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(57) ABSTRACT 

Systems and methods for detecting and analyzing elevated 
temperatures at a component rack to identify and characterize 
air recirculation anomalies. In one embodiment, temperatures 
are sensed in proximity to an air intake of the component rack. 
Temperature sensors communicate With a Workstation having 
system management software including a thermal manage 
ment component for analyzing air intake temperatures. Pre 
de?ned temperature differentials (PTD) are established, cor 
responding to expected temperature differentials between the 
selected locations in the absence of any appreciable recircu 
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lation. The PTD provides a threshold for comparing With 
“actual” temperature differentials (ATD) to identify the pres 
ence and/or mode of recirculation. If an ATD exceeds a cor 

s 

responding PTD for a prede?ned time interval, a signal is 
output. The mode of recirculation, such as left-side, right 
side, or dual-surface recirculation, may be determined using (21) App1.No.: 11/755,889 
as feW as four temperature sensors positioned at a zone of 

interest (ZOI). (22) Filed: May 31, 2007 
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IDENTIFICATION AND 
CHARACTERIZATION OF RECIRCULATION 

IN ELECTRONIC SYSTEMS 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 
[0002] The present invention relates to cooling rack 
mounted computer equipment, and more particularly to the 
detection of hot air recirculation and other air?oW anomalies. 
[0003] 2. Description of the Related Art 
[0004] An air?oW anomaly is one type of fault scenario that 
may be experienced by a rack-mounted computer system. In 
the present context, an air?oW anomaly may be de?ned to 
include any unexpected or non-ideal air?oW condition affect 
ing a computer system. Some air?oW anomalies result in 
higher than expected air temperatures in a computer system. 
These elevated temperatures may prevent proper cooling of 
components, causing them to heat up more than expected and 
possibly exceed safe operating temperatures. 
[0005] Elevated intake temperatures can occur When heated 
air from a ?rst component rack is exhausted to a second 
component rack. The heated air exhausted from the ?rst com 
ponent rack may have detrimental effects on the cooling of the 
second rack. To avoid this complication, component racks 
may be arranged according to a “hot aisle” and “cold aisle” 
layout, Whereby neighboring component racks intake air 
from a shared cold aisle and exhaust air to a common hot aisle. 
This arrangement helps minimiZe the likelihood of appre 
ciable volumes of heated exhaust air from entering a neigh 
boring component rack. If a data center includes more than 
one roW of component racks, then there may be alternating 
hot and cold aisles With a component rack betWeen each aisle. 
The orientation of the component racks is also alternated in 
that case, so that the intake side of each component rack faces 
a cold aisle and the exhaust side of each component rack faces 
a hot aisle. 

[0006] Another, more common cause of hot air entering a 
component rack is the recirculation of heated air (“hot air 
recirculation”). Hot air recirculation (Which may alterna 
tively be referred to simply as “recirculation”) is a phenom 
enon Wherein hot exhaust air from a rack ?oWs back to the air 
intake of the same rack Without ?rst being cooled as intended. 
Recirculation may be caused, for example, by an obstruction, 
such as a Wall near the rack, Which causes the exhaust air to 
How around the side of a rack. Another condition that can 
cause recirculation is the insu?icient rejection of hot air from 
behind a component rack, resulting in a heat plume Which 
extends over the top and front of the rack and returns to the air 
intake of the component rack Without having been suf?ciently 
cooled. Still another cause of recirculation is the occurrence 
of gaps betWeen the components in a component rack through 
Which hot air is draWn due to the pressure differential betWeen 
the front and rear panel of the rack. 
[0007] Recirculation has been observed to increase intake 
air temperatures by 6 to 8 degrees Celsius in some installa 
tions. Recirculation can, therefore, negatively affect the cool 
ing of a component, causing the components in a rack to run 
hotter than desired. This may result in shorter “Mean Time 
BetWeen Failure” (MTBF), increased energy consumption 
due to increased fan speed, inef?cient use of cool air, 
increased leakage current, and reduced thermal bandWidth 
for emergency operations. The additional heat introduced to 
the rack by recirculating air may also cause the components to 
exceed thermal thresholds, particularly if the components are 
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operating in a room that is very Warm to begin With, or if the 
amount of heating that takes place Within the components is 
substantial. These elevated temperatures can cause one or 
more of the components to shut doWn or require them to be 
removed from service. 

SUMMARY OF THE INVENTION 

[0008] The invention includes systems and methods for 
identifying and characterizing recirculation in a rack-based 
computer system that houses a plurality of heat-generating 
components. In one embodiment, a plurality of temperature 
sensors is included in proximity to the air intake of the com 
ponent rack. Air?oW is established through the component 
rack from the air intake of the component rack to an air 
exhaust of the component rack. Air intake temperatures are 
monitored With the temperature sensors, and one or more 
temperature differentials are identi?ed betWeen any of the 
temperature sensors. A signal is output in response to any of 
the one or more temperature differentials exceeding a prede 
termined temperature differential for at least a predetermined 
time period. 
[0009] In another embodiment, a computer program prod 
uct comprises a computerusable medium including computer 
usable program code for diagnosing elevated temperature 
anomalies at the air intake to a component rack housing a 
plurality of heat-generating components. The computer pro 
gram product includes computer usable program code for 
monitoring air intake temperatures With temperature sensors 
positioned in proximity to an air intake of the component 
rack, for identifying one or more temperature differentials 
betWeen any of the temperature sensors, and for outputting a 
signal in response to any of the one or more temperature 
differentials exceeding a predetermined temperature differ 
ential for at least a predetermined time period. 
[0010] In another embodiment, a system is provided for 
diagnosing elevated temperature anomalies at the air intake to 
a component rack housing a plurality of heat-generating com 
ponents. A plurality of temperature sensors are positioned in 
proximity to an air intake of the component rack. An air?oW 
system generates air?oW through the component rack from 
the air intake of the component rack to an air exhaust panel of 
the component rack. A controller in communication With each 
of the temperature sensors monitor air intake temperatures, 
identi?es one or more temperature differentials betWeen any 

