., processor) level
have extended air cooling capability by designing using improved packaging
materials for enhanced heat transfer, higher server airflow, and increased Ts
across the servers. Coupled with cooling efficiency best practices in the data cen-
ter, such as the use of hot aisle/cold aisle containment, more useful cooling can be
delivered with the same airflow.

These incremental advances have breathed new life into a technology previ-
ously thought to be approaching its practical limitations. Not long ago, owners
and designers believed cabinets approaching 20 to 30 kW load were at the ceiling
of air-cooling capability for maintaining component temperatures within industry
specifications. More recently, some air-cooled server products have achieved cab-
inet heat loads upwards of 40 to 50 kW thanks to advances in air moving technol-
ogy within the server and data center. The ability to move additional airflow and
enabling higher rack heat loads is not without cost, however; Figure 1 illustrates
how increasing air cooling density not only increases the amount of power used to
move that air, but also reduces cooling efficiency. The figure is representative of
one server vendor’s cooling power efficiency (the amount of fan power divided by
the total system power) across a range of different power density servers. Figure 1
also includes one of this same vendor’s liquid-cooled servers to illustrate how liq-
uid cooling can break the trend of ramping cooling power costs associated with
higher powers of ITE within a rack.

It is not obvious when it will not be possible to solely rely on air cooling for a
server. At some point, the air-cooled devices will reach their limits—either
through physics limitations or exponential increases in cooling power con-



Figure 1 Power-to-cool ratio for various servers.
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sumed—and the ITE manufacturers will need to adjust their designs to accommo-
date liquid cooling. These modifications will require the elimination of air-cooled
heat sinks replaced by cold plates mounted to processors and the possible elimina-
tion of some and possibly all server fans. They may also require a form factor
change, perhaps changing some configurations to allow boards to be mounted and
packaged differently with respect to the motherboard and other components.
Other modifications that cannot be foreseen now may also be required.

The increasing heat density of modern electronics is stretching the ability of
air to adequately and efficiently cool the electronic components within servers as
well as the datacom facilities that house these servers. To meet this challenge,
water is now being used at the rack or board level. Water has more than 3500
times the heat capacity of air. The ability of water to carry much larger amounts of
heat per volume or mass offers tremendous advantages.

Water-cooled servers have been around for more than a half a century. In the
past, high-performance mainframes were often water-cooled and supplied as such
by the ITE manufacturer. These systems were often highly customized and costly.
Increased standardization of liquid-cooled designs will help expand their use by
minimizing piping/connection concerns, increasing volumes, and reducing overall
cost.



4 Water-Cooled Servers

Water-Cooled Product Trends

ASHRAE TC 9.9 recently published IT Equipment Power Trends, third edi-
tion (ASHRAE 2018), which documents power trends of air-cooled equipment.
Those trends are for volume servers and are presented for seven application work-
loads. Trends for two-unit (2U), two-socket servers from 2015 to 2025 are shown
contrasted with power trends reported in the previous, second edition of IT Equip-
ment Power Trends in Figure 2. The seven categories for workloads are scientific,
visualization and audio, analytics, storage, business processing, cloud and com-
munications. The third edition trends display bands where the band thickness is
the variation of measured rack powers for racks of 2U, two-socket servers based
on measured rack powers for each workload type. As shown in this figure and as
expected, the category with the highest maximum power trend is the scientific
computing equipment. This trend is approximately twice as high as the next near-
est category (visualization and audio). The geometry for the rack powers dis-
played are for a 42 U, 19-in. (48.26 cm) standard rack with a depth of 43 in.
(109.22 cm).

Figure 2 Air-cooled 2U two-socket server power trends (ASHRAE 2018).

Water-cooled servers are not nearly as prevalent as air-cooled servers. A
method must be established that can best display some of the trends of water-
cooled ITE. Because there is no known database for this data, original equipment
manufacturer (OEM) server companies were contacted for this data. The data
offered is the maximum achievable power for the available water-cooled designs.
Although this is not measured data, it is shown here because that is what was
made available. Future updates of this data may encourage OEM companies to

https://www.thegreengrid.org/
https://www.thegreengrid.org/
https://www.thegreengrid.org/
https://www.thegreengrid.org/
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provide more data and representative measured data to better compare to the air-
cooled power trend data. In addition to displaying liquid-cooled server power
trend data, it will also be informative to show the number of water-cooled prod-
ucts announced annually for several years and whether the number of products is
increasing.

The other obvious difference between the air-cooled and water-cooled racks is
that there is no standard rack for water-cooled equipment. In fact, there is a very
wide variation of footprint for water-cooled server racks. Whereas the air-cooled
rack power trends used the standard 19-in. rack footprint of 7.42 ft2 (0.72 m2) for
all air-cooled power trends, the water-cooled racks varied in footprint from 6.78 to
48.20 ft2 (0.63 to 4.48 m2). The data for the footprint of water-cooled racks is dis-
played along with the air-cooled rack footprint used for the air-cooled trends in

Figure 3 Distribution of water-cooled server rack footprint areas (ft2).

Figure 3. This large variation in rack footprint drove the creation of the water-
cooled trends based on power/rack footprint rather than just power as in the air-
cooled server rack trends shown in Figure 2. Although the height of the water-
cooled racks should be fairly constant, this too is varied. However, most designs
were racks with heights of 42 U. No accommodation in the graphical display was
made for variations in rack height.
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As shown in Figure 3, the average area of the 28 water-cooled server products
is 14.63 ft2 (1.36 m2) with a wide spread of 6.78 to 48.20 ft2 (0.63 m2 to 4.48 m2).
This figure clearly shows the contrast between the rack area used for the air-
cooled servers and the water-cooled server racks. Only one of the water-cooled
products falls within the same category of footprint similar to the rack areas used
to display the air-cooled power trends in Figure 2.

The data from the 28 water-cooled products announced from 2010 to 2017 is
shown in

Figure 4 Water cooling load trends from 2010 to 2017.
Data obtained through personal communication with HPE, SGI, Fujitsu, IBM, Dell, Huawei, and Cray.

Figure 4. As explained previously, the vertical axis is the server power
divided by the rack footprint. Variations in height are not accommodated in this
figure, but it is noted that there was not a large variation of rack heights. One other
caveat in the denominator for the area is that if the water-cooled server rack
requires a coolant distribution unit (CDU) this area is apportioned to the rack area.
For example, if a CDU supports 4 server racks, 1/4 of the area of the CDU is
added to the rack area to make up the denominator for power/rack footprint. The
average percent CDU area compared to the supported rack space is 16% with the
range spanning 13% to 25%. All the water-cooled server rack data is collected
from personal communications with seven server OEMs—HPE, SGI, Fujitsu,
IBM, Dell, Huawei, and Cray.

The number of bars shown for each year in Figure 4 do not show any overrid-
ing trend, the average being a little over three water-cooled products per year aver-
aged over the eight years. Only one year (2015) showed any substantial growth
from the average (seven products), but this was not sustained as the following year
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had only two products and the next year four. At the very least, the data shows no
growth trend in the number of products designed by IT OEMs for water cooling
over time. Each bar displays the total maximum heat load dissipated by the water-
cooled server rack. The amount of power dissipated is categorized into three
areas—air-cooled, direct water-cooled, and indirect water-cooled. These are
defined as follows:

• Air cooled—power that is transferred directly to the room air and cooled
via traditional data center cooling

• Indirect water-cooled—power that is transferred indirectly to water
through an air-to-water heat exchanger located within or on the rack
(could be a rear door heat exchanger)

• Direct water-cooled—power that is transferred directly to an attached
heat transfer component such as a cold plate

The total heat load is only through indirect water cooling in four of the 28
racks (that is, the use of a rear door heat exchanger). In three of the 28 racks the
total heat load is achieved by only direct water cooling, with the remainder of the
products using a combination of direct and indirect cooling and in some cases
some heat being exhausted from the rack to the ambient air. But for those that
exhaust some heat to the ambient it is clear from the graph that this was mini-
mized, leading one to conclude that the designs are focused on driving as much
heat as possible to water, either direct or indirect.

The air-cooled power trend for scientific equipment from Figure 2 is shown in
Figure 4 to contrast the power capabilities of water cooling with that of air.
Because the air-cooled power trends within IT Equipment Power Trends
(ASHRAE 2018) were displayed as power only and not power/footprint, the air-
cooled power trend graph in Figure 2 needs to be converted to power/area as
shown in Figure 4. The footprint of the air-cooled racks shown was 24 × 43 in.
(60.96 × 109.22 cm).

The comparison of the water-cooled products to the scientific air-cooled prod-
ucts from 2015 to 2017 shows that some of the water-cooled products were equal
to or slightly lower power than the air-cooled products.

This begs the question as to why these are designed as water-cooled products.
It could be that some of the components, like processors, are of high enough
power that they require water cooling. But for those that do exceed the air-cooled
scientific servers, the power is in general 50% higher than for the water-cooled
products. Another benefit of adopting liquid cooling is improved data center
energy efficiency.

Lastly, the tops of each bar in Figure 4 display the maximum facility water
temperature that can be employed to cool the server rack. The first seven products
shown have maximum facility water temperatures of 50°F to 75.2°F (10°C to
24°C). Of the remaining 21 products, eight have maximum facility water tempera-
tures of greater than or equal to 104°F (40°C), indicating a clear focus on the use
of economizers and the possible use of the heated exhaust water from the servers
to heat local buildings in the winter.
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A summary of the maximum facility water temperature allowed compared to
the ASHRAE water cooling classes for all the water-cooled products announced
over the last eight years is shown in

Figure 5 Maximum facility water temperature of products shipped.

Figure 5.
If a product can support a facility water temperature up the maximum allowed

in that class then it is placed in that category. For example, if the maximum facil-
ity water temperature for an announced product is 75.2°F (24°C) then it is placed
in the W1 class.

Water-Cooled Server Data Center Implementations
Several implementations of water cooling could be deployed, such as the

water coolant removing a large percentage of the waste heat via a rear door heat
exchanger. Another is with the water coolant passing through cold plates attached
to processor modules and other high powered electronic components within the
rack. The most common method to implement these water cooling designs is to
deploy a coolant distribution unit (CDU) external to the datacom rack.

Another method to deliver water cooling to the ITE, although not as common
is the non-CDU liquid cooling system. In this case, the facility water is provided
directly to the ITE rack for cooling the components. These two-different imple-
mentations and some design considerations for each will be described in more
detail in following sections.
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Other Design Implementations
In addition to discussing the type of CDU implementations, the following sec-

tions will discuss several other design considerations needed for water-cooled
servers. Some of these elements are common to fluidic design practices in gen-
eral, such as the importance of approved water chemistry and understanding wet-
ted materials. Some of the design considerations are unique, such as very small
passages of cold plates and service requirements for hardware failures. Each sec-
tion will address one aspect of water-cooled server design and describe some of
the areas of concern and focus for the ITE designer.
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Design Considerations for
CDU Implementations

The most common form of liquid cooling implementation within the data cen-
ter utilizes a CDU to separate the facility water system (FWS) from the technol-
ogy cooling system (TCS). By using liquid-to-liquid heat exchangers, CDUs can
reject heat from ITE without exposing the sensitive IT cooling components to the
typically less regulated FWS water. CDUs may be located within an IT rack, pro-
viding TCS liquid distribution to equipment within a single rack, or installed as a
floor-standing external unit that distributes TCS liquid to a plurality of racks.

Figure 6 CDU liquid cooling system within a data center.

Fig-
ure 6 shows an example of a CDU-based liquid cooling installation and specifi-
cally references each of the three liquid loop types discussed in this paper.

The CDU plays an important role in data center liquid cooling by providing
the following functions:

• Transferring heat from TCS to FWS
• Circulating TCS coolant



Water-Cooled Servers 11

• Allowing for a TCS coolant other than water (e.g., refrigerant or engi-
neered fluid)

• Preventing condensation within the ITE by regulating TCS water above
room dew point

• Establishing and maintaining a coolant quality and chemistry different
from that associated with the FWS and more suitable to the TCS

• Supplying flexible coolant temperature to ITE

Water Quality for a CDU Implementation

By using a liquid-to-liquid heat exchanger as the transfer medium between
TCS and FWS, the CDU is able to provide a critical benefit to ITE: separation of
water quality control domains. Yet, while the CDU is able to shield ITE cooling
components from the FWS water, the CDU itself must be designed to operate har-
moniously with both FWS and TCS water loops. The key differences between
TCS and FWS water quality are articulated in later section titled Water Quality. It
is important to understand the differences in both water types so that proper appli-
cation of their respective guidelines is present in the design and deployment of a
CDU.

The primary side of the CDU’s internal liquid-to-liquid heat exchanger is the
section of the unit that interfaces directly to the facility water supply. Flow control
valves, piping, heat exchanger plates, filters, and all other wetted equipment
attached to this section must be chemically compatible with the constituents of the
FWS loop.

The secondary side of the CDU’s internal liquid-to-liquid heat exchanger is
the section of the unit that interfaces directly to the TCS. Flow control valves, pip-
ing, heat exchanger plates, filters, and all other wetted equipment attached to this
section must be chemically compatible with the constituents of the TCS loop.

Another important design consideration for a CDU-based implementation is
the change in the TCS water quality state over the lifetime of the deployment.
TCS fluid chemistry is often proprietary in nature as selected/designed by the IT
manufacturer. As such, chemical compatibility with the components in the TCS
loop tends to be quite good and the fluid shows good stability over time within a
completely closed environment. However, issues can arise with water quality
within the closed TCS loop. Foreign contaminants can be introduced over time as
new ITE elements are introduced into the system. A new server node that is poorly
purged/cleaned from the factory may expose an existing TCS loop to new contam-
inants upon installation.

