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Abst ract

During power outage servers in the data centers are powered by uninterrupted
power supply (UPS). At the sanme tine, the cooling system conponents such as CRACs,
AHUs, and chillers stop operating for a short period until powered by alternate
power sources. During this period servers continue generating heat in the data
center room without active cooling. It is conmmon notion that data centers contain
large thermal nmass, and hence, |arge heat capacity in the steel rack enclosures to
protect servers from the thermal shock due to rising room air tenperatures.
However, the rate of air tenperature rise and the availability of rack thermal nass
depend on several factors including the height of the data center room nunber of
rack enclosures and their size, nunmber of rack rows and their |ayout, and heat | oad
density of a data center. It is crucial for design engineers and facility nanagers
to know how nuch tine can be available for restarting the active cooling systens
before servers reach automatic shutoff tenperatures. Wth the help of a heat
transfer nodel this paper systematically analyzes the effect of various paraneters
and the inpact of rack thermal nmass on the tinme that air requires to reach the
t hermal shutoff threshol d tenperature.

| NTRCDUCTI ON

Continuous supply of electrical power to nmission critical facilities is
essential not only for uninterrupted operation of servers but also for providing
continued cooling to maintain supply air tenperatures within the acceptable range
of 64.4 F (18 C) to 80.6 F (27 C (as recomended by ASHRAE thermal guidelines (2).
However, during power outage situations servers continue to operate by the power
provided by uninterrupted power supply (UPS) units while the supply of cooling air
is conpletely halted until alternate neans of powering the cooling system are
activated. During this time servers continue to generate heat and the server fans
continue to circulate room air several tines though the servers. This can result in
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sharp increase in the roomair tenperature to undesirable levels, which in turn can
lead to automatic shutdown of servers and in some cases can even cause thermal
danage to servers.

Oten alternate neans such as thermal storage systens or standby generators are
provided to continue cooling operation during the power outage period (3). However
it takes some time to restart these systems and resune nornal cooling operation
(1). It is crucial to understand the rate of tenperature rise of the room air
during this off cooling period and how |ong servers can sustain such a situation
wi thout automatic thermal shutdown. Data centers contain |large nunmber of rack
encl osures constructed out of rolled carbon steel. It is inmportant to know what
role this large thermal mass can play during this off cooling period. Volunetric
thermal capacity of this mass is equivalent to that of water (about 4000 kJ/n?K).
The goal of this paper is to evaluate contributions of this thermal nmass in
attenuating the rise of air tenperature during the power outage situation. The rate
of such tenmperature rise depends on several factors including heat |oad density of
data centers, height of data center room nunber of rack enclosures and their
| ayout, and the extent of exposed surface area available for utilizing the thernal
mass. This paper presents heat transfer analysis to systematically evaluate the
effect of these paranmeters on the extent of air tenperature rise of data center
facilities.

DESCRI PTI ON OF HEAT TRANSFER MODEL

The heat transfer analysis developed during this study is based on the
hypot hesis that the total heat generated by servers during the off cooling period
is prinmarily dissipated to the surrounding air through active recirculation induced
by the server fans. Air then dissipates part of this heat to the surroundi ngs
t hrough several pathways that includes rack enclosure nass, mass of the cold air
trapped under the raised floor, and to the outside world through the building
envel op. Thus, the total generated heat is dissipated through various heat transfer
pat hways is shown in Figure 1 and described by the follow ng equations.
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Figure 1. Schematic diagram showi ng vari ous heat transfer pathways.
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The rate of heat transfer mechani sms between the air and the other conponents,
as shown in the equation (2), depends on their respective heat transfer
coefficients (U), exposed surface area (A), and their respective tenperature
differences (AT) with the room air. The rate of air tenperature rise can be
potentially reduced if the rate of heat transport to these other conponents such as
rack enclosures can be enhanced. However, these rates depend on the design and
ayout of the data center. This is further discussed under the results and
di scussi on section.