of the temperature sensors, and outputs a signal in response to 
any of the one or more temperature differentials exceeding a 
predetermined temperature differential for at least a predeter 
mined time period. 
[0011] Other embodiments, aspects, and advantages of the 
invention Will be apparent from the folloWing description and 
the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] FIG. 1 is a perspective vieW of a rack-based com 
puter system (“rack system”) that includes a roW of three 
component racks (“racks”) arranged side-by-side. 
[0013] FIG. 2 is a perspective vieW of the rack system, 
con?gured according to the invention With a plurality of tem 
perature sensors for sensing air intake temperatures and a 
thermal management module operating on a Workstation for 
analyZing the air intake temperatures. 
[0014] FIG. 3 is a ?owchart outlining a method of detecting 
and analyZing elevated intake temperatures according to an 
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embodiment of the invention that may be implemented, for 
example, on the rack system in FIG. 2. 
[0015] FIG. 4A is a schematic diagram illustrating the iden 
ti?cation of a right-side recirculation anomaly using four 
temperature sensors. 
[0016] FIG. 4B is a schematic diagram illustrating the iden 
ti?cation of a left-side recirculation anomaly using the four 
temperature sensors. 
[0017] FIG. 4C is a schematic diagram illustrating the iden 
ti?cation of a loWer-level recirculation anomaly using the 
four temperature sensors. 
[0018] FIG. 4D is a schematic diagram illustrating the iden 
ti?cation of an upper-level recirculation anomaly using the 
four temperature sensors. 
[0019] FIG. 4E is a schematic diagram illustrating the iden 
ti?cation of a dual-surface recirculation anomaly using the 
four temperature sensors. 
[0020] FIG. 5 is a schematic front vieW of a rack system 
according to another embodiment of the invention, Wherein 
each component disposed in a rack has an included tempera 
ture sensor. 

[0021] FIG. 6 is a schematic diagram of a computer system 
that may be con?gured for monitoring and analyZing air 
intake temperatures according to an embodiment of the 
invention. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0022] The present invention provides systems and meth 
ods for detecting and analyZing elevated temperatures at the 
air intake of a component rack to identify and characteriZe 
recirculation and other air?oW anomalies. A plurality of tem 
perature sensors are positioned at an air intake of the compo 
nent rack. The temperature sensors may be positioned in a 
grid providing a regular spacing betWeen temperature sen 
sors, such as in an orderly array of roWs and columns. The 
temperature sensors may be secured at selected locations in a 
variety of Ways, such as by providing each component With 
one or more built-in temperature sensors. Alternatively, the 
temperature sensors may be mounted on a grillWork remov 
ably positioned at the air intake of the component rack. The 
temperature sensors can even mounted directly to the rack. 
Still another alternative is to direct remotely positioned infra 
red temperature sensors at the selected locations of the air 
intake. The temperature sensors are in communication With a 
controller for analyZing the air intake temperatures. The con 
troller may be a remote Workstation netWorked With the rack 
mounted components for global management of the rack 
mounted components according to the air intake 
temperatures. Alternatively, the controller may, collectively, 
include the service processors or system management agents 
residing on the rack-mounted components, Whereby the air 
intake temperature analysis may be performed “locally” by 
the rack-mounted components and send any alerts to the 
remote Workstation. 