Larger, external CDUs may provide a better return on investment for scaling
deployments of liquid servers within a data center by enabling future liquid
expansion, but the risk of foreign contamination and pipe scale increases with the
number of devices serviced and because, over time, branches of liquid conduits
can become stagnant. Because the TCS loop is isolated from the FWS, there is
often some ambiguity in ownership of its administration between facility teams
and the IT group. For this reason, it is necessary to have an established TCS water
quality control owner; ensuring that onboarding new equipment, servicing exist-
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ing equipment, and general contaminant permeation over time does not degrade
the cooling capabilities of the ITE or the CDU itself.

Filtration for a CDU Implementation

While filtration is addressed in its own section later in the paper, it is import-
ant to note the specific role of filtration within a CDU environment. Within the
CDU, the liquid-to-liquid heat exchanger is typically a flat plate construction with
nominal plate spacing ranging from 0.079 to 0.315 in. (2 to 8 mm). The primary
side of the CDU’s liquid-to-liquid heat exchanger operates using FWS water,
which can have a variable degree of filtration applied to it upstream of the CDU
depending on the customer. Additionally, the FWS lines may sit stagnant between
facility mechanical commissioning and the deployment of a CDU that attaches to
the FWS water. Endpoint filtration at the CDU (on the supply side) is necessary in
order to prevent particulate build up within the plate heat exchanger. The exact
plate spacing for a given CDU heat exchanger should be used to design filtration
in accordance with the recommendations of the Filtration section of this paper.
Finally, filtration is also recommended on the secondary (TCS) side of the CDU
heat exchanger as well to mitigate foreign particulate infiltration caused by servic-
ing or commissioning equipment, along with general scale formation.

Temperature Control

Regulating the supply temperature of the TCS loop is one of the primary func-
tions of the CDU. The supply water temperature provided by the CDU may be
controlled by using any combination of bypass loops, proportional control valves,
and/or variable speed pumps as a response to variation in FWS water temperatures
and the heat load of the ITE. Typically, the TCS loop is further defined by the
highest allowable temperature to support liquid cooling of the ITE, referred to as
the upper bound. In addition, the lower bound temperature is defined for the TCS
loop. A good definition for each limiting temperature is as follows.

• TCS upper bound—The maximum TCS water supply temperature that
can be sustained at a given flow rate to provide sufficient cooling capabil-
ity to the attached ITE. Temperatures beyond this limit will require addi-
tional flow rate and/or may cause ITE to exceed design temperature.

• TCS lower bound—The minimum TCS water supply temperature that
may safely be provided to the ITE. This limit may be dynamic in nature
and depend upon the dew point within the cooling space. The CDU is
responsible for monitoring the ambient dew point and elevating the sec-
ondary water loop (TCS) supply temperature to at least 3.6°F (2°C) above
the room dew point to prevent condensation. This provides a buffer and
accounts for some sensor uncertainty.
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Design Considerations for
Non-CDU Implementations

Today, most implementations of liquid cooling for datacom equipment
employ a discrete FWS demarcation point by way of a CDU. There are some sce-
narios, however, where coupling ITE directly to FWS can be advantageous. As
previously discussed in this paper, the CDU provides many valuable benefits that
need to be considered when planning a non-CDU implementation:

• Condensation prevention
• Water quality isolation
• Flexible coolant selection
• Flexible coolant temperature supplied to ITE
• Operating pressure reduced for ITE equipment

Figure 7 Non-CDU liquid cooling system within a data center.

Figure 7 shows an example of data center liquid cooling system that delivers
facility water directly to the ITE equipment. In this diagram, ITE refers to infor-
mation technology equipment (often server hardware), RFU refers to a rack filtra-
tion unit, and FFU refers to a facility filtration unit.
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Some of the key advantages of a non-CDU implementation include the fol-
lowing:

• Reduced data center floor or IT rack space consumption
• Closer coupling of ITE heat sources with final heat dissipation medium
• Shared pumping redundancy
• Improved liquid cooling efficiency

While the benefits of a non-CDU implementation are fairly attractive, the
aforementioned CDU functions are still necessary. In a non-CDU implementation,
however, these CDU functions must be accounted for elsewhere in the overall sys-
tem (either in the ITE rack itself or in a tightly controlled FWS).

Water Quality for Non-CDU Implementations
With a CDU in place to reject ITE heat load into a FWS (primary side) water

loop, the water quality between the ITE and the CDU is much easier to control
and maintain. This enables manufacturers of ITE liquid cooling devices to employ
a wide selection of constituent materials that may otherwise be sensitive to ele-
ments found in the FWS. In most cases, the result is that a designer of liquid cool-
ing devices intended to operate with FWS directly brought into the ITE must
conform to the same material compatibility limitations as other components typi-
cally found in the FWS such as computer room air conditioning/handler units,
pipes, strainers, fittings, valves, pumps, heat exchangers, and CDUs themselves.

Corrosion and scaling of materials used in non-CDU liquid-cooled ITE can be
accelerated through the use of wetted materials that are chemically incompatible
with various waterborne constituents. For this reason, wetted materials should be
selected based upon those that are known to be compatible in the same water loop
under a given definition of water quality standards. ASHRAE provides a valuable
discourse on the best practices and principles for wetted materials in equipment
that uses FWS water in Chapter 5 of Liquid Cooling Guidelines for Datacom
Equipment Centers, Second Edition (ASHRAE 2014). In addition to detailed
explanation of various failure modes and material choices, Chapter 5 presents a
tabulated reference for water quality standards that apply to equipment operating
on the FWS.

In non-CDU implementations, the facility design team must work closely with
the ITE manufacturer to assure the materials and water quality selected are appro-
priate for both the facility and the ITE.

Filtration Specifics for Non-CDU Implementations
As with CDU implementations, non-CDU water-cooled ITE requires end-

point filtration on the supply side of the FWS. In Figure 7, the RFU and FFU are
presented as a rack-level filtration unit and a facility-level filtration unit aimed at
providing end-point filtration for devices serviced by the facility water supply.
These devices should be positioned at the junction of FWS and ITE where the
RFU would reside on the ITE-side of the junction and the FFU would reside on
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the facility-side of the junction. It is not required that both RFU and FFU be pres-
ent, but it is important that one or the other is implemented.

Filtration Sizing

Selection of an RFU or FFU filter particulate size is a balance between cool-
ing equipment reliability, liquid flow impedance, facility filtration, and service
frequency. As will be discussed in Section 7, the maximum allowable particulate
size for a given application is dictated by the smallest flow path in the system. Par-
ticulate that is of equal or greater dimensional magnitude as part of the flow path
will easily plug or impede that portion of the flow path. It is understood that inte-
rior flow paths may shrink over time because of various forms of scale and surface
corrosion. Furthermore, multiple solid particles may coalesce in the fluid stream,
creating partial or complete blockages of specific flow paths.

Today, the most commonly used liquid heat transfer apparatus in electronics
cooling is the microchannel cold plate, shown in

Figure 8 Cut-plane view of a microchannel cold plate.

Figure 8. These devices maxi-
mize use of the caloric density (specific heat) of liquid coolants by passing them
through channels that are highly effective as an attribute of the very small pas-
sages. Through advanced manufacturing methods, typical fin spacing on these liq-
uid heat sinks is often less than a few tenths of a millimeter.

Because ITE liquid cooling devices typically have very narrow dimensions
across the heat transfer surfaces, it is imperative for there to be appropriate filtra-
tion planning between data center operators and the ITE liquid cooling solution
provider. Decreasing the size of fin spacing in a cold plate design typically results
in superior heat transfer performance but, often, at the cost of static pressure drop
across the inlet and exit ports of the cold plate. Figure 9 shows a graphical illustra-
tion of this parametric behavior.



Figure 9 General illustration of the effect of fin spacing on microchannel
cold plate performance.

16 Water-Cooled Servers

Because a non-CDU implementation of ITE liquid cooling must operate reli-
ably using FWS, cold plate fin spacing will necessarily be larger than the cold
plates that operate in a tightly controlled TCS loop as part of a CDU implementa-
tion. Larger fin spacing typically results in an increase in cold plate thermal resis-
tance (as shown in Figure 9), but the tradeoff can be recovered in the elimination
of approach temperature across a CDU heat exchanger.

Striking a balance between diminished thermal performance of larger fin spac-
ing and the level of filtration that is economically suitable for most data centers,
nominal fin spacing for a cold plate intended to be used in a non-CDU implemen-
tation is suggested to be between 0.079 to 0.315 in. (0.7 and 1.0 mm). In line with
this recommendation and the filtration sizing guidance in the Water Quality sec-
tion, it is suggested that RFU or FFU filtration be sized at 100 m or smaller to
prevent solid particulate from building up within the cold plate structure and
impeding the flow of vital cooling fluid.

Pressure Testing for Non-CDU Implementations

Pressure testing of liquid-handling components used within the data center is
extremely important to ensure cooling liquid leaks do not create environmental
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and/or human safety hazards or capital loss due to equipment damage. Equipment
designers must consider the type of liquid loop that each device will be connected
to. Every device should be designed and tested to operate safely in one of the three
water loop types—CWS, FWS, and TCS.

Each of these three loop types will have different characteristics for water
chemistry, filtration, and operating pressure requirements. Equipment designed
and tested to operate on a TCS loop may not be suitable for use with an FWS loop
because of its construction and choice of materials.

Liquid cooling loops designed around non-CDU implementations must ensure
all components within the assembly are designed with the static and dynamic
pressure limitations of the FWS loop. The pressure considerations of a non-CDU
ITE cooling loop will drive significant design differences from the ITE developed
to exist on a TCS loop because the pressure conditions are significantly higher and
increasingly dynamic in nature on the FWS loop.

Temperature Control for Non-CDU Implementation

One of the critical functions a CDU provides to liquid cooled ITE is the ability
to influence the temperature of the liquid coolant delivered to each end device.
Condensation on the surface of a cold plate residing within a server can be cata-
strophic. Many FWS provide chilled water that may be at a lower temperature
than the air dew point in the data center. Where a CDU has the ability to elevate
secondary coolant temperature (either through flow rate reduction, bypass loops,
or auxiliary heat input) above the dew point, a non-CDU implementation of liquid
cooling must carefully plan for this scenario.

A data center that is planning to implement non-CDU liquid cooling should
have the ability to regulate FWS temperatures such that they are always main-
tained at least 3.6°F (2°C) above the data center room ambient dew point. This
provides a buffer and accounts for some sensor uncertainty. In addition to the data
center providing FWS water temperature that is always above the dew point of the
data center, there are other recommended condensation mitigation techniques that
can and should be employed within the liquid cooling solution of the ITE:

• Collection of telemetry:
• Supply water temperature
• Server inlet air dew point

• Methods of control:
• Proportional control valves to slow the flow of incoming water
• Binary control valves to halt the flow of incoming water

Furthermore, ITE liquid cooling equipment should be connected to the facil-
ity’s building management system to send out alarms during excursions when the
supply water temperature dips within 3.6°F (2°C) of the incoming air dew point.
Other temperature control techniques employed in non-CDU liquid cooling
include, but are not limited to, the following:
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• Well-insulated/sealed pipe and cold plate walls to shield moist air from
the liquid component surfaces

• Upstream liquid-to-air heat exchangers (i.e., rear door heat exchangers) to
elevate incoming water temperatures

• Bypass valves to reduce the flow rate of incoming coolant
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Water Quality
The main issue in the required water quality for ITE water cooling systems is

a misapplication of the water quality recommendations in the second edition of
Liquid Cooling Guidelines for Datacom Equipment Centers (ASHRAE 2014). It
must be understood that there are two different loops described in the book. Chap-
ter 5 deals with the FWS and Chapter 6 deals with the TCS. At the water quality
level, these two water streams are usually physically separated by the CDU. They
are often additionally separated by design and operational ownership. The FWS
system is generally owned by the building owner and the facilities staff. The TCS
loop is more likely to have some combination of a CDU vendor, IT system pro-
vider, or architecture and engineering firm involved in its specific use and design.

The FWS system is often a campus- or site-wide building system, while the
TCS loop is data-center-specific and most often associated with a specific set of
IT hardware.

The requirements for the TCS loop are more stringent than for the FWS loop.
The FWS loop typically serves a robust heat exchanger with relatively large flow
passages. Very often this heat exchanger is a flat plate type in a CDU. The water
quality required in the heat exchanger can be met with FWS water. The TCS loop
serves the ITE and provides flow for cold plates removing the heat from the elec-
tronic components. These cold plates and internal plumbing structures are far
more sensitive to the potential water quality issues described in the second edi-
tion, such as corrosion, scaling, fouling, and microbial challenges. Because of
this, the TCS water quality guidelines (Chapter 6, ASHRAE 2014) are much
stricter than that outlined for the FWS (Chapter 5, ASHRAE 2014). These water
quality guidelines are outlined in Table 1. Unfortunately, both have been misap-
plied. All too often this has been a simple error of using the wrong table for the
system under consideration.

When a TCS type requirement is incorrectly imposed upon a facility owner
and their existing building level cooling loop, there will be few if any buildings
able to meet this requirement. The building owner will invariably and rightfully
push back on this requirement as it is unnecessary and would come with a very
high cost. Similarly, when an FWS water quality specification is applied to the IT
side of the cooling loops it puts the ITE at significant risk due the much lower
water quality in that loop.

The most important first step to a successful liquid cooling implementation is
to apply the FWS guideline (Chapter 5) to the facility side and the TCS guideline
(Chapter 6) to the ITE side.