The above heat transfer nodel is a zero dinensional nodel and assunes all
spatial variations within the data center are negligible. It is assuned that all
the heat generated by the servers is primarily carried away by convection nechani sm
of the circulating air. The air in the data center room is assuned to be well
m xed, and hence, assunes a single mxed tenperature. Since the air is rapidly
noved by the server fans this assunption is quite reasonable. Also all the rack
encl osure mass assumes a single tenperature. The resistance to heat transfer within
the rack mass is assunmed to be small due to large thermal conductivity conpared to
the heat transfer coefficient on the surfaces. It should be noted the thermal nass
of racks considered in this analysis does not include the thermal mass of servers.
Unlike rack enclosures the servers are assuned primarily as a source of heat
generation, and therefore, their associated thermal nmass is not available for the
roomair to reject heat. Al references to rack mass or rack surface area in this
paper refer to those of rack enclosures. It is further assunmed that initially,
right after the power outage, the room air and the rack mass are in thermnal
equi li brium and assunme a certain average initial tenperature. Heat transfer due to
the other thermal nasses such as ducts, pipes, building conponents, and coils in
the air handler wunits are not considered in this analysis. The rate of heat
generation fromservers is assuned to be constant over the period anal ysis.

When air handler fans are placed on UPS, then the cold air in the supply plenum
can be circulated at least for sone time to provide cooling right after the power
outage (3). This analysis assumes air handler fans are not connected to UPS, and
hence, due to thermal stratification the cold air in the supply plenumis trapped
under the raised floor. In this situation as shown in the equation (2d), the hot
air from the data center room can transfer heat into the cold plenum while the
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pl enum air can exchange heat with the ground through the slab. Thus, the hot air in
the data center room can indirectly exchange heat with the ground. In the case of
flat floor data center, the roomcan directly exchange heat with the ground through
slab. The analysis of flat floor data center is not part of this paper

The rate of heat transfer to rack nmass depends on the extent of the surface area
of the racks exposed to the surrounding moving air. For nmost racks only top and
bottom surfaces are available for exchanging the heat. In addition, side faces of
the end racks located at the end of each rack row are available for such exchange
The net available surface area of the racks can be calculated by the follow ng
equation (3). Note the available surface area increases with the size of racks,
nunmber of racks, and with the nunber of rack rows.

Argck = 2D (Npggg W + Ny, H) (3)

Ideally the maxi mum surface area of racks would be available if all the racks
have side panels and are separated from each other to allow passage of air.
However, such an arrangenent is not practical first due to the requirenent of I|arge
floor space and secondly to avoid any air |eakage between the cold and hot aisles
during the normal operation

In order to understand the effect of thermal nass on lowering the air
tenperature rise in the data center, a hypothetical case is considered where al
the heat generated by servers is entirely absorbed by the room air. In this
situation, the heat transfer nodel in equation (1) becones

dTair _ _dgen_
de Epvc?jm’r (4)
This trend in the rise in the air tenperature is shown for conparison in a few
cases to evaluate the inmpact of the rack thermal mass in reducing the air
t emrperature

DESCRI PTI ON OF THE CASES ANALYZED

A list of various paraneters analyzed with their respective levels is shown in
Table (1). A 2500 sqg.ft. data center wth heat l|oad density of 200 Wsqft
consisting of a total 100 rack enclosures arranged in 10 rack rows was considered
as a base case. A total of five additional cases were analyzed by systematically
varyi ng room height (Case 1), heat | oad density (Case 2), weight of racks (Case 3),
nunber of rack rows (Case 4), and nunber of racks (Case 5) from the base case
parameters. As shown in the Table (1) efforts were made to vary only one paraneter
at a time to clearly understand its effect on the air tenperature rise. A total 3
| evel s (1 base case level and 2 additional l|evels) of each paraneter were anal yzed.
As shown in the Table (1) the initial average tenperature of room air, rack mass
and that of the air in the under floor plenum were kept at the sane levels for all
the cases. Similarly the ambient and ground tenperatures were kept constant in al
the cases. Table (1) also shows values of various thernmal conductances enployed in
this analysis. It should be noted that the value given for the rack thernal
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conductance is for a single rack. In the case of nmultiple racks as considered in
this analysis, the value of rack thermal conductance becones nuch |arger conpared
to the conductnaces of other heat transfer pathways. The heat transfer node
described in the previous section was enployed to study the effect various
parameters on the rise in air tenperatures in a data center. The heat transfer
equations were solved nunerically for a total duration of 5 minutes of the off
cool i ng peri od.
Table 1: List of paraneters enployed in the analysis.