[0023] Air?oW is established through the component rack 
from the air intake of the component rack to an air exhaust of 
the component rack. A prede?ned temperature differential 
(PTD) is established as a threshold for the detection of poten 
tial recirculation. The PTD is an expected temperature differ 
ential betWeen any tWo of the selected locations in the 
absence of any appreciable recirculation or other air?oW 
anomaly. Air intake temperatures are then monitored at the 
selected locations. An “actual” temperature differential 
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(ATD) is identi?ed as the difference betWeen the tempera 
tures sensed at tWo locations. The ATD is compared With the 
corresponding PTD to identify the presence and/or mode of 
recirculation. If an ATD exceeds the threshold established by 
a corresponding PTD for at least a prede?ned time interval, an 
alert signal is generated in response. 
[0024] The mode of recirculation may be determined using 
the data from the temperature sensors positioned at a Zone of 
interest (ZOI). The ZOI may be any selected Zone of the air 
intake. For example, the ZOI may be a single component bay, 
a selected grouping of component bays, or even the entire 
front face of a component rack or an aisle of component racks. 
A temperature sensor may be positioned at as feW as tWo 
corners of the ZOI. A more detailed and informative analysis 
may be obtained With additional temperature sensors, such as 
by positioning a temperature sensor at each of the four corners 
of the ZOI. A rectangular ZOI provides a convenient demar 
cation, but is not required. For example, in one scenario, 
temperatures on the left side of a rectangular ZOI are sub 
stantially the same (ADT<PDT for the left-side sensors), 
While temperatures on the right side of the ZOI exceed the 
temperatures on the left side by at least the corresponding 
PTD(s) betWeen left-side sensor(s) and right-side sensor(s). 
In response to identi?cation of this condition, an alert may be 
generated indicating potential right-side recirculation. 
[0025] A more complex, dual-surface recirculation mode 
may also be detected according to the invention. For example, 
using as feW as four temperature sensors, one temperature 
sensor may be placed at each of the four comers of a rectan 
gular ZOI. If each temperature at three corners exceeds the 
temperature at the fourth comer by at least the associated 
PTDs, an alert may be generated indicating potential dual 
surface recirculation, Wherein hot air is recirculating along 
tWo adjoining surfaces. For instance, if the air intake tempera 
ture at the bottom right comer of a rack-mounted component 
is cooler than the temperature at each of the other three 
corners by at least the associated PTDs (thresholds), then the 
alert may indicate potential dual-surface recirculation along 
the upper and left-side surfaces of at least that component. 
The alert may also provide a clue as to potential air?oW 
problems on a larger scale, such as left/upper recirculation 
about the entire rack. 
[0026] To facilitate diagnosis of such a larger scale problem 
(i.e. an air?oW mode outside a particular ZOI), the analysis at 
one ZOI may be compared With the analysis of other ZOIs. 
For instance, the left/upper recirculation mode demonstrated 
by one component may be compared With the recirculation 
mode of neighboring components. If the neighboring com 
ponents also exhibit an upper/left recirculation mode, that 
evidence Would tend to support the conclusion of upper/left 
recirculation for the entire rack. Such clues may be supple 
mented by other data, such as the topology of the system. For 
example, knoWledge that the component exhibiting upper/ left 
recirculation is relatively close to the upper/ left position of a 
rack on the far left side of an aisle tends to support a ?nding 
that the entire rack or aisle is experiencing upper/ left recircu 
lation, rather than the component in isolation. 
[0027] FIG. 1 is a perspective vieW of a rack-based com 
puter system (“rack system”) 10 that includes a roW of three 
component racks (“racks”) 11, 12, 13 arranged side-by-side. 
Each component rack 11, 12, 13 has multiple components 30 
disposed therein. The components 3 0 include heat-generating 
electronic components, such as servers, data storage devices, 
and communication netWork routers. The rack system 10 
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and/ or the individual components 30 typically include one or 
more blowers (not shown) for generating air?ow through the 
rack system 10, to cool the components Within the rack sys 
tem 10. A “cold aisle” 20 supplies relatively cool, air-condi 
tioned air to an air intake 22 located at the front of the rack 
system 10. The air intake 22 spans the front face of the rack 
system 10. The air intake 22 may be made up of one or more 
rack panels or individual component panels. The air is heated 
by the heat-generating components 30 While passing through 
the rack system 10. The heated air is then exhausted to a hot 
aisle 26 through an air exhaust panel 24, Which is the rear face 
of the rack system 10. The air exhaust panel 24 may be made 
up of one or more panels, such as back panels of the racks or 
individual components 30 mounted thereon. The heated air 
exhaust then enters a computer room air conditioning system 
(CRAC) knoWn in the art, typically through ductWork located 
above the equipment near the ceiling. The CRAC cools and 
conditions the air, returning the cooled air through a grating 
25 at the cold aisle 20. By virtue of this dynamic conditioning 
of air by the CRAC, the rack system 10 receives, in the 
absence of recirculation, a steady, consistent, supply of cool 
air having a generally predictable and uniform air tempera 
ture. 

[0028] A complex air?oW pattern including various recir 
culation modes are indicated by arroWs representing air 
streams about the rack system 10. A number of different 
“modes” of hot air recirculation are present in FIG. 1. A hot 
air recirculation mode is one Way to characteriZe a particular 
form or manifestation of hot air recirculation. Here, air 
streams 31, 32 indicate What may be termed an “upper-level” 
mode of recirculation, Wherein some hot air recirculates up 
and over the top of the rack system 10, rather than ?oWing as 
intended to the CRAC. Thus, the heated air in air streams 31, 
32 reenters the rack system 10 through the air intake 22 
Without having ?rst been cooled by the CRAC. Other air 
streams 33, 34 are routed along the left and right sides of the 
rack system 10, respectively, Which is characteristic of “left 
side” and “right-side” recirculation modes, respectively. In 
yet another mode of recirculation, air ?oWs along air streams 
35, 36, 37, and 38 from the back of the rack system 10, 
through empty component bays, and to the front of the rack 
system 10. Ordinarily, these rack openings could be blocked 
off by securing blank ?ller panels to the racks 11, 12, 13, 
although this practice is not alWays adhered to. Because the 
blank ?ller panels are left off, the pressure difference created 
by fans Within the rack mounted components 50 can force 
heated exhaust air to travel forWard through the rack to the 
front of the equipment, Where it is draWn back into the rack 
system 10. As a result of the various recirculation modes 
present in the rack system 10, the air supply to the air intake 
22 is less uniform than it otherWise Would be, and higher than 
expected air temperatures may, therefore, be present at the air 
intake 22. It should be recogniZed that these recirculation 
modes are representative only, that other modes may exist, 
that any one or more of these modes may occur together, and 
that there may be no recirculation at any given point in time. 

[0029] A computer Workstation 14 is netWorked With the 
components 30, and includes system management softWare 
16 for monitoring and controlling the components 30 and 
other equipment in the data center. Non-limiting examples of 
system management softWare applications include IBM Net 
?nity Manager, IBM Net?nity Director, Tivoli TME 10, and 
Compaq Insight Manager. In addition to automatically moni 
toring and controlling the rack system 10, the system man 
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agement softWare 16 may also alert the system administrator 
18 if and When intervention is required for a particular com 
ponent 30. A system management agent may be installed on 
one or more of the components 30 for controlling the com 
ponents 30 locally, on its oWn initiative according to its oWn 
programming and/ or in accordance With instructions from the 
system management softWare 16. The Workstation 14 and the 
system management softWare 16 may receive a variety of 
different inputs from various sensors and components, 
including temperatures (e. g. air intake and otherWise), air?oW 
rates, processor activity levels, and so forth. The system man 
agement softWare 16 cooperates With the system manage 
ment agents to control the components 30, possibly in 
response to or as a function of input from the system admin 
istrator 18 and/or as a function of one or more system param 
eters monitored by the Workstation 14. For example, the 
Workstation 14 may selectively monitor and control the 
poWer distribution among the components 30, adjust bloWer 
speeds and associated air?oW rates as needed for properly 
cooling the rack system 10 and/ or its components 30, throttle 
the components 30, or individually poWer the components 30 
ON or OFF. 