Table 1 Water Quality Guidelines for the FWS and TCS

Parameter
FWS
(Table 5.3, ASHRAE 2014)

TCS
(Table 6.2, ASHRAE 2014)

pH 7 to 9 8.0 to 9.5

Corrosion inhibitor(s) Required Required

Biocide — Required

Sulfide <10 ppm <1 ppm

Sulfate <100 ppm <10 ppm

Chloride <50 ppm <5 ppm

Bacteria <1000 CFUs/mL <100 CFUs/mL

Total hardness (as CaCO3) <200 ppm <20 ppm

Conductivity — 0.2 to 20 micromho/cm

Total suspended solids — <3 ppm

Residue after evaporation <500 ppm <50 ppm

Turbidity <20 NTU (Nephelometric) <20 NTU (Nephelometric)
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FWS-Water-Quality-Specific Issues
The FWS water quality guidelines are only guidelines. There are many FWS

systems in use today that operate outside these guidelines and work without prob-
lems. An important part of water quality is water treatment chemistry (i.e., pH,
corrosion inhibitors, and so on). As every site has different feed or make-up water
quality available, the specifics of the treatment plan must be site specific. The
challenges of each site FWS loop in terms of corrosion, fouling, scaling, and
microbial issues associated with the specific water chemistry and composition of
the incoming water needs to be comprehended. The facility should have water
treatment expertise on staff, or the facility should partner with a water treatment
service provider to provide expertise on water chemistry and treatment. Ongoing
water monitoring and water management is typically a part of the treatment regi-
men. Involving the water treatment specialist in discussions about the materials of
construction, temperature, pressure, and operating requirements of the FWS and/
or TCS will go a long way toward successful implementation.

The current FWS water quality guideline does not have any guidance for par-
ticulate removal. It is recommended that some level of filtration or screening be
provided in the FWS loop. A general guideline for FWS systems is a filter or
strainer of 35 to 40 mesh (or 500 to 400 m). The value of 35 mesh is considered
adequate for the plate and frame heat exchangers most commonly found in a
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CDU. Other fluid or heat transfer components with narrower flow channels may
require additional review. This should be further discussed with the water treat-
ment vendor and the CDU provider, the key design feature being that the mesh
size must be fine enough to preclude anything that could foul the downstream
hardware (e.g., heat exchangers and so on) from being exposed to such particu-
late.

TCS-Loop-Water-Quality-Specific Issues
The TCS loop water quality requirements (Table 1) require a higher level of

water quality than the FWS loop can generally provide. This guideline and the
reasonably tight ionic limitations (i.e., when measured as conductivity) have
caused challenges in the field. A TCS system may meet the conductivity require-
ment initially and then exceed the requirement over time. This could be caused by
ionic contaminants entering the system (including CO2 permeation), or ions
leaching from materials of construction which requires remediation, or it could be
due to the addition of a corrosion inhibitor, biocide, or pH buffer; all of which
should be acceptable. Successful system maintenance requires understanding the
cause and taking the appropriate action. The value for conductivity is most
important for the quality of make-up water being added to a TCS loop. In addi-
tion, conductivity should be charted over time and the root cause of any changes
or deviations should be understood.

Filtration is also not covered for the TCS loop in the liquid cooling book sec-
ond edition (ASHRAE 2014) and should be addressed in the forthcoming third
edition. As the TCS loop feeds water to the IT component level liquid heat sinks
(i.e., cold plates) that generally have finer dimensions than the FWS, filtration
here is even more important. Cold plate cooling performance improves with
smaller and smaller channel dimensions. Filtration is needed to preclude fouling
of these tight channels. It is recommended the TCS loop filtration have an abso-
lute filter rating of 7 to 10 times smaller than the finest channel dimension in the
IT cooling equipment. An absolute filter rating, described later in this paper, is
required versus a nominal filter rating. The definitions of nominal and the perfor-
mance of such filters are too loose to risk fouling the IT cooling hardware.

The design of this filtration is also critical for operation of the IT hardware.
These filters will need to be maintained, typically through replacement. The antic-
ipated frequency must be low enough to not have an impact, or preferentially an
N+1- or 2N-type redundant design should be employed. Note also that the design
flow and pressure drop of the N configuration should be taken at the “dirty” or
loaded state, where the pressure drop across the filters can be significantly higher
than clean pressure drop.

Monitoring and Maintenance
The TCS and the FWS loop need to have a monitoring and maintenance plan

established. The FWS system will generally be maintained by the building owner
and is largely outside the scope of this paper. The TCS loop plan must be under-
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stood and can be the responsibility of the IT owner, IT provider, CDU provider, or
a third party.

Frequency of monitoring can be affected by many factors, so a single, one-
size-fits-all recommendation is not practical. Instead, it is recommended that all
parties involved agree to the same monitoring frequency. One methodology to
establish monitoring frequency is to monitor more frequently in the initial opera-
tion of the system and then to reduce that frequency through the proper applica-
tion of statistical process control methodologies.

Perhaps as important is that a plan needs to be developed for actions and
responses based upon values that are outside of the recommended water quality
ranges. For example, if the bacteria count is too high then a possible next step is to
flush the system, add more biocide, or repeat the sample (as bacteria testing can
often produce false high positives). If high bacteria count is confirmed, then take
action. The same process is needed for pH, conductivity, and ionic contaminants.
This plan should be developed and agreed to by all stakeholders.

Another monitoring decision is that of on-line monitoring versus periodic
samples. On-line monitoring will provide the best visibility to system health and
stability, but also at the highest cost. The balance between cost and risk around
lower water quality visibility must be weighed by the system owner and the
choice made based on that analysis. Most quality parameters can be measured on-
line. However, bacteria cannot, and as such a periodic water sample must be taken
for monitoring. It seems prudent to measure several of the other analytics at the
same time. The majority of the ionic contaminants could be measured on-line but
this is at great expense and TC 9.9 is unaware of any installations where this is
warranted. An intermediate, but still at some cost, approach is to monitor conduc-
tivity, pH, and turbidity. These can each be measured on-line with basic instru-
ments. But even this level of monitoring is likely only warranted for the largest
systems.

There has been some discussion of biofilms in the industry, as more liquid
cooling systems are used. These are naturally occurring phenomena in water sys-
tems and in and of themselves are not a problem, if water chemistry is stable and
ionic and organic loading is minimized. Biofilms are also kept in check by proper
fluid design. Minimizing low velocity areas and avoiding dead-legs in the fluid
stream are key.

Another interesting challenge is that of material compatibility. When review-
ing materials in the TCS loop, we begin by considering what materials are com-
mon or acceptable in other cooling loops. The possible issue here is that typical
building cooling loops may be in the 41°F to 59°F (5°C to 15°C) temperature
range. Materials that work well at these temperatures may not work well at all at
the warmer temperatures in our TCS cooling loop. With loop designs for W2
through W4, we can see fluid temperatures of 122°F to 140°F (50°C to 60°C) (see
Liquid Cooling Guidelines for Datacom Equipment Centers, second edition).
Material compatibility should be examined at these temperatures rather than the
initially considered cooler loop temperatures.
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Wetted Materials
Proper wetted material selection is just as important as proper water chemistry

to ensure the health of the water-cooled server. In this context, the term “wetted
material” shall reference any material that comes in direct contact with the water-
based cooling fluid. The ASHRAE TC 9.9 liquid cooling book (ASHRAE 2014)
does offer some limited recommendations on which wetted materials to avoid and
which to use. As more water-cooled servers have made it to the marketplace, the
list of wetted materials is increasing.

In this white paper, the recommended wetted materials list will be amended
based upon what has recently been released by ITE manufactures. It is important
to note that this is not an endorsement of such materials but, merely the latest in a
growing list of materials that are being used by ITE manufactures for the water
loop. The designer must understand the risk associated with the material selec-
tions and abide by materials compatibility, local ordinances, and best practices
when choosing a wetted material.

One unexpected aspect of this topic is the sheer number of materials that do
contact the working fluid. A great amount of due diligence is required to fully
identify wetted materials in the entire water loop. As understanding of material
compatibility with the working fluid evolves, the designer should continuously
monitor the wetted material lists from end to end for the entire system. The
designer should also require component suppliers to provide a wetted materials
list to ensure overall compatibility.

To serve as general guidance, the wetted materials that were commonly found
in commercial and available hardware will be listed. Table 2 shows the commonly
found wetted materials in the current water-cooled servers. Materials in bold are
originally listed in the liquid cooling book (ASHRAE 2014).

In addition, careful consideration must be given to the use of solder and braz-
ing. Soldering is not recommended as solder joint reliability is poor because of the
relatively high porosity in solder joints. Brazing is the recommended method for
joining water-carrying copper hardware. Neither brazing or soldering should be
used for joining steels or stainless steels (ASHRAE 2014).



Table 2 Common Wetted Materials Found in Water-Cooled Servers

Material FWS TCS
Acrylonitrile butadiene rubber (NBR) X
Aluminum and alloys Xa

a. Though normally avoided in liquid cooling loops because of its potential as a galvanic corrosion catalyst of other met-
als, aluminum has been effectively used in FWS and TCS cooling loops provided there is proper surface treatment of
the metal (via coatings or other proprietary methods) such that the aluminum is not directly exposed to the same liquid
as other metals in the cooling system. Aluminum may also be considered in a TCS environment that leverages a non-
conductive (dielectric) liquid.

Xa

Brass with <15% zinc X X
Brass, chrome plated X X
Brass, nickel plated X X
Carbon steelsb

b. For use with CDU implementations only. From the liquid cooling book (ASHRAE 2014) and regarding the FWS side,
carbon steels may be used provided that steel-specific corrosion inhibitor(s) are added to the system and proper inhib-
itor concentration is maintained.

X
Copperc

c. In reference to the liquid cooling book, copper is only listed in the TCS wetted material list. There are several versions
of copper alloys listed in the FWS section of the liquid cooling book (ASHRAE 2014).

X X
Copper alloys: <15% zinc and lead freec X X
Polyoxymethyylene (POM) X
Ethylene propylene diene monomer (EPDM) X X
Fluoroelastomer (FKM) X
Fluorinated ethylene polypropylene (FEP) X
Polyamide (PA) X
Polychloroprene (CR) X
Polyethylene X
Polyoxymethylene (POM) X
Polyphenylene sulfide (PPS) X
Polytetrafluoroethylene (PTFE) X
Polypropylene (PP) X
Polysulfone or polyphenylsulfone (PSU, PPSU) X X
Silicone X
Stainless steel, solution treated and passivatedd

d. Metal passivation refers to the process of either creating new or restoring previously lost corrosion resistance properties
on the surface of various metals. Many metals or alloys that exhibit strong corrosion resistance properties can lose those
features at the surface of the metal during heat working. An example of this is 300 series stainless steels, which derive
their strong corrosion resistance from chromium oxide formation across the surface when the constituent element chro-
mium is exposed to atmospheric air containing oxygen. During weldment, the extreme localized temperatures liberate
the chromium from the surface, exposing iron to the atmospheric air, leading to iron oxide corrosion formation that
then may propagate throughout the metal structure. Various solution treatment options (such as nitric acid) can quickly
restore the chromium concentration in the surface of the metal by dissolving unbound iron. With this in mind, some
metals on this list are good choices for use in FWS and TCS but need passivation consideration if high temperature
work is completed upon the stock.

X X
Thread sealante

e. Both liquid thread sealant and tape have been effectively used in TCS and FWS environments. It is important, however,
to follow best practices under the consultation and/or supervision of certified professionals with both sealing methods
such that robust seals free of loop contamination are maintained.

X X
Polytetrafluorethylene tapee X X
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Filtration

Most modern data centers automatically dispense chemicals to continuously
treat water used in the facility water supply. While the chemical consistency of
water can be regulated reasonably well, there are often challenges in ensuring
solid particulate levels are well filtered at all points throughout the piping system.
The reason it is challenging to control particulate levels in all liquid branches is
largely attributed to pipe scaling that occurs downstream of centralized filtration
devices. Often, liquid branches that are plumbed for future deployment of ITE can
remain stagnant for long periods of time as the data center space is gradually filled
out. This can result in sediment formation from scale and corrosion on the interior
pipe surfaces. For this reason, localized filtration on the supply side of water-
cooled datacom equipment (for both CDU and non-CDU implementations) is
required to prevent water-borne sediment from fouling heat transfer surfaces and
flow paths within the cooling devices.

Maintaining fluid quality is critical for liquid cooling applications reliability
and performance. A critical ingredient to maintaining fluid quality is filtering the
fluid. There are several considerations to keep in mind when choosing a filter. The
particulate filter size, the filter effectiveness, and the resulting pressure drop
through the filter.

There are two competing goals in selecting a filtration strategy. First, the finer
the filter the less chance of fouling or blocking the downstream narrow flow chan-
nels. On the other hand, these finer filters are invariably more expensive, have a
larger pressure drop, and/or require more filtration elements to get suitable flow.

There are two main terms used to define a filters capability: the beta ratio and
the resulting filter capture efficiency for any particular particulate size. Beta ratio
is commonly used in the oil, gas, and hydraulic industry, but is a relatively new
concept for water and water/glycol used in liquid cooling and is introduced for
liquid cooling here.

The beta ratio is defined as the ratio of the number of particles of a given par-
ticulate size between the upstream of the filter and the downstream of the filter as
shown in Equation 1. Beta ratio is meaningless unless the particle size corre-
sponding to the rating is included. This rating is based on the testing method from
ISO 16889:2008 (ISO 2008), which is a multipass method for evaluating filter
performance.

Beta x  Quantity of particles of size x  upstream
Quantity of particles of size x  downstream
-----------------------------------------------------------------------------------------------------------= (1)

The filter efficiency is defined as shown in Equation 2.



