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Storage has become ubiquitous. Disk drives are com-
monplace in most laptops and desktops. In addition, they
are used in large numbers in high-end server systems. Stor- "o
age devices have also proliferated the consumer elecsronic
market with their use in products like cameras, and portable INTRODUCTION
music devices. This widespread usage of disks has been the
result of tremendous growth in both the density and speed of ~ Storage plays an important role in computer systems.
these devices. Over the past two decades, we have been emany applications, such as transaction processing, web ser
joying a 40 percent annual growth in the data rate of disks, vices, multimedia content dissemination, and scientifta da
due to innovations in the recording technology coupled with processing, are data driven and their performance is criti-
a scaling up of the drive RPM. Since raising the RPM in- cally dependent on the underlying storage system. Design-
creases the heat that is generated due to viscous dissipatioing disk drives involves tradeoffs between capacity, speed
by nearly a cubic factor, in order to design the drives for a and power. Capacity of a disk drive can be increased by
constant thermal envelope, the platter sizes are alsolshrun using larger platters and/or multiple of them. However the
as the latter has a fifth power impact on the temperature. number of platters and their size affect the heat that isigene

In this paper, it shall be shown that this thermal- ated in the disk drive (due to viscous dissipation) by a linea
constrained scaling is going to be very challenging to sus-factor and by the 4.6th power respectively [1]. The data rate
tain even for very small platter sizes, causing a signifi- of the disk drive can be increased by improvements in the
cant slowdown in the pace of performance growth in future linear density and/or increases in the RPM. The latter cause
drives. Using real workloads, the need for continued scal- the viscous dissipation to increase by the 2.8th power.
ing of the data rate is motivated. Some simple techniques Inorder to design disk drives for a constant thermal enve-
will be presented that can be employed to overcome thesdope, the conventional method has been to shrink the platter
effects. Finally, it will also be shown that managing tem- Size, which reduces the viscous dissipation by nearly the

perature in disks cannot necessarily be tackled merely viafifth power, and exploit this slack to ramp up the RPM.
energy saving techniques. This design methodology has enabled the data rate of disk

Keywords: Storage System, Disk Drives, Power and Tem- drives to grow annually by 40 percent for nearly the past
perature Management two decades. The primary motivation for designing disks to
' operate within the thermal envelope is reliability. Highte
peratures can cause a variety of reliability problems, from
data corruption to a permanent failure of the device [2]. For
NOMENCLATURE example, a 15C rise in the ambienttemperature can double
the failure rate of a disk drive [3].
In this paper, it will be shown that this growth is going

BPI Linear Density (Bits/Inch) to be very challenging to sustain in future disk drives using
IDR  Internal Data Rate (MB/s) the current thermal-constrained design methodology. The
RAID Redundant Array of Independent need foraverage-caseesign viaDynamic Thermal Man-
Disks agement (DTMjechniques is motivated. Finally, it will be
RPM  Rotations Per Minute shown that temperature management of storage systems is

TPl Track Density (Tracks/Inch) notnecessarily the same as energy management.



THERMAL ROADMAP FOR FUTURE the previous modeling steps. The models were validated
DISK DRIVES against 13 real disk drives from four different manufactur-

] ) . ) ers and from four different calendar years and it was found

This section presents a “Roadmap” for future disk drives. that the capacity and performance models are within 12%
The roadmap gives the projected data rate and capacity foand 15% respectively of the real products for a given input

disk drives based on expected trends in recording technol-gp|, TP, platter diameter, and RPM. Complete numerical
ogy, the overheads associated with magnetic recording, an@ata of this validation is given in [6].

the relationships between platter size, RPM, and humber of
platters with respect to temperature. It is assumed that theThermal Model
disk drives have to be designed such that, even under worst-

case duty cycle conditions (i.e., platters are spinning, an  The thermal model is an extension of the work done
the arms are moving), the temperature does not exceed thgy Eibeck et al [7]. This model evaluates the temperature
thermal envelope. distribution of the drive by calculating the amount of heat
that is generated by components such as the spindle motor
(SPM) and the VCM, the conduction of heat along the solid