[0030] The system management softWare also generates 
alerts, as needed, for the attention of the system administrator. 
If certain conditions are detected in a component 30, the 
system management softWare 16 may inform the system 
administrator of the conditions, such as by generating an alert 
including a Warning message or a visual description of the 
conditions on a display 18 of the Workstation 14. A Wide 
variety of fault scenarios or conditions may trigger an alert, 
only one example of Which is recirculation. Additional fault 
scenarios or conditions presently knoWn in the art may also be 
monitored. The alert may include an identi?cation of the 
affected components 30 and their detected condition(s) and 
positions. The system administrator may use this information 
to locate the component(s) 30 that is/are the subject of the 
message. The system management softWare 16 is optionally 
capable of presenting a graphical representation of the physi 
cal location of the component to the system administrator. In 
response to an alert, the administrator may make changes to 
the con?guration of the datacenter. Such actions may include 
moving racks or components to alternate locations, upgrading 
the siZe of the CRAC units, bloWers, and/or fans, installing 
blank panels to cover empty component bays, and/or redis 
tributing Workload (e.g. application programs) Within the 
data center. 

[0031] FIG. 2 is a perspective vieW of the rack system 10, 
con?gured according to the invention With a plurality of tem 
perature sensors 42 for sensing air intake temperatures and a 
thermal management module 17 on the Workstation 14 for 
analyZing the air intake temperatures. The thermal manage 
ment module 17 may be included With the system manage 
ment softWare 16, for example, as a plug-in or add-on to the 
system management softWare 16. The thermal management 
module 17 cooperates With the system management softWare 
16 to alert the system administrator of potential air?oW 
anomalies. The thermal management module 17 may gener 
ate alerts in response to elevated or otherWise abnormal tem 
perature conditions. The system management softWare 16 
may analyZe the air intake temperatures to diagnose one or 
more air?oW patterns or air?oW anomalies at the rack system 
10. For example, the system management softWare 16 may 
analyZe the air intake temperatures to detect air patterns con 
sistent With recirculation. The system management softWare 
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16 may also output or suggest possible recirculation modes in 
order to assist the system administrator toWard implementing 
appropriate counter measures. 

[0032] It should be recognized that air intake temperatures 
may be only one of several parameters monitored by the 
Workstation 14 in the embodiment of FIG. 2. Likewise, con 
trolling rack-mounted components in response to air intake 
temperatures may be only one of many different functions 
provided by the Workstation 14. Other functions presently 
knoWn in the art may additionally be performed by the Work 
station 14. In another embodiment, systems other than the 
Workstation 14 may alternatively monitor and analyZe air 
intake temperatures. For example, service processors resid 
ing locally on the rack-mounted components may monitor 
and analyZe air intake temperatures. The rack-mounted com 
ponents may then generate an alert and optionally send the 
alert to the Workstation 14. In still another embodiment, 
responsibility for monitoring and analyZing air intake tem 
peratures may be shared betWeen the Workstation 14 and the 
rack-mounted components. For example, system manage 
ment agents locally residing on the rack-mounted compo 
nents may cooperate With the system management softWare 
1 6 to monitor and analyZe air intake temperatures and control 
the rack-mounted components in response. 
[0033] Referring still to the embodiment of FIG. 2, the 
Workstation 14 is Wired in electronic communication With the 
temperature sensors 42. The temperature sensors 42 are posi 
tioned at the air intake 22, and are preferably spaced at least 
slightly aWay from, or otherWise thermally insulated from, 
the racks 11, 12, 13, and the components 30, so that the 
temperature sensors 42 predominantly sense air intake tem 
peratures rather than the temperatures of the racks or hard 
Ware. In this embodiment, the temperature sensors 42 are 
optionally laid out according to a generally rectangular tem 
perature sensor grid 40, With the temperature sensors 42 
generally arranged in an orderly pattern of evenly spaced 
roWs and columns. The temperature sensor grid 40 is a geo 
metrical construct used as a reference in FIG. 2 to describe the 
physical positioning of the temperature sensors 42, and does 
not necessarily have a structural component, nor imply the 
need for a direct physical or electrical interconnection 
betWeen the sensors 42. 

[0034] In one con?guration, the temperature sensors 42 
may be included With the components 30. For example, each 
component 30 may include a temperature sensor at each of 
four comers of the component 30. Alternatively, the tempera 
ture sensors may be individually secured to the components 
racks 11, 12, 13. In yet another con?guration, the temperature 
sensors 42 may optionally be positioned on and secured to a 
removable screen, frame, or grill (“grillWor ”) 45 that de?nes 
a plane of the temperature sensor grid 40. The grillWork 45 
may comprise an open frameWork, or a screen, mesh, or other 
breathable material that alloWs air to How through the grill 
Work 45 into the rack system 10. The temperature sensors 42 
may be secured to the grillWork 45 at the desired spacing 
betWeen the temperature sensors 42. The grillWork 45 may be 
used to removably position the temperature sensors 42 as a 
group, avoiding the need to individually position the tempera 
ture sensors 42 in front of the rack system 10. The grillWork 
45 may be removed as needed from the front of the rack 
system 10, along With the attached temperature sensors 42, 
such as to access the components 30. Thus, the grillWork 45 
facilitates quickly and easily positioning the temperature sen 
sors 42 With the desired spacing betWeen the temperature 
sensors 42 and With the desired spacing from the component 
racks 11, 12, 13. 
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[0035] A total of tWenty-?ve temperature sensors 42 are 
shoWn in the embodiment of FIG. 2. HoWever, any number of 
temperature sensors 42 may be used. There may be four 
temperature sensors per Zone of interest. For example, a tem 
perature sensor may be installed at each of four comers of 
each component. Though four or feWer temperature sensors 
may be used to identify recirculation Within a given Zone of 
interest, the distribution of a larger number of temperature 
sensors in proximity to the air intake 22 may provide greater 
reliability and resolution in identifying a temperature distri 
bution along the air intake 22. 
[0036] FIG. 3 is a ?owchart outlining a method of detecting 
and analyZing elevated intake temperatures in a rack-based 
computer system according to one embodiment of the inven 
tion. This method may be used, for example, to monitor and 
analyZe air intake temperatures at the rack system 10 as 
con?gured in FIG. 2. Again, the monitoring and analysis of 
air intake temperatures may be performed globally using a 
remote Workstation or computer system, locally using service 
processors residing on the rack-mounted components, or 
cooperatively betWeen a remote Workstation running system 
management softWare and local service processors or man 
agement agents residing on the rack-mounted components. In 
step 50, one or more Zone of interest (ZOI) to be monitored is 
identi?ed. The ZOI may be a single component or component 
bay, a group of components or component bays, or even an 
entire component rack or Wall of component racks. 