Filter efficiency Beta 1–

Beta
---------------- 
  100=
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(2)

For example, if a 50 m filter has a beta ratio of 75, then there is only one par-
ticle greater than 50 m downstream of the filter for every 75 50 m particles
entering the filter. Following the equations above, a filter with a beta ratio of 75 is
also 98.7% efficient at capturing 50 m particles. Higher beta numbers represent
better filtration for a given particle size.

Filters are rated in two ways: absolute rating and nominal rating. The absolute
rating refers to the largest diameter spherical particle that can physically pass
through the filter under laboratory conditions. The absolute rating does not neces-
sarily reflect the filters ability in real-world applications. The nominal rating
refers to the number of particles that can pass through the filter of a particular size.
In the example above, the filter has a nominal rating of 75 for a 50 m particle and
is 98.7% efficient at removing particles of 50 m in size.

It is common to refer to a filter with a nominal rating greater than 75 as effec-
tively an absolute filter because of its ability to filter a high percentage of particu-
lates for a given size. When selecting a filter, it is recommended to choose a filter
with a beta rating of 75 or greater for the smallest particulate to be filtered.

A given filter will have a different beta ratio for each particulate size. Consider
a hypothetical filter, for which

Table 3 Hypothetical Filter with Multiple Particle Beta Ratios
and Resulting Filter Efficiency

Particle Size, m Particles In Particles Out Beta Ratio Filter Efficiency, %

50 200 1 200 99.5

10 100 1 100 99.0

5 75 1 75 98.7

Table 3 shows the beta ratio and resulting filter effi-
ciency. Say, for example, the intent is a beta ratio of 75 for 50 m particles. The
filter may also have a beta ratio of 200 for 100 m and 20 for 5 m. Therefore,
depending on the filtration needs of different particle sizes, an appropriate filter
can be chosen.

Figure 10 shows three levels of particle filter quality for a hypothetical filter.
Any given filter will have different filter efficiencies for each particle size passing
through the filter. Depending on the particle size(s) of interest, the beta ratio and
filter efficiency can be understood and can be used to choose the desired filter.
Review the values toward the top of Figure 10 to aid in the description of the beta
ratio and filter efficiency. The first value is there are 200 particles of 100 m in
size entering the filter. On the exit side of the filter, there is only one particle of
100 m exiting; therefore, the filter captured 199 of the 100 m particles meaning
the filter is 99.5% efficient at capturing 100 m particles. The beta ratio is 200 for



Figure 10 Hypothetical filter with multiple particle beta ratios.
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the 100 m particles. The next two lines in the figure are values for different sized
particles, 50 m and 5 m, passing through the same filter and have different effi-
ciency values and beta ratios.

To put debris and contaminate size into perspective, Table 4 gives examples of
typical sizes of common particulates. Table 4 is taken from The Engineering Tool-
box (www.engineeringtoolbox.com).

A fluid loop has two main ingredients that drive filtration requirements: the
fluid connectors and the cold plate microchannel geometry. Cold plate microchan-
nel passage dimensions range between 500 to 50 m. It is informative to compare
this typical value with the contaminants listed previously or even to other contam-
inants of interest. An industrial survey of filtration should be made with all
involved parties: the CDU, quick disconnect, ITE manufacturer, system integrator,
and end user should agree to the right ratio of minimum channel to filtration level.
Experience suggests filter sizes ranging from 1/2 to 1/10 of the smallest size pas-
sages in the cooling loop. Most of the filtration industry refers to these ratios from
the perspective of the filter and its size, not the passage size in the system, as the
filter designers do not know what the passage size in the system will be while
designing the filters. As such, the naming convention is from the filter perspective
and is referred to as 2X for the 1/2 and 10X for the 1/10 protection ratio. As an
example, a water-cooling loop that has a cold plate with 50 m gap sizes could use
a filter sized between 25 m (2X) to 5 m (10X). Therefore, a fluid passage size
of 50 m and a filter with 25 m passages filters to a 2X ratio. The choice of the
exact filter size will be guided by the amount of filtration pressure drop that can be
overcome in that system.



Table 4 Examples of Particle Sizes

Particle Description
Approximate Minimum
Particle Size, m

Approximate Maximum
Particle Size, m

Sand 100 N/A

Human hair 40 300

Pollen 10 >500

Mold 3 30

Bacteria 1 50

Atmospheric dust <1 40

Metallic particles 1 >20
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Practical considerations can drive the ratio and the designer needs to investi-
gate filtration recommendations from all component manufacturers (CDU, mani-
folds, fluid disconnects, cold plates, and so on). If the 10X value is used, the
hardware will obviously be better protected, but at the expense of pressure drop
across a finer filter (driving pump capital and operating costs). This could be
countered with an increase in the filter cross section area but that increases filter
and filter housings with added cost and larger size.

Filters can be implemented as full through flow, side stream or perhaps a com-
bination of both. With a full through flow filter implementation, all of the fluid
passes through the filter at all times. In general, this implementation may utilize a
filter closer to 2X to minimize pressure drop while providing adequate filtration.

Alternately, a side-stream filter implementation could have a filter at the 10X
or higher for a fraction of the flow. Over a longer period of time, all the water will
be filtered at the finer level. Particulate loading or fouling from something internal
breaking down is generally gradual and such a side-stream filter could prove very
effective at preventing a problem. A step function increase in contaminant may
happen during a refill of the loop water, and it is beneficial to protect against that
case by using a filter finer than the main loop filter.

Figure 11 shows a schematic of such a side stream filter. The main cooling
loop pumps can be used to provide the differential pressure across the side-stream
filter taking some small percentage of the flow back to the inlet of the pumps. Val-
ues of 5 to 10% of the full loop flow rate are not uncommon for the volume of
water recirculated through a side-stream filter. Note that this set-up can be simple
but monitoring flow decay as described in a subsequent section is critical. In the
set-up shown, no redundancy is needed. It should not be an issue to take the filter
off-line for maintenance. Other set-ups with a side-stream pump can also provide
side-stream filtration but these are typically more expensive and complicated.
Side-stream filters can provide significant filtration improvements and IT protec-



Figure 11 Example of a side-stream filter in a cooling loop.
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tion improvements without the cost and energy needed for such fine filtration for
the full stream.

Fluid connectors are the other driver that require filtration. Leakage of quick-
disconnect fittings can occur in particle-laden fluids. Make sure to refer to the
fluid connector supplier for guidance. The appropriate filter is the highest beta
ratio with the smallest particle size between the requirements for the microchan-
nel and the fluid connectors.

Another consideration for filtration is startup versus normal operation. Start-
ing the system with the cleanest water as possible, with filtration as described
above, is the most important factor for the long-term cleanliness of the system—
start clean, stay clean. Depending on the system, the contamination and debris in
the loop may be much higher at initial startup for a new deployment. One option
may be to start with a larger filter requirement (i.e., lower beta ratio with larger
particulate size) and slowly increase the filter efficiency until the fluid is at its tar-
get quality and the filter is also at its target operating capture efficiency size. This
cleanup of the system should be done before installation of the ITE incorporating
the tightest channels, since using those channels as part of the cleanup defeats the
function of the tight channels.

Filter monitoring and maintenance is also a critical part of a successful opera-
tion. As stated previously, monitoring filter loading by measuring pressure drop
will allow the owner to properly time and execute filter changes. The ideal sce-
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nario is to do this with on-line instrumentation but can also be done successfully
by periodic monitoring using a clipboard and a spreadsheet. The concept of flow
decay needs to be implemented for tracking purposes. This is done by dividing the
flow through the filter by the pressure differential across the filter (Equation 3).

Flowt

Pt
--------------

Flow1

Pin 1 Pout 1–
-----------------------------------

Flow2

Pin 2 Pout 2–
-----------------------------------  (3)

This value should be trended over time. Checking the flow or pressure alone is
insufficient. Both flow and pressure are needed as the ratio decreases by reduction
of fluid flow and/or increased pressure drop, the trend can be used to extrapolate
the timing for filter replacement. During initial system start-up, this check should
be done daily. Once a pattern is established it is expected that the required fre-
quency would move to weekly, then to monthly, or more, depending on the stabil-
ity of the system. Appropriate use of statistical process control methodologies
should be the guide to setting up this system, but as stated, it can be as simple as
regularly writing down pressure drop and flow rate and entering them in a spread-
sheet, tracked over time.
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Pressure Testing Requirements
for Water-Cooled Servers

Safety is paramount in anything ASHRAE TC 9.9 does, and it is with this con-
sideration that a section on pressure testing liquid-cooled ITE is included. The
applicability of standards is best left to the customer and their local code compli-
ance authorities or representatives. With this in mind, TC 9.9 feels its role is to
provide guidance and links to the range of standards and not to develop a pressure
testing or IT safety standard—those already exist.

The primary safety standards for ITE are IEC 62368-1, Audio/Video, Informa-
tion and Communication Technology Equipment—Part 1: Safety Requirements
(IEC 2014) and IEC 60950-1, Information Technology Equipment—Safety—Part
1: General Requirements (IEC 2005).

It should be noted that 60950-1 is an earlier standard that is prescriptive in
nature; the IT industry is transitioning to 62368-1, which is hazard-based. It is
beyond the scope of this white paper to discuss, but a helpful summary is available
from Underwriters Laboratories (UL 2012).

In addition to the IEC codes for ITE, the other codes that data center practi-
tioners need to be aware of are the ASME B31.n series, specifically, B31.3
(ASME 2016) for interconnecting piping. The ASME has defined piping safety
since 1922 and engineers in the facilities world are familiar with this series. These
codes typically apply to the site-based interconnecting piping between the system
providers of hardware and/or the facility. Note also that any toxic, flammable, or
corrosive fluid used in liquid cooling is specifically excluded from these discus-
sions and should be treated separately.

Reading the two pressure test standards in IEC 62368-1 and ASME B31.3
results in different guidance for pressure testing. At the risk of oversimplifying
(the reader should examine both standards and fully understand the implications
and methodologies of each), the IEC standard requires a leak test at 5x the normal
design pressure, while the ASME standard requires a test at 1.5x the design pres-
sure.

ASHRAE TC 9.9 began discussions with IEC TC 108 (the committee respon-
sible for IEC 62368-1) and was informed the 5x value has been changed to 3x
under normal operating conditions and 2x under abnormal and single fault condi-
tions in IEC 62368-1, third edition (IEC 2018).

One concern on the part of TC 9.9 is that even the 3x requirement may cause
design issues and preclude liquid cooling in some instances. When the liquid cool-
ing loop is driven by a CDU or a facility cooling system the required test pressure
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could be well over 100 psig (6.9 bar) and could cause problems for some of the
heat transfer components. Of particular interest are the cold plates attached to the
silicon components. These are generally thin, rectangular components where the
lid could deform at high pressures. Designing the structural hold-down mecha-
nisms to allow a 3x or 5x pressure test could render the thermal solution too
expensive or too large for use in today’s data-center-based ITE.

There is a belief that the original IEC 5x test point came from a consideration
of a fully contained liquid cooling loop inside a laptop or server, leveraging heat-
ing, venting, and air-conditioning standard requirements based on a two-phase
cooling system.1 IEC 62368-1 has a broad applicability. This is reinforced by the
use of liquid filled component (LFC) throughout the IEC pressure test section. In
the case of a component inside the ITE, it is reasonable to assume the design pres-
sures of an LFC are much lower than a row or room-based cooling loop and, as
such, the 5x test value is not a problem. Additionally, the work on the original IEC
62368-1 code was done before liquid cooling had become as common as it is
today.

With all this in mind, it is worth considering the ASME code. In the case
where a CDU or facility-level system provides the cooling fluid to the ITE and is
the home of the pump, all of the site-based piping is tested at 1.5x under the
ASME code. It then makes sense that the rest of the cooling loop inside the ITE
should also be tested to 1.5x. Recall that in this design there is no pump inside the
ITE, it is entirely passive. Additionally, the CDU or facility system regularly
includes pressure relief valves. The ability to use 1.5x as a pressure requirement in
the design of the IT cooling hardware allows a wider, more economical adoption
of liquid cooling.

To this end, TC 9.9 and the IEC safety committee have agreed to collaborate
on exploring the right value for pressure testing externally connected ITE over the
coming months and to provide guidance that is both practical and safe for the IT
hardware.

As of this writing, TC 9.9 recommends following the IEC code for IT hard-
ware assemblies delivered to the data center, and recommends the facility follow
ASME B31.3 for the site-installed interconnecting piping. The reader is encour-
aged to stay aware of the IEC code as changes are expected, such as publishing
the 3x requirement and possibly going to 1.5x in the version of the standard
expected to be published in 2021.

The discussions and review of this topic made TC aware that this topic is con-
fusing and additional guidance for the end user may be required. The following is
intended to make this clearer:

• Pressure testing the ITE at the data center is not recommended, aside
from checking for leaks when the final connection is made. The IT manu-
facturer is responsible for ensuring the equipment is sound when it is
shipped. This equipment or assembly may be at the blade or server level

1. IEEE PSES Newsletter, Vol. 3 No.4, pages 24–35 by Lal Bahra, PE, published Dec 2007. References
include UL 1995, the heating and cooling equipment (e.g., HVAC) standard. The UL1995 5th Edi-
tion, published in 2015, reduced the hydrostatic 5x test to 3x, amending the original 5x requirement.
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up to the rack or rack/CDU combination. Shutting down or taking off-line
operating ITE such that new assemblies could be pressure tested when
added to a liquid loop in the field should be avoided.

• The IT manufacturer is responsible for pressure testing the assembly they
will ship. This is generally done to the IEC code.