In order to derive the roadmap, the relationships betweencompgqﬁnistﬁnddthe (;onvect|cl)r1t c:f heatl to tge a|(;. tLt IS af'
capacity, performance, and temperature need to be estatit T2 L e cicrral ot is by the conduction ofhea
lished. _The capacity models are ba}sed on two funOI"Mnemalhrough the base and cover and the convection to the out-
properties of the underlying recording technology, namely side air. The outside air is assumed to be maintained at a
the linear density (BP) and the_ track density (-TPI)' Based constaﬁt temperature. In order to calculate the convective
onthe gecl)mletryather:aw capacity (in terms of blts)bof?]plat- heat transfer coefficient, the model makes use of empirical
teec;ugt?o%a} culated. This raw capacina., is given by the correlations for known geometries. The heat of the internal

' drive air is calculated as the sum of the heat energy con-

C — % 1w(r2 — 12)(BPI x TPI V(_ectfed to it by each Qf the sc_)I|d components a_nd the viscous
maz = 1 X Nsurp X (5 —17)( ) dissipation in the air itself minus the heat that is lost thylo

r, andr; denote the outer and inner radii of the disk platter the cover to the outside. The heat equations for the differen

(the spindle motor is housed within the inner circular aper- COMPonents are solved using the finite difference method.

ture of the platter).n,,,; is the number of disk surfaces, In ord_erto do the thermal S|mglat|on, the model requires
which is twice the number of physical plattensis called a set of input parameters. The first set of parameters relate
the stroke efficiencyand is the fraction of the total platter to the disk geometry, such as the inner and outer radii of a
surface that is user-accessible. This capacity is derated t platter, the drive enclosure dimensions, and the lengtheof t
account for overheads such as Zoned Bit Recording anddisk arms. In order to develop parameterized models for the
Servo sectors. Zoned Bit Recording is a coarse-grained waydeometry, actual disk drives were taken apart and their ge-
of accommodating variable sized tracks, where the tracksometry was studied in detail. This allowed us to determine
are grouped into zones, with each track in a zone having thehow the components are internally laid out and create ge-
same number of sectors. Servo is used to guide the moveometry models parameterized for the platter size and their
ment of the arms and are encoded as a Gray code over th@uantity. The physical drive parameters such as the length
total number of tracks on a surface. The Error Correcting Of the disk arm, thickness of the platter, base, and cover etc
Code (ECC) overheads, due to change in Signal-to-NoiseWhich are not considered by the capacity and performance
ratios caused by Terabit and higher areal densities [4], arenodels, were measured using Vernier calipers. The next
also accounted for. The two performance metrics modeledset of parameters relates to the materials that compose the
are: seek time and data rate. When we need to read or writélfive. The platters on most disk drives are typically made
a block of data in a disk drive, and the block is not on the 0f an Aluminum-Magnesium alloy and the base/cover cast-
current track, the disk arms need to be physically moved toing are Aluminum. As the exact alloy that is used tends
the desired track. The time that is incurred for this opera- to be proprietary information, it was assumed that the plat-
tion is called theseek time The seek time depends on the ters, together with the disk arm and spindle hub, are made
inertial power of the voice-coil motor (VCM) that is used to  Of Aluminum. The power output of the VCM, which is de-
move the arms and the radial length of the data band on thePendent on the size of the data zone, was calculated using
platter [5]. Physically, a seek involves an acceleratiomggh ~ the data given in [8]. The external ambient temperature was
when the VCM is turned on, followed by a coast-phase of assumed to be 28&C.

constant velocity where the VCM is off, and then a deceler-  This model was validated for a Hitachi Deskstar 7K500
ation to stop the arms near the desired track, during whichdisk drive, which is equipped with thermal sensors that re-
the VCM is again active but the current is reversed to gen- port the temperature of the disk cover. The disk drive was
erate the braking effect. THénternal) Data Rate (IDR)s placed in an isothermal oven and was connected to a work-
the actual speed at which data can be read from or writtenstation. The oven temperature was set t66&nd the disk

to the the platters. The IDR is proportional to the product of was allowed to spin in idle mode (i.e., the SPM is active but
the BPI, RPM, and platter diameter and is calculated from the VCM is not) for a period of 6 hours in order to allow
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the device to stabilize at its steady-state temperature. Th curve, the IDR requirements increase nearly 29 times from
steady-state temperature was found to be81This ex- the year 2002 to 2012. A portion of the required increase
periment was replicated in the simulator and the reportedis provided by the growth in the linear density alone. Any
steady-temperature was 83@. This small difference be- demands beyond that has to be provided by an increase in
tween the actual and simulated readings is due to the lackhe RPM. In order to determine the points on the roadmap
of power models for the electronic components of the disk where significant changes in the RPM are required, it is use-
drive in the simulator and possible imprecision in the ther- ful to sub-divide the timeline into three regions, namedig t

mal sensor. years before 2004, where the BPI and TPI growth rates are
30 percent and 50 percent respectively [9], the years from
The Roadmap 2004 to 2009, which are in the sub-terabit areal densities.