[0037] In step 52, a plurality of temperature sensors are 
provided at the air intake (e.g. air intake 22) of the identi?ed 
system, at selected locations in relation to the ZOI(s). For 
example, if a particular ZOI is the entire front face of the 
component rack, a temperature sensor may be provided at 
each corner of the air intake. At least one temperature sensor 
may also be positioned in front of or included With each of the 
rack-mounted components. A component may include sev 
eral temperature sensors, such as one sensor at each comer of 
the component’s front panel. The temperature sensors are 
preferably spaced from or at least thermally insulated from 
the components. The temperature sensors may be built-in to 
the rack-mounted components, so that positioning tempera 
ture sensors at these locations may occur “automatically.” 
Thus, the built-in temperature sensors are inherently available 
to sense intake temperatures at the locations of the rack 
mounted components. 
[0038] Air?oW through the component racks is established 
in step 54, typically using a plurality of fans or bloWers 
included With the components and/or mounted on the racks. 
Air intake temperatures are sensed in step 56, and the sensed 
air temperatures are optionally displayed in step 58. In the 
absence of recirculation or other air?oW anomaly, substan 
tially uniform air temperatures might be expected across the 
air intake of the system. Thus, under ideal conditions, all of 
the temperature sensors at the air intake Would report sub 
stantially identical air intake temperatures. An air?oW 
anomaly such as recirculation Will cause deviations from the 
expected temperatures. These deviations may manifest in the 
form of a temperature differential betWeen tWo temperature 
sensors. Temperatures across the air intake might not be per 
fectly uniform, even in the absence of recirculation. HoWever, 
temperatures should at least be uniform Within a de?ned 
temperature range. Accordingly, one or more prede?ned tem 
perature differential (“PTD”) may be selected, each charac 
teriZing a maximum expected temperature differential 
betWeen locations in the absence of hot air recirculation or 
other air?oW anomalies. Each PTD may be associated With 
any tWo temperature sensors or their locations. For example, 
one PTD may be associated With adjacent temperature sen 
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sors to describe the maximum temperature differential 
expected betWeen the adjacent temperature sensors. Another 
PTD may be associated With temperature sensors located in 
opposite corners of one side of a rectangular ZOI. Yet another 
PTD may be associated With temperature sensors located in 
diagonally opposite comers of the ZOI. 

[0039] Each PTD (threshold) may be compared With an 
actual temperature differential (“ATD”) identi?ed in step 60. 
An actual temperature differential (“ATD”) is the difference 
in temperature betWeen tWo locations, Which may be com 
puted as the difference betWeen temperatures reported by tWo 
of the temperature sensors. The ATD is compared With the 
PTD that is associated With the same tWo temperature sensors 
in step 62. Thus, each PTD may serve as a threshold With 
Which an ATD is compared for identifying potential recircu 
lation. When an ATD exceeds the associated PTD, an alert 
signal may be generated in step 64. Brief temperature ?uc 
tuations may be dismissed, hoWever. For example, a person 
Walking by one of the racks may temporarily disturb the 
air?oW enough to affect the sensed air intake temperatures by 
a feW degrees for several seconds, but not long enough to 
signi?cantly impact cooling of the rack system. Thus, a pre 
de?ned time interval (“PTI”) may also be selected, Wherein 
the alert signal generated in step 64 occurs only When the PTD 
has been exceeded for at least the associated PTI. 

[0040] In one example, a PTD of 3 degrees Celsius and an 
associated PTI of 1 5 seconds may be selected for a given ZOI. 
Thus, an alert may be generated if the temperatures sensed by 
tWo temperature sensors deviate by at least 3 degrees Celsius 
for more than 15 seconds. In some applications, a single PTD 
may be selected for an entire ZOI. Such an embodiment 
Would be suitable for a system in Which it is reasonable to 
expect a substantially uniform temperature (at least Within the 
selected PTD(s)) throughout the ZOI, including from top to 
bottom, left to right. In another embodiment, different PTD 
may be associated With different pairs or sets of temperature 
sensors Within a ZOI. For example, Where the ZOI is an entire 
front face of a rack panel, equal air intake temperatures may 
be expected from left to right along the front face. Thus, the 
same PTD may be used for any horizontally spaced tempera 
ture sensors at a given height. In the same system, tempera 
tures may be expected to increase in a vertical direction due to 
the tendency of Warm air to rise and due to the positioning of 
a cooled air supply near the loWer end of a rack. Thus, the 
PTD betWeen tWo vertically spaced temperature sensors may 
be larger than the PTD betWeen tWo horizontally spaced 
temperature sensors. 