• The end user and/or their construction contractor is responsible for the
pressure testing of the site-designed and installed interconnect piping/
hosing between the site-based systems and IT-supplied hardware. This is
generally done to the ASME B31.3 (or international equivalent) code.
This is typically done prior to the installation of the IT kit.

• It is the responsibility of the end-user/owner to ensure the ITE pressure
rating exceeds that of the cooling loop it will ultimately be attached to.
Detailed discussions between the owner, IT supplier, and CDU supplier
(if different than the IT supplier) are strongly recommended.

TC 9.9 expects that additional specific guidance on pressure testing will be
included in the upcoming third edition of Liquid Cooling Guidelines for Datacom
Equipment Centers.
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Fluid Couplings Used
in Water-Cooled Systems

Successful implementation of data center water cooling systems requires con-
sideration of fluid connection points, which are critical to overall system perfor-
mance and reliability. These points commonly involve quick-disconnect fluid
couplings, allowing for connection and disconnection during operation. The types
and requirements of connections can vary based on the portion of the system they
serve.

In the water-cooled data center seen previously in Figure 6, large flow fluid
connection points can be found at the condenser water system (CWS) and facili-
ties water system (FWS) separating external cooling towers and chillers from
datacom equipment. Within the ITE environment, key connections may be made
at the interface of the CDU to the TCS as well as through the datacom equipment
cooling system (DECS) at the rack level, or to rear door heat exchangers.

The following are possible serviceable fluid coupling points for each system:

• FWS—chiller, in rack-CDUs
• TCS—CDU secondary side branch, rear door heat exchangers, ITE cabi-

nets/nodes

The primary attributes to consider when specifying fluid couplings, and rec-
ommendations for use in water cooling systems are outlined in the subsequent
subsections.

Key Characteristics
The primary driver of using fluid couplings in water cooling systems is to be

able to make and break fluid connections without affecting the TCS loop opera-
tion, thus creating a serviceable link between equipment. In electrical-based sys-
tems, this process might be referred to as hot-swappable elements. The goal of
this section is to identify key elements of the fluid coupling that relate to system
operation, performance, and reliability.

When specifying fluid couplings for water cooling systems, it is important to
fully consider the materials of construction, both wetted and non-wetted. Particu-
larly for coupling components exposed to the fluid flow path, materials should be
chosen that are compatible with the fluid that therefore reduce the risk of corro-
sion, contamination, physical failure, and so on. The material selection can be key
to other system attributes as well such as temperature, pressure, condensation,
weight, and regulatory requirements such as Restriction of Hazardous Substances
(RoHS) (EU 2011), UL94 (UL 2013), and others.
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Fluid Coupling Physical Attributes
Many styles of fluid couplings are available for use in water-cooling systems,

but the general anatomy is relatively common. The coupling consists of two
halves, often gendered male/female (plug/socket, insert/body, etc). For sensitive
environments, such as TCS and DECS, coupling shutoff with minimal fluid spill-
age is recommended. The fluid couplings are typically separated into two main
categories—wet break and dry break.

A wet break connector refers to a coupler that is not closed when the connec-
tion is broken. The fluid is allowed to escape without blockage. The attached pip-
ing should be drained before separation.

Figure 12 Wet break quick disconnects.

Figure 12 shows an example of some wet
break connectors.

A dry break connector refers to a couplet that is closed or sealed when the
connection is broken. The fluid is not allowed to escape from either side of the
connection. Both halves of the coupling have a shutoff feature to seal off fluid
flow during disconnection. The amount of fluid released can vary. Couplings with
this type of shutoff may also be described as having nonspill or flush face valves.
The method of connecting the coupling is often manually through a latching
mechanism integrated into the fluid coupling (direct dock) or mounted directly to
a piece of equipment with separate retention features (blind mate). Figure 13
shows examples of a dry break quick disconnects.

Coupling Terminations
The coupling set can integrate with the water cooling system through a variety

of termination styles. When using flexible hose or tubing, consideration should be
given to the style of hose barb connection, and whether additional clamps or ties
should be employed to ensure reliability during operation. More details on flexi-
ble hose use are available in the following section. When using rigid tubing or
mating the connector directly with a port or manifold, a threaded termination may
be used. Tapered pipe threads may require additional sealing paste on installation
to ensure a leak-free connection point. Straight thread terminations with elasto-
meric O-ring sealing such as Society of Automotive Engineers (SAE) or British
Standard Pipe Parallel (BSPP) can be a reliable termination option for TCS or
DECS, where risk severity of leaks is more critical. For fluid connections near
ITE, consideration of vibration should be taken at installation and appropriate
installation torque should be applied to resist loosening over time.



Figure 13 Dry break quick disconnects. Both plug and sockets of three
different models represented.
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Fluid Coupling Performance

In order to ensure consistent and reliable operation of the water cooling sys-
tem, fluid couplings should be specified accordingly for the segment of system in
which they operate. For fluid connections at the FWS, where emphasis is on high
flow and operating pressure, couplers have large throughput with low impedance.
Fluid connections at the TCS and DECS are generally smaller in nominal flow
size, but more frequent as fluid is distributed throughout the rack. Across the
entire system, drips and leaks from fluid connections can be problematic, but are
particularly so in the DECS where critical and sensitive components are in opera-
tion.

Coupling Performance Attributes
A proposed summary of fluid coupling performance attributes is provided in

Table 5. For more information on pressure requirements and testing, refer to the
previous section, Pressure Testing Requirements. The attributes will be defined as
follows:

• Flow rate—Volumetric fluid flow rate supported for safe, reliable opera-
tion. When specifying a connector set, preferred installations promote
maximum flow with minimal pressure loss. Typical ranges for water-
cooled server applications may be 0.1 to 10 gpm (.38 to 31.85 L/m).

• Flow coefficient—Dimensionless factor used to characterize the flow
performance of a fluid coupling set; a correlation of volumetric flow rate
to pressure loss for a known fluid. Often reported as a Cv (or Kv) value,
where a Cv value is representative of the volumetric flow rate expected to
result in 1 psi (6.9 kPa) pressure loss. Expected flow coefficients of fluid
couplings for water-cooled server applications may be between 0.1 and
8.0+, based on the size of the fluid loop being served.

• Operating pressure—Maximum internal fluid pressure recommended
for safe, reliable operation. Special consideration should be given for



Table 5 Fluid Coupling Performance Attributes

Attribute Unit Description

Rated flow rate L/min (gpm)
Volumetric fluid flow rate supported for safe,

reliable use

Pressure—Operating bar (psi)
Maximum rated fluid pressure supported for

normal operation

Pressure—Burst bar (psi)
Minimum rated pressure to cause leak,

catastrophic failure

Flow coefficient —
Correlates volumetric flow rate to pressure

loss through fluid coupling (i.e., Cv, Kv)

Spillage cc (mL)
Volume of fluid loss on disconnection of

coupling set

Temperature—Operating °C (°F)
Rated temperature range for normal

operation

Temperature—Storage °C (°F)
Rated temperature range for storage,

shipping

Connection force N (lbf)
Force needed to fully connect coupling set,

often will increase along with system
pressure

Connection cycles cycles
Minimum rated number of mechanical

connections
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extreme temperature applications, or when in combination with high flow
rates. An operating pressure from 0 to 120 psi (0 to 827.4 kPa) may be
considered for water-cooling applications.

• Burst pressure—Minimum internal fluid pressure for catastrophic fail-
ure of a fluid coupling. Common failure mode under burst pressure con-
ditions may be elastomeric seal extrusion. Typical pressure limits for
fluid couplings may be 2x to 5x operating pressure.

• Spillage—Volume of fluid present upon disconnection of fluid coupling
pairs. Amount will vary depending on the type of shutoff integral to the
connectors. Common fluid coupling embodiments may include poppet or
flush-face valve types with flush-face generating the lesser amount of
spillage. A flush-face connector may also be referred to as a nonspill or
dripless coupling, where the mating surfaces may only be minimally wet-
ted on disconnection. Fluid coupling spillage is often a function of system
pressure and flow rate on disconnection. Consult fluid coupling suppliers
for product-specific information.
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Modes of Failure
The following are possible situations in which a fluid coupling may fail:

• Pressure spike (beyond rating)—catastrophic physical coupling failure,
leak

• Disconnection under high flow and pressure—seal extrusion, incom-
plete shutoff

• Water hammer—seal extrusion, leak

• Damage/wear of sealing components—leak, unable to connect

• Debris/contamination in flow path—leak

Typical Fluid Coupling Characteristics

A brief survey of commercially available quick disconnects was conducted to
determine the typical characteristics as it pertains to different locations of use.

Table 6 Typical Fluid Couplings Characteristics

Attribute Units

System Segment

Cabinet Chassis Drawer Blade

Mating style — Direct Direct Direct Direct, blind

Termination — NPT, ORB NPT, ORB NPT, ORB ORB, barb

Nominal size
cm
(in.)

5.1–10.2
(2–4)

5.1–10.2
(2–4)

1.3–5.1
(0.5–2)

1.3
(0.5)

Flow rate L/min <1000 <100 100 5

Pressure—Operating maximum bar 10 10 10 5

Pressure—Burst minimum bar 35 35 35 17

Spillage per disconnection cc — — 15 1

Temperature—Maximum °C 200 200 150 150

Connection force N — — — 50

Connection cycles No. cycles 100 100 100 1000

Table 6 shows the results of that survey for the following system locations; cabinet
or rack, chassis, drawer, and blade. Further detail and specification can be
obtained from the fluid coupling suppliers to ensure proper selection and imple-
mentation. The termination styles vary from threaded connections such as
national pipe thread (NPT), O-ring boss (ORB), or hose barb.
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Flexible Hose Used
in Water-Cooled Systems

The use of flexible hose within liquid cooling systems for ITE is highly bene-
ficial for cost mitigation, ease of service, and design simplification; however,
there are several key design considerations that should be included. These hoses
can be used to connect server elements to a manifold, as seen in

Figure 14 Flexible hose used to connect a manifold to a server blade in a
system.

Figure 14.
Another common use for flexible hoses is to provide internal interconnect

within the server as well. Figure 15 shows how flexible hoses are used to route
between CPU cold plates and dual in-line memory modules (DIMM) cooling
structures.

Maximum Temperature Ratings
The maximum temperature rating of the flexible hose should be carefully con-

sidered. The inlet water temperature plus the caloric temperature rise of the fluid
should be utilized to determine the bulk fluid temperature. The resulting highest
bulk temperature of the fluid should be used as a minimum temperature to con-
sider. However, one must pay attention to all the surfaces that come in contact
with the flexible hose. If this flexible hose is brought to the cold plate of a CPU,
for example, the temperature of the contact surface should also be considered.
This surface temperature will be at a higher temperature than the bulk fluid tem-



Figure 15 Flexible hose used to connect CPU cold plates and DIMM
cooling structures in a server.
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perature. The design must carefully determine the temperature rating of the hose
based on the highest temperature seen by that hose.

Maximum Pressure Ratings
The flexible hose is most likely the most susceptible component in the water-

cooled system to high pressure. As discussed in the previous section, the operating
and burst pressure should be determined and sized as to give appropriate factors of
safety when using flexible hoses.

Flammability Requirements
The flammability requirements for the system must be maintained when

selecting the flexible hose. The designers company, local geographies, or cus-
tomer sites may have very specific requirements regarding the flammability
requirements of the products in use. Typically, the flexible hose should meet a
minimum rating of UL94-V1 (UL 2013).
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Hose Material
Because flexible hose is in contact with the fluid for a long time, compatibility

with the working fluid must be considered when selecting the hose material. In
addition, low hose permeability must be taken into account to ensure a significant
system life. Suggested materials when using deionized water or a mixture with
ethylene glycol include PTFE, EPDM, NBR, FEP, FKM, polyurethane, and nylon.
It is better to consult with the fluid supplier to get more information on the selec-
tion of hose materials.

Hose Reinforcement
Another design consideration when using flexible hose is the use of reinforce-

ments in the hose material. Some flexible hoses come with a form of reinforce-
ment that enhances the pressure ratings of the hose, as seen in

Figure 16 Flexible hose reinforcement.

Figure 16. It is very
important to understand if that reinforcement ever comes in contact with the fluid.
There may be a protective layer on the inside of the hose that could fail with punc-
ture, stress, or pressure and result in a non-desired material coming in contact with
the internal fluid. An increase in hose bend radius is another disadvantage of add-
ing hose reinforcement.

Bend Radius
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The bend radius of a flexible hose can vary greatly and is typically the small-
est radius that the hose can be bent, as seen in

Figure 17 Example of a flexible hose bend radius.

Figure 17. It is important to design
to the manufacturers’ recommended bend radius. This ensures that the hose does
not deform or become structurally compromised. Each manufacturer will have a
specific bend radius for specific flexible hose types.

Termination

The termination of the flexible hose can be a critical element to their success-
ful use. There are several popular styles of termination and connection to other
components: hose barbs, pagoda joints, compression fittings or sleeves, quick
release, and push-on styles.

Fluid Interaction

The flexible hose must be materially compatible with the working fluid and
surface materials it comes in contact with. In addition, the permeability of the
hose should be well understood and must be low enough such that the fluid will
not significantly move though the hose material. Finally, the flexible hose material
may absorb the chemicals being used to provide anticorrosion protection. It is
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strongly recommended that a long-term study of the hose material and working
fluid be conducted to look for these issues.

Thermal Expansion
Flexible hose materials tend to experience greater thermal expansion than hard

tube/pipe materials. This expansion and contraction can gradually loosen a flexi-
ble hose at the fitting connection points. This may suggest applying double hose
clamps in some cases. Additionally, certain hose materials may become more brit-
tle and less suitable for internal liquid pressure cycling at lower temperatures. To
ensure liquid solution reliability in deployment, temperature cycling should be
conducted beyond the supported operating and nonoperating temperatures for the
ITE.