o In this region, the BPI and TPI growth rates slow down but

In order to setup the roadmap, a predictive technology ECC requirements are still moderate. In order to compen-
model was used for the BPI and TPI. This was done by sate for the slowdown in recording density, the RPM would
leveraging data that has been published about the passtrencheed to be scaled up more aggressively so that we can meet
in the recording technology [9] and projecting it for an 11- the data rate requirements. The region from 2010 to 2012
year period starting from the year 2002. The growth of BPI ¢orresponds to the Terabit areal density region where there
IS eXpeCted to slow down due to factors such as the diffi- isa Steep growth inthe ECC requirementsi Whereby requir-
Culty in |0wering the ﬂy helght of the head, prOblemS in |ng even more aggressive RPM Sca”ng_
using a recording medium that is more coercive (since itis  From the thermal viewpoint, it is found that the viscous
challenging to design the write head for such media), anddissipation increases from 0.91 W in 2002 to 1.13 W in
the magnetic grain size constraints imposed by the super-2003 for the 2.6-inch disk drive. In the second region of the
paramagnetic limit. The TPI growth is expected to slow roadmap, due to more aggressive scaling of the RPM (and
down as well since narrower tracks are more susceptible tojts nearly cubic power impact), the viscous dissipation in-
media noise, and more closely packed tracks lead to inter-creases from 2 W in 2004 to over 35.55 W in 2009, causing
track interference [10]. The ratio of the BPI to TPI (called 3 significant rise in temperature, well above the thermal en-
the Bit-Aspect Ratio) was calculated by studying a set of yelope. Overall, we observe that this scaling of the RPM is
proposals for Terabit areal density disk drives [4, 11, 12]. ot possible to sustain within the thermal envelope from the
When generating the roadmap, the goal is to determine thepp7 timeframe onwards and the feasible IDR falls off the
RPM for a given platter size and also the BPI and TPI val- 40 percent curve even for the 1.6-inch platter size. The vis-
ues for a given calendar year such that we sustain the annualous dissipation increases even further from the year 2010
IDR growth of 40 percent. The roadmap for a 1-platter disk onwards and reaches a value of 499.73 W in 2012, caus-

drive is shown in Fig. 1. ing the internal air temperature to reach as high as 602.98
°Cl! In order to prevent these situations from happening the
W PaterRRoamap RPM would need to be capped, thereby the IDR would fall
5 Ao ceR below the 40 percent curve. This is projected to happen in
e the 2007 timeframe (as shown in the figure).

One trivial way of preventing this fall-off is by incor-
porating progressively more powerful cooling systems. In-
deed, it was found that for every & of extra reduction
in the ambient air temperature, we can buy nearly one year

B along the roadmap in the short-term (although the terabit
o transition would require a more aggressive reduction in the
//\/ temperature). However, increasing the cooling budgettis no
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IDR (MB/s)

a scalable solution due to the high cost, both in terms of
the fixed infrastructure (chilled water plants, air distitibn
system etc.) and also operational costs. Moreover, other
components that are in close proximity to the disk drives
Figure 1: Disk Drive Roadmap. Each solid curve gives the (eg. processors and memory modules inside a rack-mount
maximum attainable IDR within the thermal envelope. The unit) can preheat the ambient air. Given that the focus on

dotted line indicates the 40 percent target growth rate in data center design today is to minimize the costs of cooling
IDR. [13], it is important to design the storage system to be able

to deliver the required performance/capacity in an energy
h efficient manner.
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The graph shows the data rates for future disk drives wit
three different platter sizes housed within a 3.5-inch form
factor drive enclosure. The dotted straight line in the brap THE NEED FOR FASTER DISK S
corresponds to the 40 percent IDR growth rate. A brief
analysis of this roadmap shall now be presented. Consider In this section, the need for continued growth in disk
the 2.6-inch platter size. Along the 40 percent growth rate drive data rates will be motivated and the thermal ramifi-