[0041] The sensed air intake temperatures may be analyZed 
according to a softWare object 65 for executing a temperature 
analysis subroutine. This temperature analysis subroutine 65 
may be performed automatically by system management 
softWare or a component thereof, or manually by the system 
administrator upon revieWing the air intake temperatures. The 
temperature analysis subroutine 65 gives non-limiting 
examples of recirculation modes that may be detected. Con 
ditional step 66 detects a condition Wherein temperatures on 
the left side of a ZOI are cooler than temperatures on the right 
side by at least the associated PTD. In response, an alert may 
be generated indicating the presence of right-side recircula 
tion in step 68. Similarly, conditional step 70 detects a con 
dition Wherein temperatures on the right side of the ZOI are 
cooler than temperatures on the left side by at least the asso 
ciated PTD. In response, the system may generate an alert 
indicating the presence of left side recirculation in step 72. 
Conditional step 74 detects a condition Wherein temperatures 
on the upper side of the rack are cooler than temperatures on 
the loWer side of the rack. In response, the system may gen 
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erate an alert indicating the presence of loWer-level recircu 
lation mode according to step 76. Conditional step 78 detects 
a condition Wherein a loWer side of the rack is cooler than the 
upper side by at least the predetermined temperature differ 
ential. In response, the system may generate an alert indicat 
ing the presence of upper-level recirculation according to step 
78. 
[0042] A more complex, dual-surface recirculation mode 
may also be detected according to the invention. Still refer 
ring to the temperature analysis subroutine 65, conditional 
step 82 detects a condition Wherein the temperature at a 
particular comer of a selected ZOI (eg a generally rectan 
gular air intake) is colder than temperatures at each of the 
other three corners of the ZOI. In response, the system may 
generate an alert indicating the presence of dual-surface recir 
culation according to step 84, Wherein hot air is recirculating 
along tWo adjoining surfaces. For example, if air intake tem 
peratures at the bottom right corner of the rack are substan 
tially cooler than air intake temperatures at the left side of the 
rack and at the top of the rack by at least the associated 
PTD(s), then recirculation may be occurring predominantly 
on the upper and left surfaces of the rack. 
[0043] FIGS. 4A through 4E are schematic diagrams fur 
ther illustrating the analysis of intake air temperatures to 
deduce various recirculation modes in a selected Zone of 
interest. More particularly, these ?gures illustrate the use of as 
feW as four temperature sensors to provide a determination of 
potential air?oW modes, including single- or multi-surface 
recirculation. In each of these ?ve schematic diagrams, a 
temperature sensor 71-74 is positioned at each of the four 
corners of a generally rectangular Zone of interest 70. The 
Zone of interest 70 may be, for example, a component bay, a 
group of component bays, or an entire rack system. 

[0044] A predetermined temperature differential (PTD) is 
selected (indicated in the ?gures as “AT”). The PTD may be 
selected, for example, using a “calibration” process, Wherein 
a rack system is observed under conditions controlled to 
achieve an air?oW that is substantially free of recirculation or 
other air?oW anomalies. The air intake temperatures and tem 
perature differentials may be observed from the data collected 
by the temperature sensors 71-74. For example, if a time 
averaged maximum temperature differential betWeen any of 
the sensors is 3 Celsius, the PTD may be set to 3 Celsius. 
Though different PTD may be associated With different pairs 
of temperature sensors, the examples of FIGS. 4A-4E assume 
a single PTD betWeen each temperature sensor in the selected 
ZOI 70. 

[0045] FIG. 4A is a schematic diagram illustrating the iden 
ti?cation of a right-side recirculation mode using the four 
temperature sensors 71-74. Temperatures sensed by the tWo 
left-side temperature sensors 72, 73 indicate that tempera 
tures at the tWo left comers are less than temperatures at the 
tWo right comers sensed by the tWo right-side temperature 
sensors 71, 74. In particular, an actual temperature differen 
tial (ATD) betWeen the temperature sensors 73 and 74 and an 
ATD betWeen the temperature sensors 71, 72 are each greater 
than the PTD. An ATD betWeen the temperature sensors 71, 
74 and an ATD betWeen the temperature sensors 72, 73 are 
each less than the PTD. This temperature distribution indi 
cates that the right side of the Zone of interest 70 is hotter than 
the left side of the Zone of interest 70 by more than the PTD. 

[0046] The scenario illustrated in FIG. 4A provides signi? 
cant clues as to the air?oW mode in and about the Zone of 
interest 70. Where the selected Zone of interest is the entire air 
intake of a component rack, for example, this temperature 
distribution may indicate circulation on the right side of the 
component rack. An alert may be generated, and a system 
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administrator may check for causes of the right-side recircu 
lation, such as the right side of the component rack being 
positioned too closely to a Wall of a data center. In another 
example, Where the Zone of interest 70 is instead an individual 
component bay positioned someWhere in the middle of the 
component rack, this temperature distribution may instead 
indicate internal recirculation to the right of the component 
bay. This may be caused, for example, by an empty bay to the 
right of the Zone of interest, Where a ?ller panel has not been 
used and Where hot air is recirculating through the empty bay 
to the Zone of interest. 

[0047] Similar analysis may be applied to the temperature 
distributions described in FIGS. 4B-4D to determine air?oW 
modes. FIG. 4B is a schematic diagram illustrating the iden 
ti?cation of a left-side recirculation mode using the four 
temperature sensors 71-74. FIG. 4C is a schematic diagram 
illustrating the identi?cation of a loWer-level recirculation 
mode. FIG. 4D is a schematic diagram illustrating the iden 
ti?cation of an upper-level recirculation mode. 