Puncture Prevention
Sharp edges from server sheet metal, poor quality control on barb fittings, liq-

uid-born metallic shavings left in an attached piping system, and other nearby
mechanical structures are just a few examples of elements within a liquid data
center environment that might potentially puncture the sidewall of a flexible hose.
Poorly machined edges on barb fittings can create small cuts on the inside of flex-
ible hoses that weaken the material’s ability to withstand maximum rated pressure
and may present fatigue failure in the future. It is recommended that shielding
and/or hose reinforcement be implemented in and around flexible hose installa-
tions to prevent unintentional puncture.
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Clarifications of the FCS and
TCS Loops Described in Liquid
Cooling Guidelines for
Datacom Equipment Centers,
Second Edition

In Liquid Cooling Guidelines for Datacom Equipment Centers, second edition
(ASHRAE 2014), there are four loops described. The first and closest to the heat
source is a DECS, next is the TCS, then the FWS, and finally the CWS. In prac-
tice, the DECS terminology is rarely used and the TCS loop is given much greater
usage. The primary difference between the two loops is the physical boundary
(the DECS being fully inside the electronics rack). When the DECS loop uses
water, there is no other significant difference. Note also there are full chapters
dedicated to the TCS loop (Chapter 6) and the FWS loop (Chapter 5), but not the
DECS loop. In general, the data in Chapter 6 is largely applicable to a DECS loop
(if using water) which is essentially a TCS loop inside of the rack boundary. The
main reason for referring to a separate DECS loop is when that loop contains a
fluid different from water, e.g., a proprietary heat transfer fluid.

The above-referenced chapters have also been a source of confusion through
their occasional misapplication. This is described in the above section on water
quality and the FWS and TCS guidelines. There have been instances where these
have been misapplied. For example, when the facility owner is told their building-
level cooling system (essentially an FWS) should meet the water quality guideline
table for the TCS loop from Chapter 6 by mistake, when they are likely already at
or near the guidelines in Chapter 5, the wisdom of going to liquid cooling is called
into question. Conversely, applying Chapter 5 water (FWS) to a very fine pitch
microchannel cold plate on a CPU could lead to plugging, corrosion, or other fail-
ure. Neither are good, and misapplying Chapters 5 and 6 to the wrong loops can
be catastrophic.

Another common pitfall is using Table 5.1 or Figure 5.3 in Chapter 5 too liter-
ally. These provide information about typical installations and methods to make a
water that meets W1–W5. There is no requirement to use the typical equipment
called out as Wn at any level. The engineer should in fact work to provide the
water temperatures called out with the most efficient and lowest total cost of own-
ership (TCO) method possible. If a site can produce W2 water using cooling tow-
ers alone there is no requirement to have a chiller, even though a chiller is listed as
typical for W2. Over-applying these guidelines can cost money.
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Future Work
and Additional Resources

There are other ongoing activities outside of ASHRAE focused on liquid cool-
ing of ITE. The following are two of particular note:

• The Energy Efficient High-Performance Working Group (EEHP-
CWG)—The EEHPCWG is a volunteer organization of primarily high-
end computing and simulation practitioners. This group has a subteam
working on commissioning. Liquid cooling has shown to be more quickly
adopted into high-performance computing than enterprise or cloud work-
loads and because of this the working group has an extensive user base to
draw upon for lessons learned and best practices. The EEHPCWG web-
sites are:

• https://eehpcwg.llnl.gov/index.html

• https://eehpcwg.llnl.gov/infra_lcc.html

• The Green Grid (TGG)—The Green Grid has a long history of collabo-
ration with TC 9.9 and that organization is currently working on select
liquid cooling topics, specifically IT design enabling multi-refresh liquid
cooling and a total cost of ownership (TCO) calculator for liquid cooling
data centers. TGG’s web site is:

• www.thegreengrid.org

Immersion cooling continues to be an area of interest, although adoption rates
have been slow. There are generally two classes: first mineral oil or synthetic oils
(polyalphaolefin [PAO]), or engineered fluids. In the case of oils, there remain
minor material compatibility issues that all parties need to be aware of and address
in the implementation. In the case of engineered fluids there have been studies
which showed significant material issues for some fluids and other engineered flu-
ids having global warming potential values that are so high they become nonstart-
ers from an environmental perspective. The TC is considering a broader coverage
of immersion cooling in the forthcoming third edition of Liquid Cooling Guide-
lines for Datacom Equipment Centers.



46 Water-Cooled Servers

References

ASHRAE. 2014. Liquid cooling guidelines for datacom equipment centers, sec-
ond edition. Atlanta: ASHRAE.

ASHRAE. 2018. IT equipment power trends, third edition. Atlanta: ASHRAE.

ASME. 2016. ASME B31.3, Process piping. New York: American Society of
Mechanical Engineers.

EU. 2011. Directive 2011/65/EU of the European Parliament and of the Council
of 8 June 2011 on the restriction of the use of certain hazardous substances in
electrical and electronic equipment. Brussels: European Union.

IEC. 2005. IEC 60950-1:2005, A1+A2:2013, Information technology equip-
ment—Safety—Part 1: General requirements. Geneva: International Electro-
technical Commission.

IEC. 2014. IEC 62368-1:2014, Audio/video, information and communication
technology equipment—Part 1: Safety requirements. Geneva: International
Electrotechnical Commission.

IEC. 2018. IEC 62368-1:2018, Audio/video, information and communication
technology equipment—Part 1: Safety requirements. Geneva: International
Electrotechnical Commission.

ISO. 2008.ISO 16889:2008, Hydraulic fluid power—Filters—Multi-pass method
for evaluating filtration performance of a filter element. Geneva: International
Organization for Standardization.

UL. 2012. The road toward a new hazard-based standard: IEC 62368-1. North-
brook, IL: Underwriters Laboratories.

UL. 2013. UL 94, Standard for tests for flammability of plastic materials for parts
in devices and appliances. Northbrook, IL: Underwriters Laboratories.


	Objective of the White Paper
	Introduction to Water-Cooled Servers
	Design Considerations for CDU Implementations
	Design Considerations for Non-CDU Implementations
	Water Quality
	Wetted Materials
	Filtration
	Pressure Testing Requirements for Water-Cooled Servers
	Fluid Couplings Used in Water-Cooled Systems
	Flexible Hose Used in Water-Cooled Systems
	Clarifications of the FCS and TCS Loops Described in Liquid Cooling Guidelines for Datacom Equipment Centers, Second Edition
	Future Work and Additional Resources
	References
	Acknowledgments
	Contents