cations of this growth will be presented. The performance continued growth in the data rate of disk drives.
of various /O intensive server applications were studied. |n order to analyze the dynamic thermal behavior of the
The original storage system on which the traces were col-storage system under actual workload execution, we have
lected were re-created in the performance simulator (whichpuilt a detailed thermal-performance simulator [15]. The
is Disksim [14]), both in terms of the actual disk drives simulator consists of two components, namely, the perfor-
used and also higher level organizational parameters such amance model and the thermal model. The thermal state
RAID. Disksim is widely used in storage systems research. is maintained and updated as the performance simulation
The RPM of the disks were increased in increments of 5000progresses_ The state information is maintained sepgratel
RPM (all other things remaining constant) and the impact for each simulated disk. The thermal state of a disk is up-
on the response time was studied. The question that wedated on any event in the performance simulation that can
seek to answer is whether using higher speed disk drives isaffect the thermal behavior. For example, a seek operation
able to provide significant performance benefit for real ap- requires an arm movement, which causes the VCM to ex-
plications. pend power and therefore generate heat. Since the perfor-
mance model (Disksim) is an event-driven simulator and
‘ ‘ the thermal model is based on explicit time-varying behav-
T ] ior, the performance model is made to sample the latter a
o high frequency, in order to get accuracy. Here, the perfor-
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Figure 2: Disk Drive Roadmap. Each solid curve gives the
maximum attainable IDR within the thermal envelope. The
dotted line indicates the 40 percent target growth rate R 1D
over time.

Although several applications were analyzed in this
study, in the interest of clarity, the results are preseatdy
for two, namely,Openmailand Search-Engine Openmail

mance model invokes the thermal simulator a certain num-
ber of times between any two I/O events and communicates
its state. Since disk seeks have a significant impact on the
disk drive temperature, this component is modeled accu-
rately. For this, a Bang-Bang Triangular Seek [16] model
is used, where both the acceleration and deceleration times
are equal. Between these two phases, the disk may coast
for a certain period of time depending upon the maximum
velocity at which the arms are designed to travel and also
the physical distance that needs to be traversed. For a given
seek operation, the power that is expended is the highest
when the distance to be traversed is such that the disk ac-
celerates to the maximum velocity and immediately decel-
erates. Seeks of shorter or longer distance (where the arm
coasts along the platter surface with the momentum that it
has built up) generate less heat.

The thermal behavior of the two applications is shown
in Fig. 3. The graphs show the temperature of one of the
disks, namely, disk O, during the simulation of the work-
loads. In each graph, we plot the temperature when the
disks are operating in their baseline configurations, in ad-
dition to the higher speed ones shown in Fig. 2. In order to
study the thermal behavior at the steady-state, the wadkloa
is executed after the disks are allowed to “warmup” for 150
minutes from their initial, off (cold) state. For these 150
minutes, it is assumed that the disks are rotating but tisere i
no movement of the arm. Once the disks reach their steady-
state idle temperature, the workload begins execution.

For both the applications, it can be observed that a 5000
RPM increase from the baseline can be accommodated
within the thermal envelope without increasing the cooling
requirements. This is due to the nature of the seek times,

is a trace of the 1/O requests to a mail-server at the Atlantawhich are mostly small, thereby causing very little heat to
Response Center. Search-Engine is a trace of the requestse generated. However, when the speed is increased by an-
to an Internet search engine server. The results for thesether 5000 RPM, the disk temperature crosses above the
two applications are shown in Fig. 2. The data shows thethermal envelope. The disk that is used for Search-Engine
Cumulative Density Function (CDF) of the response times. application experiences a more significant excursion above
It is observed that a 10K RPM rise from the baselines pro- than that of Openmail. This is because the storage system of
vides significant performance benefit. The CDF curves shift Search-Engine uses 4-platter disks, which causes a greater
to the left whereby indicating that most of the 1/0 requests amount of heat dissipation at the higher RPM than the 1-
benefited from the higher RPM. This motivates the need for platter disks used in Openmail. Since the cooling budget