[0048] FIG. 4E is a schematic diagram illustrating the iden 
ti?cation of a dual-surface recirculation mode using the four 
temperature sensors 71-74. The temperature sensor 71 senses 
that a temperature in the bottom-right comer of the Z01 70 is 
cooler than temperatures at the other three corners, by an 
amount greater than the PTD. The temperature sensors 72, 73, 
74 indicate that those three comers are all Within the PTD of 
one another. This scenario, therefore, indicates hotter tem 
peratures above and to the left of the Zone of interest 70. For 
example, Where the Zone of interest 70 is the air intake of the 
entire component rack, this dual-surface recirculation mode 
indicates the possibility of recirculation above and to the left 
of the component rack. 
[0049] FIG. 5 is a schematic front vieW of a rack system 80 
according to another embodiment of the invention, Wherein 
each component 30 disposed in a rack 82 has an included 
temperature sensor 42 at each of four comers. For ease of 
illustration, all of the components 30 in this embodiment are 
assumed to be equally spaced and have equal dimensions. The 
temperature sensors 42 are optionally disposed on the com 
ponents 30, albeit preferably insulated from the components 
30 or otherWise con?gured so that the temperature sensors 42 
sense air intake temperature in proximity to the respective 
components 30. A signi?cant advantage of this embodiment 
is that the temperature sensors 42 may be built-in to each 
component 30, thus avoiding a time-consuming separate step 
of separately installing the temperature sensors 42. No sepa 
rate grillWork is necessary either. The temperature sensors 42 
may share the electronic communication channels of the 
components 30, such as using electronic connectors, ports, or 
Wiring included With the components 30, for communication 
With the Workstation 14. A visual display may be output, such 
as a chart or graph relating the temperatures sensed to the 
locations of the sensed temperatures. 
[0050] A plurality of Zones of interest may be selected for 
analysis, and the results of the analyses may be compared. For 
example, the front face of each of a plurality of components 
may be designated as a distinct Zone of interest. The topology 
of the rack (or of multiple racks) may also be considered. To 
illustrate, an air?oW mode may be determined for each of an 
upper roW of components in adjacent racks. The identi?ed 
air?oW modes for each may be compared. If, for instance, 
each component in the upper roW exhibits an upper-level 
mode of recirculation, the combined results tend to corrobo 
rate a ?nding that the entire grouping of adjacent racks is 
experiencing upper-level recirculation. If, instead, only one 
component in the roW is demonstrating this behavior, the 
supported conclusion may be that the component is experi 
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encing a more local, isolated air?oW problem, such as hot air 
recirculation through a gap in one rack. The adjacent racks 
need not constitute an entire roW, so for example three adja 
cent racks in the middle of a longer roW of racks might be used 
to detect a heat plume extending over the tops of the racks but 
not affecting the entire roW of racks. 
[0051] It should be recognized that a Zone of interest occu 
pying less than the entire front face of a rack need not be 
con?ned to a speci?c component. For example, a Zone of 
interest may extend from one component to another. To illus 
trate, a rectangular Zone of interest in proximity to tWo side 
by-side components may be demarcated by tWo right-side 
temperatures of the component on the left and tWo left-side 
temperature sensors of the component on the right. This ZOI 
could be used to identify an air?oW anomaly extending across 
a gap betWeen the tWo components. In one scenario, a ?rst 
ZOI could be de?ned for the left component, a second ZOI 
could be de?ned for the right component, and a third ZOI 
Would extend across the gap betWeen the tWo components. If, 
for example, analysis of the ?rst and second ZOI each dem 
onstrate left-side recirculation, and analysis of the third ZOI 
shoWs that the temperatures at the left component are higher 
than temperatures at the right component, these combined 
analyses support a ?nding that a temperature distribution 
across the rack increases from right to left. This example also 
supports a ?nding that the entire rack is experiencing left-side 
recirculation. 
[0052] The temperature sensors 42 have been illustrated as 
electro -mechanical elements positioned in proximity to an air 
intake in FIGS. 2 and 5. Another embodiment may, altema 
tively, include other types of temperature sensors such as one 
or more infrared (IR) temperature sensors. For example, the 
IR temperature sensors may be located apart from the rack 
system and aimed at the desired locations of the air intake for 
detecting temperatures at those desired locations. This advan 
tageously provides non-contact temperature sensing at an 
array of target locations along an air intake of a rack system. 
[0053] It should be recognized that the invention may take 
the form of an embodiment containing hardWare and/or soft 
Ware elements. For example, hardWare may include the Work 
station and the temperature sensors, and software may 
include the system management softWare and the thermal 
management module residing on the Workstation. Non-lim 
iting examples of softWare types include ?rmWare, resident 
softWare, and microcode. More generally, the invention can 
take the form of a computer program product accessible on a 
computer-readable medium providing program code for use 
by or in connection With a computer or any instruction execu 
tion system. For the purposes of this description, a computer 
usable or computer readable medium can be any apparatus 
that can contain, store, communicate, propagate or transport 
the program for use by or in connection With the instruction 
execution system, apparatus or device. 

[0054] The medium can be an electronic, magnetic, optical, 
electromagnetic, infrared, or semiconductor system (or appa 
ratus or device) or a propagation medium. Examples of a 
computer-readable medium include a semiconductor or solid 
state memory, magnetic tape, a removable computer diskette, 
a random access memory (RAM), a read-only memory 
(ROM), a rigid magnetic disk and an optical disk. Current 
examples of optical disks include compact disk-read only 
memory (CD-ROM), compact disk-read/Write (CD-R/W), 
and DVD. 