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /ACaslon-Bold
    /ACaslon-Italic
    /ACaslonPro-Bold
    /ACaslonPro-BoldItalic
    /ACaslonPro-Italic
    /ACaslonPro-Regular
    /ACaslonPro-Semibold
    /ACaslonPro-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeDevanagari-Bold
    /AdobeDevanagari-BoldItalic
    /AdobeDevanagari-Italic
    /AdobeDevanagari-Regular
    /AdobeFangsongStd-Regular
    /AdobeFanHeitiStd-Bold
    /AdobeGothicStd-Bold
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeKaitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobeNaskh-Medium
    /AdobeSongStd-Light
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramondPro-Bold
    /AGaramondPro-BoldItalic
    /AGaramondPro-Italic
    /AGaramondPro-Regular
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /Aharoni-Bold
    /AirConditioner
    /AkzidenzGroteskBE-BoldCn
    /AlbertusExtraBold
    /AlbertusMedium
    /Aldine401BT-BoldA
    /Aldine401BT-BoldItalicA
    /Aldine401BT-ItalicA
    /Aldine401BT-RomanA
    /Aldine721BT-Bold
    /Aldine721BT-BoldItalic
    /Aldine721BT-Italic
    /Aldine721BT-Light
    /Aldine721BT-LightItalic
    /Aldine721BT-Roman
    /Algerian
    /AllegroBT-Regular
    /Americana
    /Americana-Bold
    /Americana-ExtraBold
    /Americana-Italic
    /Amienne
    /Amienne-Bold
    /Andalus
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Annifont
    /Aparajita
    /Aparajita-Bold
    /Aparajita-BoldItalic
    /Aparajita-Italic
    /ArabicTypesetting
    /Architecture-Normal
    /ARDS1
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArnoPro-Bold
    /ArnoPro-BoldCaption
    /ArnoPro-BoldDisplay
    /ArnoPro-BoldItalic
    /ArnoPro-BoldItalicCaption
    /ArnoPro-BoldItalicDisplay
    /ArnoPro-BoldItalicSmText
    /ArnoPro-BoldItalicSubhead
    /ArnoPro-BoldSmText
    /ArnoPro-BoldSubhead
    /ArnoPro-Caption
    /ArnoPro-Display
    /ArnoPro-Italic
    /ArnoPro-ItalicCaption
    /ArnoPro-ItalicDisplay
    /ArnoPro-ItalicSmText
    /ArnoPro-ItalicSubhead
    /ArnoPro-LightDisplay
    /ArnoPro-LightItalicDisplay
    /ArnoPro-Regular
    /ArnoPro-Smbd
    /ArnoPro-SmbdCaption
    /ArnoPro-SmbdDisplay
    /ArnoPro-SmbdItalic
    /ArnoPro-SmbdItalicCaption
    /ArnoPro-SmbdItalicDisplay
    /ArnoPro-SmbdItalicSmText
    /ArnoPro-SmbdItalicSubhead
    /ArnoPro-SmbdSmText
    /ArnoPro-SmbdSubhead
    /ArnoPro-SmText
    /ArnoPro-Subhead
    /Arnprior
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /AvantGardeITCbyBT-Medium
    /BacktoBay6Regular
    /BakerSignet
    /BankGothicBT-Light
    /BankGothicBT-Medium
    /BaskOldFace
    /Bastard
    /Batang
    /BatangChe
    /BauerBodoniBT-Black
    /BauerBodoniBT-BlackCondensed
    /BauerBodoniBT-BlackItalic
    /BauerBodoniBT-Bold
    /BauerBodoniBT-BoldCondensed
    /BauerBodoniBT-BoldItalic
    /BauerBodoniBT-Italic
    /BauerBodoniBT-Roman
    /BauerBodoniBT-Titling
    /Bauhaus93
    /Baveuse
    /BelchingUpSalisburySteak
    /BellaDonna
    /BellGothic-Black
    /BellGothic-Bold
    /BellGothic-Light
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BenguiatITCbyBT-Bold
    /BenguiatITCbyBT-BoldItalic
    /BenguiatITCbyBT-Book
    /BenguiatITCbyBT-BookItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BermudaLP-Squiggle
    /BernardMT-Condensed
    /BernhardFashionBT-Regular
    /BernhardModern-Bold
    /BernhardModern-BoldItalic
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModern-Italic
    /BernhardModern-Roman
    /Berylium
    /Berylium-BoldItalic
    /BeverlyHillsCop
    /BickhamScriptPro-Bold
    /BickhamScriptPro-Regular
    /BickhamScriptPro-Semibold
    /Biondi
    /Biondi-Light
    /Birch
    /BirchStd
    /BitstreamVeraSans-Bold
    /BitstreamVeraSans-BoldOblique
    /BitstreamVeraSans-Oblique
    /BitstreamVeraSans-Roman
    /BlackadderITC-Regular
    /Blackoak
    /BlackoakStd
    /BlueHighway
    /BlueHighway-Bold
    /BlueHighwayCondensed
    /BlueHighwayDType
    /BlueHighwayLinocut
    /BodoniBT-Bold
    /BodoniBT-BoldCondensed
    /BodoniBT-BoldItalic
    /BodoniBT-Book
    /BodoniBT-BookItalic
    /BodoniBT-Italic
    /BodoniBT-Roman
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BodoniStd-Bold
    /BodoniStd-BoldItalic
    /BodoniStd-Book
    /BodoniStd-BookItalic
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanITCbyBT-Demi
    /BookmanITCbyBT-DemiItalic
    /BookmanITCbyBT-Light
    /BookmanITCbyBT-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Boopee
    /Boopee-Bold
    /BradleyHandITC
    /BremenBT-Bold
    /BritannicBold
    /Broadway
    /BrokenWing
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /Brush445BT-Regular
    /Brush738BT-RegularA
    /BrushScriptBT-Regular
    /BrushScriptMT
    /BrushScriptStd
    /BurnstownDam
    /Byington
    /Byington-Bold
    /Byington-Italic
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /Calibri-Light
    /Calibri-LightItalic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /CarbonBlock
    /CaslonBT-Bold
    /CaslonBT-BoldItalic
    /CaslonOldFaceBT-Heavy
    /CaslonOldFaceBT-Italic
    /CaslonOldFaceBT-Roman
    /Castellar
    /CastleT-Bold
    /CastleT-Book
    /CastleT-Ligh
    /CastleT-Ultr
    /CatharsisRequiem
    /CatharsisRequiemBold
    /CatholicSchoolGirlsIntlBB
    /Catriel
    /Catriel-Bold
    /Catriel-BoldItalic
    /Catriel-Italic
    /Centaur
    /Century
    /Century725BT-Black
    /Century725BT-Bold
    /Century725BT-BoldCondensed
    /Century725BT-Italic
    /Century725BT-Roman
    /Century725BT-RomanCondensed
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturyOldStyle-Bold
    /CenturyOldStyle-Italic
    /CenturyOldStyle-Regular
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chaparral-Display
    /ChaparralPro-Bold
    /ChaparralPro-BoldIt
    /ChaparralPro-Italic
    /ChaparralPro-LightIt
    /ChaparralPro-Regular
    /Charlemagne-Bold
    /Charlemagne-Regular
    /CharlemagneStd-Bold
    /CharlesworthBold
    /Charting
    /CheltenhamBT-Bold
    /CheltenhamBT-BoldCondensed
    /CheltenhamBT-BoldCondItalic
    /CheltenhamBT-BoldExtraCondensed
    /CheltenhamBT-BoldHeadline
    /CheltenhamBT-BoldItalic
    /CheltenhamBT-BoldItalicHeadline
    /CheltenhamBT-Italic
    /CheltenhamBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /ChromosomeLight
    /Cipher
    /ClarendonBT-Black
    /ClarendonBT-Bold
    /ClarendonBT-BoldCondensed
    /ClarendonBT-Heavy
    /ClarendonBT-Light
    /ClarendonBT-Roman
    /ClarendonBT-RomanCondensed
    /ClassicalSans-BoldCond-DTC
    /ClassicalSans-Bold-DTC
    /ClassicalSans-BoldIta-DTC
    /ClassicalSans-Cond-DTC
    /ClassicalSans-ExBdCond-DTC
    /ClassicalSans-ExBold-DTC
    /ClassicalSans-ExCond-DTC
    /ClassicalSans-Light-DTC
    /ClassicalSans-LightIta-DTC
    /ClassicalSans-MedIta-DTC
    /ClassicalSans-Medium-DTC
    /ClassicalSans-RegIta-DTC
    /ClassicalSans-Regular-DTC
    /ClassicalSans-UltBdCnd-DTC
    /ClassicalSans-UltBold-DTC
    /Clocks
    /ColonnaMT
    /ColourBrush
    /ComicSansMS
    /ComicSansMS-Bold
    /CommercialPiBT-Regular
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CooperBlackStd
    /CooperBlackStd-Italic
    /CooperBT-Black
    /CooperBT-BlackHeadline
    /CooperBT-BlackItalic
    /CooperBT-BlackItalicHeadline
    /CooperBT-BlackOutline
    /CooperBT-Bold
    /CooperBT-BoldItalic
    /CooperBT-Light
    /CooperBT-LightItalic
    /CooperBT-Medium
    /CooperBT-MediumItalic
    /CopperplateGothic-Bold
    /CopperplateGothicBT-Bold
    /CopperplateGothic-Light
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CreditValley
    /CreditValley-Bold
    /CreditValley-BoldItalic
    /CreditValley-Italic
    /CurlzMT
    /Cutout
    /DadsRecipe
    /DaunPenh
    /DauphinPlain
    /David
    /David-Bold
    /DFKaiShu-SB-Estd-BF
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /DistrictThin
    /DokChampa
    /Dotum
    /DotumChe
    /DroidSans
    /DroidSans-Bold
    /DumpsterDiver
    /Dutch766BT-BoldA
    /Dutch766BT-ItalicA
    /Dutch766BT-RomanA
    /Dutch801BT-Bold
    /Dutch801BT-BoldItalic
    /Dutch801BT-ExtraBold
    /Dutch801BT-ExtraBoldItalic
    /Dutch801BT-Italic
    /Dutch801BT-ItalicHeadline
    /Dutch801BT-Roman
    /Dutch801BT-RomanHeadline
    /Dutch801BT-SemiBold
    /Dutch801BT-SemiBoldItalic
    /Dutch809BT-BoldC
    /Dutch809BT-ItalicC
    /Dutch809BT-RomanC
    /Dutch811BT-BoldD
    /Dutch811BT-BoldItalicD
    /Dutch811BT-ItalicD
    /Dutch811BT-RomanD
    /Dutch823BT-BoldB
    /Dutch823BT-BoldItalicB
    /Dutch823BT-ItalicB
    /Dutch823BT-RomanB
    /EarwigFactory
    /Ebrima
    /Ebrima-Bold
    /EccentricStd
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /Emboss-Normal
    /EnemaLight
    /English111VivaceBT-Regular
    /EngraversMT
    /EraserRegular
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EuphemiaCAS
    /EuphorigenicS
    /EuroSig
    /Exotic350BT-Bold
    /Exotic350BT-DemiBold
    /Exotic350BT-Light
    /FangSong
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FolioBT-Bold
    /FolioBT-BoldCondensed
    /FolioBT-Book
    /FolioBT-ExtraBold
    /FolioBT-Light
    /FolioBT-LightItalic
    /FolioBT-Medium
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothicITCbyBT-Heavy
    /FranklinGothicITCbyBT-HeavyItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /FrizQuadrata
    /FrizQuadrata-Bold
    /FrizQuadrataITCbyBT-Bold
    /FrizQuadrataITCbyBT-Roman
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldCondensed
    /FuturaBT-BoldCondensedItalic
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-ExtraBlackCondensed
    /FuturaBT-ExtraBlackCondItalic
    /FuturaBT-ExtraBlackItalic
    /FuturaBT-Heavy
    /FuturaBT-HeavyItalic
    /FuturaBT-Light
    /FuturaBT-LightCondensed
    /FuturaBT-LightItalic
    /FuturaBT-Medium
    /FuturaBT-MediumCondensed
    /FuturaBT-MediumItalic
    /FuturaLtCnBTItalic
    /FuturaMdCnBTItalic
    /Gabriola
    /Gadugi
    /Gadugi-Bold
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Antiqua
    /Garamond-Bold
    /Garamond-Halbfett
    /Garamond-Italic
    /GaramondITCbyBT-Bold
    /GaramondITCbyBT-BoldCondensed
    /GaramondITCbyBT-BoldCondItalic
    /GaramondITCbyBT-BoldItalic
    /GaramondITCbyBT-Book
    /GaramondITCbyBT-BookCondensed
    /GaramondITCbyBT-BookCondItalic
    /GaramondITCbyBT-BookItalic
    /Garamond-Kursiv
    /Garamond-KursivHalbfett
    /GaramondNo4CyrTCY-Ligh
    /GaramondNo4CyrTCY-LighItal
    /GaramondNo4CyrTCY-Medi
    /Garamond-Normal
    /GaramondPremrPro
    /GaramondPremrPro-It
    /GaramondPremrPro-Smbd
    /GaramondPremrPro-SmbdIt
    /Gautami
    /Gautami-Bold
    /GeographicSymbolsNormal
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GiddyupStd
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /Gisha
    /Gisha-Bold
    /Glitch0
    /Glitch1
    /GloucesterMT-ExtraCondensed
    /GoudyCatalogueBT-Regular
    /GoudyHandtooledBT-Regular
    /GoudyHeavyfaceBT-Regular
    /GoudyHeavyfaceBT-RegularCond
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-ExtraBold
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudySansITCbyBT-Black
    /GoudySansITCbyBT-BlackItalic
    /GoudySansITCbyBT-Bold
    /GoudySansITCbyBT-BoldItalic
    /GoudySansITCbyBT-Light
    /GoudySansITCbyBT-LightItalic
    /GoudySansITCbyBT-Medium
    /GoudySansITCbyBT-MediumItalic
    /GoudyStout
    /Grad
    /GreymantleMVB
    /Gridder-NEG
    /Gridder-OFF
    /Gridder-POS
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HeavyHeap
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /HelveticaNeue-Heavy
    /HelveticaNeue-HeavyItalic
    /HelveticaNeue-Medium
    /HelveticaNeue-MediumItalic
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HoboStd
    /HomePlanning
    /HomePlanning2
    /Humanist521BT-Bold
    /Humanist521BT-BoldCondensed
    /Humanist521BT-BoldItalic
    /Humanist521BT-ExtraBold
    /Humanist521BT-Italic
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-Roman
    /Humanist521BT-RomanCondensed
    /Humanist521BT-UltraBold
    /Humanist521BT-XtraBoldCondensed
    /Humanist531BT-BlackA
    /Humanist531BT-BoldA
    /Humanist531BT-RomanA
    /Humanist531BT-UltraBlackA
    /Humanist777BT-BlackB
    /Humanist777BT-BlackItalicB
    /Humanist777BT-BoldB
    /Humanist777BT-BoldItalicB
    /Humanist777BT-ItalicB
    /Humanist777BT-LightB
    /Humanist777BT-LightItalicB
    /Humanist777BT-RomanB
    /Humanist970BT-BoldC
    /Humanist970BT-RomanC
    /HumanistSlabserif712BT-Black
    /HumanistSlabserif712BT-Bold
    /HumanistSlabserif712BT-Italic
    /HumanistSlabserif712BT-Roman
    /HurryUp
    /Huxtable
    /Impact
    /ImprintMT-Shadow
    /Incised901BT-Compact
    /Indubitably
    /InformalRoman-Regular
    /InterleafSymbols
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Isabella
    /IskoolaPota
    /IskoolaPota-Bold
    /ITCFranklinGothicStd-Book
    /ITCFranklinGothicStd-BookIt
    /ITCFranklinGothicStd-Demi
    /ITCFranklinGothicStd-DemiIt
    /ITCFranklinGothicStd-Hvy
    /ITCFranklinGothicStd-HvyIt
    /ITCFranklinGothicStd-Med
    /ITCFranklinGothicStd-MedIt
    /JasmineUPC
    /JasmineUPCBold
    /JasmineUPCBoldItalic
    /JasmineUPCItalic
    /JJStencilTrialVersion
    /Jokerman-Regular
    /Juergen
    /Juergen-BoldKursiv
    /Juergen-Italic
    /JuiceITC-Regular
    /KabelITCbyBT-Book
    /KabelITCbyBT-Ultra
    /KaiTi
    /Kalinga
    /Kalinga-Bold
    /Kartika
    /Kartika-Bold
    /Kaufmann
    /Kaufmann-Bold
    /Khaki-Two