Openmall, Disko DTM Mechanisms and Policies
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g P | Two approaches to implement DTM are illustrated in
00| ] Fig. 4. The technique shown in Fig. 4(a) is the simplest and
4300 ¢ 1 requires very little modification to the existing disk drive
2001 et et designs. This graph shows the temperature response of a
hypothetical disk drive. The dashed horizontal line is the
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Temperature ('C)
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30.00 ] thermal envelope. For this disk, in the absence of any seek
B0 ey 300 30 activity (i.e., VCM is off), the temperature remains below
Time (sec) the thermal envelope. This is shown by the lower of the
{10000 i 15000 7P % 20000 7B 5] two solid curves. However, if the VCM is active, the tem-
Search-Engine, Disk perature could rise above the threshold. In order to prevent
54.00 —— this situation from happening, we would need to invoke the
5200 . - . DTM countermeasure. This DTM policy can work as fol-
5 wol ] lows. When the temperature of the disk drive is close to the
£ 600 ] thermal envelope, we stop issuing requests to it. This cause
g 400 ] all seek activity to stop whereby allowing the disk to cool
§ 200 4 1 down. After the temperature has been sufficiently reduced,
o f . ] it is allowed to resume servicing requests again.
36.00 L The results for this strategy are shown in Fig. 5 for the
ey Y 2000 14000 Search-Engine workload. In order to explain this experi-
T BT T DT I ment, two terms need to be defined, naméilgrmal emer-
gencyandthermal safety The thermal emergency is the
Figure 3: Thermal profiles of the applications. temperature at which the DTM mechanism is invoked. Af-

ter this point, no requests are served and they are queued
up until the temperature falls to titeermal safetyalue,

has been established to meet the thermal envelope specifidt Which time normal operation resumes. In the graph, the
cations at 10K RPM, the excess heat that is generated is notesults are shown for three values for the thermal safety,

sufficiently extracted out by the cooling system, causireg th Namely, 98.8, 98.6, and 98.4 percent respectively. Due to
disk drive temperature to rise. long simulation times, the results are shown only for the

first 200,000 I/O requests. Figure 5(a) shows the CDF of the
response times using this technique for various valuesof th
TECHNIQUES FOR TEMPERATURE thermal safety. The response times are plotted for the base-
MANAGEMENT line configuration which uses 10000 RPM disks, a config-
uration that uses disks whose speeds are 5000 RPM higher
As the results indicate, it is going to be difficult to de- than the baseline but not needing DTM, and also disks of
sign disk drives that can deliver performance along the IDR 17115 RPM that require DTM but plotted in order to show
curve that we have enjoyed for nearly the past two decadesthe difference between the idealized case where DTM is not
and still be able to meet the thermal budget. Moreover, required and the actual behavior under throttling. It can be
in enterprise class systems, there is no viable alternative 0observed that even though in the idealized case, the 17115
hard disk drives. Flash-based hybrid disk drives [17], Wwhic RPM disk drive can provide good performance, the appli-
are starting to appear in the market, are not attractive forcation of DTM severely degrades performance wherein a
servers. The reliability of flash memory, which is primarily majority of the requests have response times in excess of
linked to the number of write/erase cycles, would cause the200 ms (compared to 40-60 ms even for the 10000 RPM
device to fail within a short span of time under the relagvel ~disk). This is because of delays incurred due to throttling
heavy 1/O loads that are common in servers. Moreover, thevery frequently (as shown in Fig. 5(b)).
latency of the underlying hard disk drive is still an issue  An alternative approach to (indirectly) implement seek-
for read traffic. It has also been shown that applications based temperature management is by laying out the data on
benefit from continued growth in the data rate. Increasing the disk drives in such a way that most of the time the phys-
the cooling budget to meet these requirements is not costical seek does not expend much power. There are poten-
effective, especially for the highly commaoditized diskwri  tially two ways of achieving this: (1) make the seek shorter
market. The implication of all these factors is that we need than the hottest seek profile (discussed earlier) (2) make th
to move away from designing for the worst-case thermal seek longer by introducing coasting periods (during which
envelope and focus more @verage-casbéehavior. How- time the VCM is turned off). Figure 6 gives an indication
ever, we need to prevent the temperature from exceeding thef which approach could be more promising. In this graph,
thermal envelope at run-time. This can be accomplished bythe temperature of the disk drives are plotted for various
dynamically modulating the activities on the disk drive via seek-time values (given on the x-axis) for a given value of
Dynamic Thermal Management (DTM) the Inter-Seek Time (IST). (The Inter-Seek Time is the time
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Figure 6: Relationship between seek-time and disk temper-
or ] ature for a 1-platter 15K RPM disk drive.