Case 4 Case 5

Case 1 Case 2 Case 3
Parameter Base Case (roomheight)  (heat load density) (rack weight) (number of (number of
rackrows)  racks)
Room Area, sq.ft. 2500 (232.2 m2)
. 15 ft (4.6 m)
Room height, ft 10 (3 m) 20 ft (6.1 m)
Supply plenum height, ft 3(09m)
. 50 (538 W/m2)
Heat load density, W/sqft 200 (2153 W/m2) 100 (1076 W/n2)
Heat load per rack, kW 5 125,25 20, 10
Length (ft) 4(1.2m)
Width (ft) 2 (0.6 m)
Height (ft) 6.5 (1.98 m)
. 200 (90.7 kg)
Weight per rack (Ib) 250 (113 kg) 300 (136 ke)
Racks per row 10 20,5
Number of rack rows 10 5,20 25,5
Number of racks 100 25, 50
Initial temperature of air, F 65 (183 C) Thermal conductance (W/K)
Initial temperature of rack mass, F 65 (183 C) Single Rack 197
Initial temperature of plenum air, F 60 (15.6 C) Building Envelop 123
Ambient air temperature, F 72(222C) Plenumtop 130
Ground temperature, F 60 (15.6 C) Plenum bottom 58

RESULTS AND DI SCUSSI ON

Results of the analysis are presented mainly in three formats: 1) variation of
roomair temperature with tine (Figure 2); 2) time required for the air tenperature
to reach server shut off threshold tenperatures of 95F and 125F (Figure 3); 3) how
the total heat generated by servers is absorbed anbng various heat transfer
pat hways is expressed as percent of the total generated heat during the 5 mnutes
period (Figure 4).

A few general observations fromthe results of this analysis which are conmon in
all the cases are as follows. Figure 2 indicates the rate of rise of air
tenperature reaches alnobst a constant value within five mnutes in all the cases
This stage is generally reached when a certain constant tenperature difference
between the air tenperature and the tenperature of the racks nmmss is attained.
Secondly, the results for all the cases as shown in Figure 3 indicate that higher
server shut off temperature (125 F) provide significantly larger time w ndow to
power the alternate cooling systems than that for the |ower tenperature of 95 F. In
fact in nost cases, with couple of exceptions, air reaches 95F tenperature wthin
50 seconds. Finally only less than 2 percent of the total generated heat is
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di ssipated to the under floor plenum and through the building envel op while rest of
the heat is nainly absorbed by the room air and the rack nass (Figure 4). The
results for each case are discussed in detail bel ow

Case 1: Effect of Room Hei ght

Increasing the room height increases the heat capacity of the room air. As a
result, for identical data centers with the sane nunber of racks and heat | oad,
taller rooms can keep the air tenperature lower and hold nore heat. As shown in
Figure 2a and Figure 3, for every 5 ft increase in the room height, the tine
required to reach 95 F threshold tenperatures increased by about 50 percent and
that by about 25 percent to reach 125 F tenperatures. In other words, by increasing
the room height from 10 ft to 20 ft, the tine required for reaching 95 F threshold
tenmperature increased alnmost by a factor of 2 and by a factor of 1.5 for the
tenperature of 125 F. It should be noted that room height has significant effect on
the air tenperature rise during the first few seconds when the tenperature
di fference between the air and rack thermal mass is still low Figure 2a also shows
corresponding variations in the rack mass tenperature. It should be noted the rate
of heating of air and rack nmass and the tenperature difference between the roomair
and rack mass alnpbst reaches a constant value after about 90 seconds. Figure 4
indicates with increase in room height the percent heat absorbed by the room air
increases and that of the rack nmass decreases. Wth respect to the air heat
capacity, the rack containment systens have order of magnitude |ess heat capacity
of the air than that in the data centers. Such systems with high heat |oad can
reach very high air tenmperatures in a very short time during the power outage
si tuation.