    /KhmerUI
    /KhmerUI-Bold
    /Kidnap
    /KodchiangUPC
    /KodchiangUPCBold
    /KodchiangUPCBoldItalic
    /KodchiangUPCItalic
    /Kokila
    /Kokila-Bold
    /Kokila-BoldItalic
    /Kokila-Italic
    /KozGoPr6N-Bold
    /KozGoPr6N-ExtraLight
    /KozGoPr6N-Heavy
    /KozGoPr6N-Light
    /KozGoPr6N-Medium
    /KozGoPr6N-Regular
    /KozGoPro-Bold
    /KozGoPro-ExtraLight
    /KozGoPro-Heavy
    /KozGoPro-Light
    /KozGoPro-Medium
    /KozGoPro-Regular
    /KozMinPr6N-Bold
    /KozMinPr6N-ExtraLight
    /KozMinPr6N-Heavy
    /KozMinPr6N-Light
    /KozMinPr6N-Medium
    /KozMinPr6N-Regular
    /KozMinPro-Bold
    /KozMinPro-ExtraLight
    /KozMinPro-Heavy
    /KozMinPro-Light
    /KozMinPro-Medium
    /KozMinPro-Regular
    /Kredit
    /KristenITC-Regular
    /KunstlerScript
    /LandscapePlanning
    /LaoUI
    /LaoUI-Bold
    /Latha
    /Latha-Bold
    /LatinWide
    /Leelawadee
    /LeelawadeeBold
    /Leelawadee-Bold
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMT-Bold
    /LibelSuit
    /Ligurino
    /Ligurino-Bold
    /LigurinoCondensed
    /Ligurino-Italic
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithograph
    /Lithograph-Bold
    /LithographLight
    /LithosPro-Black
    /LithosPro-Regular
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /MalgunGothic
    /MalgunGothicBold
    /MalgunGothicRegular
    /Mangal
    /Mangal-Bold
    /Mangal-Regular
    /Marlett
    /MathematicalPi-Five
    /MathematicalPi-Four
    /MathematicalPiLTStd
    /MathematicalPi-One
    /MathematicalPi-Six
    /MathematicalPi-Three
    /MathematicalPi-Two
    /MaturaMTScriptCapitals
    /Meiryo
    /Meiryo-Bold
    /Meiryo-BoldItalic
    /Meiryo-Italic
    /MeiryoUI
    /MeiryoUI-Bold
    /MeiryoUI-BoldItalic
    /MeiryoUI-Italic
    /MerriamExt
    /MerriamIPA
    /MerriamRegular
    /MerriamWebsterSpecial
    /MesquiteStd
    /MicrosoftHimalaya
    /MicrosoftJhengHeiBold
    /MicrosoftJhengHeiRegular
    /MicrosoftJhengHeiUIBold
    /MicrosoftJhengHeiUIRegular
    /MicrosoftNewTaiLue
    /MicrosoftNewTaiLue-Bold
    /MicrosoftPhagsPa
    /MicrosoftPhagsPa-Bold
    /MicrosoftSansSerif
    /MicrosoftTaiLe
    /MicrosoftTaiLe-Bold
    /MicrosoftUighur
    /MicrosoftUighur-Bold
    /MicrosoftYaHei
    /MicrosoftYaHei-Bold
    /MicrosoftYaHeiUI
    /MicrosoftYaHeiUI-Bold
    /Microsoft-Yi-Baiti
    /MingLiU
    /MingLiU-ExtB
    /Ming-Lt-HKSCS-ExtB
    /Ming-Lt-HKSCS-UNI-H
    /MinionPro-Bold
    /MinionPro-BoldCn
    /MinionPro-BoldCnIt
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Medium
    /MinionPro-MediumIt
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MinyaNouvelle
    /MinyaNouvelleBold
    /MinyaNouvelleBoldItalic
    /MinyaNouvelleItalic
    /Miriam
    /MiriamFixed
    /Mistral
    /MMaCentury-Bold
    /MMaCentury-BoldItalic
    /MMaCentury-Italic
    /MMaCentury-Regular
    /MMaGreek-Bold
    /MMaGreek-BoldItalic
    /MMaGreek-Italic
    /MMaGreek-Regular
    /MMArrow
    /MMaTextBook-Bold
    /MMaTextBook-BoldItalic
    /MMaTextBook-Italic
    /MMaTextBook-Regular
    /MMBinary
    /MMCenturyOld
    /MMCenturyOldBold
    /MMCenturyOldBoldItalic
    /MMCenturyOldE
    /MMCenturyOldEBold
    /MMCenturyOldEBoldItalic
    /MMCenturyOldEItalic
    /MMCenturyOldGreek
    /MMCenturyOldGreekBold
    /MMCenturyOldItalic
    /MMCenturyOldK
    /MMCenturyOldKBold
    /MMCenturyOldKBoldItalic
    /MMCenturyOldKItalic
    /MMCenturyOldO
    /MMCenturyOldOBold
    /MMCenturyOldOBoldItalic
    /MMCenturyOldOItalic
    /MMCenturyOldS
    /MMCenturyOldSBold
    /MMCenturyOldSBoldItalic
    /MMCenturyOldSItalic
    /MMEtc
    /MMExtra
    /MMGreek
    /MMGreekBold
    /MMNegate
    /MMRelation
    /MMTextBook
    /MMTextBookBold
    /MMTextBookBoldItalic
    /MMTextBookItalic
    /MMTimesBold
    /MMTimesBoldItalic
    /MMTimesItalic
    /MMTimesRoman
    /MMVariable
    /MMVariableA
    /MMVariableB
    /MMVariableC
    /MMVariableD
    /Modern-Regular
    /Mojo
    /MongolianBaiti
    /MonotypeCorsiva
    /MoolBoran
    /MorseCode
    /MS-Gothic
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MT-Extra
    /Mufferaw
    /Music
    /MusicalSymbolsNormal
    /MVBoli
    /MyriadArabic-Bold
    /MyriadArabic-BoldIt
    /MyriadArabic-It
    /MyriadArabic-Regular
    /MyriadHebrew-Bold
    /MyriadHebrew-BoldIt
    /MyriadHebrew-It
    /MyriadHebrew-Regular
    /MyriadPro-Black
    /MyriadPro-BlackCond
    /MyriadPro-Bold
    /MyriadPro-BoldCond
    /MyriadPro-BoldCondIt
    /MyriadPro-BoldIt
    /MyriadPro-Cond
    /MyriadPro-CondIt
    /MyriadPro-It
    /MyriadPro-LightCond
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldCond
    /MyriadPro-SemiboldIt
    /Myriad-Tilt
    /MyriadWebPro
    /MyriadWebPro-Bold
    /MyriadWebPro-Condensed
    /MyriadWebPro-CondensedItalic
    /MyriadWebPro-Italic
    /Narkisim
    /Neuropol
    /News706BT-BoldC
    /News706BT-ItalicC
    /News706BT-RomanC
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothic-BoldOblique
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldCondensed
    /NewsGothicBT-BoldCondItalic
    /NewsGothicBT-BoldExtraCondensed
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Demi
    /NewsGothicBT-DemiItalic
    /NewsGothicBT-ExtraCondensed
    /NewsGothicBT-Italic
    /NewsGothicBT-ItalicCondensed
    /NewsGothicBT-Light
    /NewsGothicBT-LightItalic
    /NewsGothicBT-Roman
    /NewsGothicBT-RomanCondensed
    /NewsGothic-Oblique
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NirmalaUI
    /NirmalaUI-Bold
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuevaStd-Bold
    /NuevaStd-BoldCond
    /NuevaStd-BoldCondItalic
    /NuevaStd-Cond
    /NuevaStd-CondItalic
    /NuevaStd-Italic
    /Nyala-Regular
    /Nyx
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRAStd
    /OfficePlanning
    /OldEnglishTextMT
    /Onyx
    /OratorStd
    /OratorStd-Slanted
    /Ouch
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /ParisianBT-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PlanetBenson2
    /PlantagenetCherokee
    /Playbill
    /PMingLiU
    /PMingLiU-ExtB
    /Pompeia-Inline
    /PoorRichard-Regular
    /PoplarStd
    /PosterBodoniBT-Roman
    /Postino-Italic
    /PrestigeElite
    /PrestigeElite-Bold
    /PrestigeElite-BoldSlanted
    /PrestigeElite-Slanted
    /PrestigeEliteStd-Bd
    /Pristina-Regular
    /Proteus
    /Pupcat
    /Raavi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rod
    /RosewoodStd-Regular
    /SakkalMajalla
    /SakkalMajallaBold
    /ScriptMTBold
    /SegoePrint
    /SegoePrint-Bold
    /SegoeScript
    /SegoeScript-Bold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /SegoeUI-Light
    /SegoeUI-SemiBold
    /SegoeUI-Semilight
    /SegoeUISymbol
    /Semaphore
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /ShonarBangla
    /ShonarBangla-Bold
    /ShowcardGothic-Reg
    /Shruti
    /Shruti-Bold
    /Shuriken-Boy
    /SignLanguage
    /Signs
    /SILGalatiaBold
    /SimHei
    /SimplifiedArabic
    /SimplifiedArabic-Bold
    /SimplifiedArabicFixed
    /SimSun
    /SimSun-ExtB
    /SnapITC-Regular
    /Socket
    /Souvenir-Bold
    /Souvenir-BoldItalic
    /Souvenir-Demi
    /Souvenir-DemiItalic
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /Souvenir-Light
    /Souvenir-LightItalic
    /Souvenir-Medium
    /Souvenir-MediumItalic
    /SpumoniLP
    /Square721
    /Square721Blk
    /Square721BT-Bold
    /Square721BT-BoldCondensed
    /Square721BT-BoldExtended
    /Square721BTItalic
    /Square721BT-Roman
    /Square721BT-RomanCondensed
    /Square721BT-RomanExtended
    /Square721Demi-Italic
    /Square721DmItalic
    /Square721DmNormal
    /SquareSlabserif711BT-Bold
    /SquareSlabserif711BT-Light
    /SquareSlabserif711BT-Medium
    /Staccato222BT-Regular
    /Stencil
    /StencilGothicBE
    /StencilStd
    /Stereofidelic
    /STIX-Bold
    /STIX-BoldItalic
    /STIXGeneral-Bold
    /STIXGeneral-BoldItalic
    /STIXGeneral-Italic
    /STIXGeneral-Regular
    /STIXIntegralsD-Bold
    /STIXIntegralsD-Regular
    /STIXIntegralsSm-Bold
    /STIXIntegralsSm-Regular
    /STIXIntegralsUp-Bold
    /STIXIntegralsUpD-Bold
    /STIXIntegralsUpD-Regular
    /STIXIntegralsUp-Regular
    /STIXIntegralsUpSm-Bold
    /STIXIntegralsUpSm-Regular
    /STIX-Italic
    /STIXMath-Regular
    /STIXNonUnicode-Bold
    /STIXNonUnicode-BoldItalic
    /STIXNonUnicode-Italic
    /STIXNonUnicode-Regular
    /STIX-Regular
    /STIXSizeFiveSym-Regular
    /STIXSizeFourSym-Bold
    /STIXSizeFourSym-Regular
    /STIXSizeOneSym-Bold
    /STIXSizeOneSym-Regular
    /STIXSizeThreeSym-Bold
    /STIXSizeThreeSym-Regular
    /STIXSizeTwoSym-Bold
    /STIXSizeTwoSym-Regular
    /STIXVariants-Bold
    /STIXVariants-Regular
    /Swiss721BT-Black
    /Swiss721BT-BlackCondensed
    /Swiss721BT-BlackCondensedItalic
    /Swiss721BT-BlackExtended
    /Swiss721BT-BlackItalic
    /Swiss721BT-BlackOutline
    /Swiss721BT-BlackRounded
    /Swiss721BT-Bold
    /Swiss721BT-BoldCondensed
    /Swiss721BT-BoldCondensedItalic
    /Swiss721BT-BoldCondensedOutline
    /Swiss721BT-BoldExtended
    /Swiss721BT-BoldItalic
    /Swiss721BT-BoldOutline
    /Swiss721BT-BoldRounded
    /Swiss721BT-Heavy
    /Swiss721BT-HeavyItalic
    /Swiss721BT-Italic
    /Swiss721BT-ItalicCondensed
    /Swiss721BT-Light
    /Swiss721BT-LightCondensed
    /Swiss721BT-LightCondensedItalic
    /Swiss721BT-LightExtended
    /Swiss721BT-LightItalic
    /Swiss721BT-Medium
    /Swiss721BT-MediumItalic
    /Swiss721BT-Roman
    /Swiss721BT-RomanCondensed
    /Swiss721BT-RomanExtended
    /Swiss721BT-Thin
    /Swiss721BT-ThinItalic
    /Swiss911BT-ExtraCompressed
    /Swiss911BT-UltraCompressed
    /Swiss921BT-RegularA
    /Swiss924BT-RegularB
    /SwitzerlandLight-Italic
    /SwitzerlandLight-Normal
    /SwitzerlandNarrowBold
    /SwitzerlandNarrow-Bold
    /SwitzerlandNarrowBoldItalic
    /SwitzerlandNarrow-BoldItalic
    /SwitzerlandNarrowItalic
    /SwitzerlandNarrow-Italic
    /SwitzerlandNarrow-Normal
    /SwitzerlandNarrowPlain
    /SybilGreen
    /Sylfaen
    /Symbol
    /SymbolITCbyBT-Bold
    /SymbolITCbyBT-BoldItalic
    /SymbolMT
    /SymbolProportionalBT-Regular
    /Tahoma
    /Tahoma-Bold
    /Tandelle
    /Tandelle-Bold
    /Tandelle-BoldItalic
    /Tandelle-Italic
    /Teen
    /Teen-Bold
    /Teen-BoldItalic
    /Teen-Italic
    /TeenLight
    /TeenLight-Italic
    /TektonPro-Bold
    /TektonPro-BoldCond
    /TektonPro-BoldExt
    /TektonPro-BoldObl
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS
    /TimesNewRomanPS-Bold
    /TimesNewRomanPS-BoldItalic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-Italic
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-RomanSC
    /Times-Semibold
    /Times-SemiboldItalic
    /TraditionalArabic
    /TraditionalArabic-Bold
    /TrajanPro-Bold
    /TrajanPro-Regular
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga
    /Tunga-Bold
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /TypoUprightBT-Regular
    /UniversalMath1BT-Regular
    /UniversCE-Black
    /UniversCE-BlackOblique
    /UniversCE-Bold
    /UniversCE-BoldOblique
    /UniversCE-Light
    /UniversCE-LightOblique
    /UniversCE-Medium
    /UniversCE-Oblique
    /UniversLT
    /UniversLT-Black
    /UniversLT-BlackExt
    /UniversLT-BlackExtObl
    /UniversLT-BlackOblique
    /UniversLT-Bold
    /UniversLT-BoldExt
    /UniversLT-BoldExtObl
    /UniversLT-BoldItalic
    /UniversLT-BoldOblique
    /UniversLT-Condensed
    /UniversLT-CondensedBold
    /UniversLT-CondensedBoldOblique
    /UniversLT-CondensedLight
    /UniversLT-CondensedLightOblique
    /UniversLT-CondensedOblique
    /UniversLT-Extended
    /UniversLT-ExtendedObl
    /UniversLT-ExtraBlack
    /UniversLT-ExtraBlackExt
    /UniversLT-ExtraBlackExtObl
    /UniversLT-ExtraBlackObl
    /UniversLT-Light
    /UniversLT-LightOblique
    /UniversLT-LightUltraCondensed
    /UniversLT-Oblique
    /UniversLTStd-BoldCn
    /UniversLTStd-Cn
    /UniversLTStd-CnObl
    /UniversLTStd-Light
    /UniversLT-ThinUltraCondensed
    /UniversLT-UltraCondensed
    /UPCHeightA
    /Utsaah
    /Utsaah-Bold
    /Utsaah-BoldItalic
    /Utsaah-Italic
    /Vani
    /Vani-Bold
    /VelvendaCooler
    /VenusRising
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vijaya
    /Vijaya-Bold
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Vrinda-Bold
    /Waker
    /Webdings
    /WickendenCafeNDP
    /WickendenCafeNDPBold
    /WickendenCafeNDPBoldItalic
    /WickendenCafeNDPItalic
    /WindsorBT-Elongated
    /WindsorBT-Light
    /WindsorBT-LightCondensed
    /WindsorBT-Outline
    /WindsorBT-Roman
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /ZapfDingbatsITCbyBT-Regular
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZapfHumanist601BT-Ultra
    /ZapfHumanist601BT-UltraItalic
    /ZurichBT-Black
    /ZurichBT-BlackExtended
    /ZurichBT-BlackItalic
    /ZurichBT-Bold
    /ZurichBT-BoldCondensed
    /ZurichBT-BoldCondensedItalic
    /ZurichBT-BoldExtended
    /ZurichBT-BoldExtraCondensed
    /ZurichBT-BoldItalic
    /ZurichBT-ExtraBlack
    /ZurichBT-ExtraCondensed
    /ZurichBT-Italic
    /ZurichBT-ItalicCondensed
    /ZurichBT-Light
    /ZurichBT-LightCondensed
    /ZurichBT-LightCondensedItalic
    /ZurichBT-LightExtraCondensed
    /ZurichBT-LightItalic
    /ZurichBT-Roman
    /ZurichBT-RomanCondensed
    /ZurichBT-RomanExtended
    /ZurichBT-UltraBlackExtended
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