Another possibility is to modulate the RPM of the disk
drive. Since the RPM has nearly a cubic impact on the vis-
cous dissipation, the ability to modulate this component ca
be a very effective technique to control temperature. Ia thi
T e Ry context, there are two possible techniques, which are of pro

(b) gressively increasing sophistication. In the first apphgac

we can use a disk drive that implements a low RPM idle

mode (i.e., it cannot service any I/O requests) at the lower
speed. Indeed, such hard disk drives do exist in the mar-
ket today, such as the Hitachi Deskstar 7K400 [18]. Imple-
menting DTM with such a disk is illustrated in Fig. 4(b).
Here, when the temperature reaches the trip-point, seeking
between the end of a seek operation and the beginning ofis stopped and the RPM is lowered in order to cool it down.
another). The “summit” of each of the curves corresponds Then, when I/O can be resumed, the RPM is ramped up to
to the hottest seek where the arm accelerates to the maxifull-speed before servicing the pending requests.
mum velocity and immediately decelerates towards the tar- A more promising approach can be to use a multi-speed
get track. By observing the relative slopes of the curves to disk drive that can actually perform I/O at the lower speeds
the left and to the right of the peak, it is clear that disk seek as well. At the lower speeds, the disk is still available
that are shorter than the hot value keep the disk temperaturéor 1/0, although the rotational latencies and transfeesm
lower than those in the other region. Achieving such a seekwould be longer. Constructing a Dynamic RPM (DRPM)
profile is synergistic with performance-centric data layou [19] disk drive requires a head assembly that can maintain
optimizations and is also used by disk arm scheduling algo-its fly-height over the range of RPMs to be supported and
rithms like Shortest Positioning Time First (SPTF) that are also a variable-speed data channel to support the different
implemented inside the disk drive to reduce the seek time. bit rates. The key to the effectiveness of DRPM disk drives
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Figure 5: Impact of the Delay DTM technique for the
Search-Engine workload



is the transition times between the various RPMs, in addi- for Search-Engine, almost all the I/O traffic is serviced by
tion to the actual RPM values that they could support. It Disks 0-2. Although this can be used to save energy by
is worthwhile to study the design space of such disk drives spinning down disks 3-5, the former set of disks experience
to ascertain the extent of the benefit and the potential of more severe excursions above the thermal envelope (analo-
DRPM as a long-term solution to the temperature problem gous to a “hot-spot”).

for magnetic disk drives. On the other hand, if the disks employ DRPM, one
could potentially attain both energy savings and reduce the
amount of heat that is generated, while still doing I/O, al-
beit at a degraded throughput. One could design appropri-
ate control policies for doing the speed control for achigvi
these goals. This warrants serious consideration of DRPM
as a feature, for at least enterprise class disk drives, &1 me
the performance demands and the thermal budgets in future
storage systems.

Is Energy Management = Temper ature Management?

HPL Openmail, 19700 RPM

CONCLUSIONS

This paper has shown that it is going to be challenging
to design disk drives in the future that both provide growth
along the established performance curve and also adhere to

() the thermal design envelope. Using real applications, the
Search-Engine, 17115 RPM need for continued improvements in disk drive speeds was
‘ ‘ motivated and the need for designing for the average, rather
than worst-case, operational conditions has been proposed
In order to achieve this, some form of Dynamic Thermal
Management (DTM) would need to be provisioned. This
paper has also shown that temperature management war-
rants special consideration and might not be achievable by
merely applying techniques intended for reducing the en-
ergy consumption. However, it might be possible to meet
both these optimization goals via DRPM-based techniques.
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There has been extensive research on power manage-
ment of disk drives. One popular technique that is used for
multi-disk enterprise-class storage systems is to agtgega
the data into a minimal set of drives at run-time and turn
off the remaining ones [20]. However, funneling all the I/O
traffic through just a subset of the disks can significantly in
crease the intensity of activity on them, leading to possibl
thermal violations. This is illustrated in Fig. 7.

The graphs show the percentage of time that the disk [3]

drives operate above the thermal envelope when servicing
the I/O requests of these applications. The RPMs have been
chosen such that they are candidates for temperature €ontro
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