Case 2: Effect of Heat Load Density

The rate of heat generation directly affects the rate of heating of the room
air. For identical data centers with simlar dinensions and the sane nunber of
racks and layout, |ow density data centers can provide significantly larger tine
wi ndow to start cooling operation during the power outage than that for high
density data centers. Figure 2b and Figure 3 show in the case of 50 Wsqgft and 100
Wsqft heat |oad densities, the room air tenperature did not rise beyond 84 F and
102 F, and hence, did not reach the threshold tenperatures during the 5 mnute
period. On the other hand, in the case of 200 Wsqft heat |oad density, the room
air temperature reached 140 F during the same tinme while reaching 95 F and 125 F
threshold tenperatures just after 45 and 193 seconds, respectively. It should be
noted, as shown in Table 1, in all these cases the nunber of racks was kept to
constant value of 100. This resulted in lower heat |oad per rack for |ow density
data centers. Also, it kept the ratio of room heat capacity to the rack mass heat
capacity constant. As a result, as shown in Figure 4, the heat |oad density did not
affect the relative distribution of the heat absorbed between the room air and the
rack mass.

Case 3: Effect of Weight of Racks

Increasing the weight of racks increases the thermal mass (heat capacity) of
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racks. This helps in keeping the rack mass tenperature down, which in turn, can
help in keeping larger tenperature difference between the room air and the rack
mass. However, this factor has only secondary effect on the room air tenperature
The primary link between the room air and the rack thermal nmass is the thernmnal
conductance (UA factor) as shown in the equation (2b). Since the number of racks
and nunber of rack rows were kept constant in all these cases, the surface area for
heat transfer remmined the same. Therefore, weight of the racks al one has narginal
effect on keeping the air tenperature down especially during a few initial seconds
of the power outage. As indicated in Figure 2c, the effect of rack weight becones
significant only after 80 seconds of heating, and therefore, the threshold
tenperature of 95 F are reached alnbst at the same tine of 45 seconds in all the
cases. However, when the servers are set for higher threshold tenperature of 125F,
every 50 Ib increase in the rack weight increased the time required to reach the
threshold tenperature by about 12 per cent. The curve for 0 Ib rack weight
i ndi cates absence of any rack thermal mass and shows hypothetical rise in the air
tenperature according to equation (4). This trend in conparison with the other
curves indicates how rack thermal nmass helps in attenuating the rate of tenperature
rise of roomair. As expected, Figure 4 shows due to increase in the heat capacity
the rack mass absorbs nore heat than that of roomair.

Case 4: Effect of Nunber of Rack Rows

As nentioned before and indicated by equation (3), increasing the nunmber of rack
rows increases the available surface area for heat transfer between room air and
the rack mass. This factor affects the availability of rack thermal mass for heat
transfer, and therefore, affects the room air tenperature nore significantly than
the weight of the racks alone. It should be noted that in all these cases all the
ot her paraneters including the weight of the racks are kept at the same levels. As
shown in Figure 2d and in Figure 3, increasing the rack rows from5 to 20, the tine
required to reach the server shut off tenperature of 95 F and 125F increases by 26
and 48 percent, respectively. Due to increased surface area and resulting increase
in the rate of heat transfer; increase in the nunmber racks rows increases the
percent of the total heat absorption by the rack mass as shown in Figure 4.

Case 5: Effect of Nunber of Racks

This factor conbines the previous two factors together. Increase in the nunber
of racks increases the thermal nmass of racks as well as its availability by
increasing the total heat transfer surface area. As shown in Table 1, the size of
the data center as well as the heat |oad density kept at the sane level as in the
base case. Therefore, fewer racks mean nore enpty space in the data center
resulting in higher heat |oad concentrated at one |ocation with high heat density

racks. On the other hand, increasing the nunber of racks resulted in nore
distributed heat load in the entire data center. As shown in Figure 2e and in
Figure 3, increase in the nunber of racks from 25 to 50 and from 25 to 100

increased the time required for the roomair to reach 95F threshold tenperature by
13 percent and 45 percent, respectively. However, for sinmlar increase in the
nunber of racks air would take 28 percent and 180 percent nore tine to reach 125 F
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threshold tenperatures, respectively. This analysis again indicates significant
advantage of increasing the server shut off threshold tenperatures to higher
levels. Figure 2e also shows with fewer racks the rate of air tenperature rise
reaches close to the hypothetical maxinmum rate as per equation (4). Wth increased
thermal nmass and increased heat transfer surface area result in higher percentage
of the total generated heat absorbed by the racks as shown in Figure 4.

SUMVARY AND CONCLUSI ONS

A zero dinmensional heat transfer nodel was devel oped to understand the rate of
heating of the room air and the tine it requires for room air to reach certain
server shutoff tenmperature under the power outage situation in a data center.
Several factors were evaluated to study the effect of rack enclosure thermal nass
on attenuation of the rate of room air heating. This analysis indicated that rack
thermal nmass can play inportant role in keeping the room air tenperature down
during the power outage situation. However, availability of this thermal nass
depends on the extent of the exposed surface area of the racks which can increase
by increasing the nunmber of racks and nunmber of rack rows. Also the room height
plays a significant role in keeping the air tenperature |ow especially during the
initial seconds of power outage. Servers wth high thermal shutoff threshold
tenperatures can provide significantly longer tine for cooling systens to activate.
In general data centers with higher room heights, |arge nunmber of rack enclosures
arranged in large nunber of rack rows, and equipped with severs that can sustain
hi gher tenperatures before automatic thermal shutoff can provide substantially
longer time for the cooling systems to activate. Low density data centers with
these attributes have the lowest risk for server thermal shutoff and can provide
even longer time than that of the high density data centers for activating the
cool i ng systens.

NOVENCLATURE
A.aece = Surface area of rack thermal mass (nf)
H = Height of rack enclosures (m
D = Depth of rack enclosures (nm

W = Wdth of rack enclosures (m

Nyeger = Nunber of rack encl osures

Negww = Nunber of rack rows

ng = Rate of heat generation fromservers (W
Q., = Rate of heat absorbed by roomair (W

Q... = Rate of heat loss to rack enclosures (W
Q... = Rate of heat loss to building envelop (W
{:lpm = Rate of heat loss to under floor plenum (W
T.i» = Tenmperature of roomair (K)
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Tracx = Tenperature of rack thermal mass (K)

Tz = Tenperature of air in the plenum (K)

T = Tinme (s)

{ch?,}ﬂir = Heat capacity of roomair (J/K)

'[mc?,}mck = Heat capacity of rack mass (J/K)

(UA)raex = Thermal conductance between roomair and rack thermal mass (WK)

(UA)gpe = Thermal conduct ance between room air and buil ding envel op (W K)

(UA}T?,M = Ther mal conduct ance between roomair and raised floor (WK)

(Uﬂjﬂp:n = Ther mal conduct ance between plenumair and ground slab (WK)

(AT )pger = Tenperature difference between roomair and rack thermal mass (K)

AT o = Tenperature difference between roomair and anbient air (K)

{ﬁ?‘}m;n = Tenmperature difference between roomair and plenumair (K)

AT gpin = Tenperature di fference between plenumair and ground (K)
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Figure 2d: Variation of room air tenperature with time for various nunber of
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