[0055] A data processing system suitable for storing and/or 
executing program code typically includes at least one pro 
cessor coupled directly or indirectly to memory elements 
through a system bus. The memory elements can include local 
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memory employed during actual execution of the program 
code, bulk storage, and cache memories that provide tempo 
rary storage of at least some program code in order to reduce 
the number of times code must be retrieved from bulk storage 
during execution. These elements may be included, for 
example, With the Workstation 14 of FIG. 1. 
[0056] Input/output (I/O) devices such as keyboards, dis 
plays, or pointing devices can be coupled to the system, either 
directly or through intervening l/O controllers. Network 
adapters may also be used to alloW the data processing system 
to couple to other data processing systems or remote printers 
or storage devices, such as through intervening private or 
public networks. Modems, cable modems, Ethernet cards, 
and Wireless netWork adapters are examples of netWork 
adapters. 
[0057] FIG. 6 is a schematic diagram of a computer system 
generally indicated at 220 that may be con?gured for moni 
toring and analyZing air intake temperatures sensed by air 
temperature sensors according to an embodiment of the 
invention. The computer system 220 may be a general-pur 
pose computing device in the form of a conventional com 
puter system 220, such as the Workstation 14 of FIGS. 1 and 
2. Generally, computer system 220 includes a processing unit 
221, a system memory 222, and a system bus 223 that couples 
various system components, including the system memory 
222 to processing unit 221. System bus 223 may be any of 
several types of bus structures including a memory bus or 
memory controller, a peripheral bus, and a local bus using any 
of a variety of bus architectures. The system memory includes 
a read only memory (ROM) 224 and random access memory 
(RAM) 225.A basic input/ output system (BIOS) 226 is stored 
in ROM 224, containing the basic routines that help to trans 
fer information betWeen elements Within computer system 
220, such as during start-up. 
[0058] Computer system 220 further includes a hard disk 
drive 235 for reading from and Writing to a hard disk 227, a 
magnetic disk drive 228 for reading from or Writing to a 
removable magnetic disk 229, and an optical disk drive 230 
for reading from or Writing to a removable optical disk 231 
such as a CD-R, CD-RW, DV-R, or DV-RW. Hard disk drive 
235, magnetic disk drive 228, and optical disk drive 230 are 
connected to system bus 223 by a hard disk drive interface 
232, a magnetic disk drive interface 233, and an optical disk 
drive interface 234, respectively. Although the exemplary 
environment described herein employs hard disk 227, remov 
able magnetic disk 229, and removable optical disk 231, it 
should be appreciated by those skilled in the art that other 
types of computer readable media Which can store data that is 
accessible by a computer, such as magnetic cassettes, ?ash 
memory cards, digital video disks, Bernoulli cartridges, 
RAMs, ROMs, USB Drives, and the like, may also be used in 
the exemplary operating environment. The drives and their 
associated computer readable media provide nonvolatile stor 
age of computer-executable instructions, data structures, pro 
gram modules, and other data for computer system 220. For 
example, the operating system 240 and application programs 
236 may be stored in the RAM 225 and/or hard disk 227 of the 
computer system 220. 
[0059] A user may enter commands and information into 
computer system 220 through input devices, such as a key 
board 255 and a mouse 242. Other input devices (not shoWn) 
may include a microphone, joystick, game pad, touch pad, 
satellite dish, scanner, or the like. These and other input 
devices are often connected to processing unit 222 through a 
USB (universal serial bus) 246 that is coupled to the system 
bus 223, but may be connected by other interfaces, such as a 
serial port interface, a parallel port, game port, or the like. A 
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display device 247 may also be connected to system bus 223 
via an interface, such as a video adapter 248. In addition to the 
monitor, personal computers typically include other periph 
eral output devices (not shoWn), such as speakers and print 
ers. 

[0060] The computer system 220 may operate in a net 
Worked environment using logical connections to one or more 
remote computers 249. Remote computer 249 may be another 
personal computer, a server, a client, a router, a netWork PC, 
a peer device, a mainframe, a personal digital assistant, an 
internet-connected mobile telephone or other common net 
Work node. While a remote computer 249 typically includes 
many or all of the elements described above relative to the 
computer system 220, only a memory storage device 250 has 
been illustrated in FIG. 6. The logical connections depicted in 
the FIG. include a local area netWork (LAN) 251 and a Wide 
area netWork (WAN) 252. Such netWorking environments are 
commonplace in o?ices, enterprise-Wide computer netWorks, 
intranets, and the internet. 
[0061] When used in a LAN netWorking environment, the 
computer system 220 is often connected to the local area 
netWork 251 through a netWork interface or adapter 253. 
When used in a WAN netWorking environment, the computer 
system 220 typically includes a modem 254 or other means 
for establishing high-speed communications over WAN 252, 
such as the internet. Modem 254, Which may be internal or 
external, is connected to system bus 223 via USB interface 
246. In a netWorked environment, program modules depicted 
relative to computer system 220, or portions thereof, may be 
stored in the remote memory storage device 250. It Will be 
appreciated that the netWork connections shoWn are exem 
plary and other means of establishing a communications link 
betWeen the computers may be used. 
[0062] Program modules may be stored on hard disk 227, 
optical disk 231, ROM 224, RAM 225, or even magnetic disk 
229. The program modules may include portions of an oper 
ating system 240, application programs 236, or the like. A 
PTD database 238 may be included, Which may contain pre 
de?ned temperature differentials associated With one or more 
temperature sensor locations in proximity to the air intake of 
a rack system. A air?oW mode database 239 may also be 
included, Which may contain parameters and procedures for 
selecting potential air?oW modes consistent With tempera 
tures at the air intake of the rack system. 

[0063] Aspects of the present invention may be imple 
mented in the form of application program 236. Application 
program 236 may be informed by or otherWise associated 
With PTD database 238 and/ or the air?oW mode database 239. 
The application program 236 generally comprises computer 
executable instructions for monitoring and analyZing tem 
peratures at the air intake of the rack system, and detecting 
and diagnosing symptoms of recirculation and other air?oW 
anomalies in the rack system. 
[0064] The terms “comprising, 1ncluding,” and “having,” 
as used in the claims and speci?cation herein, shall be con 
sidered as indicating an open group that may include other 
elements not speci?ed. The terms “a,” “an,” and the singular 
forms of Words shall be taken to include the plural form of the 
same Words, such that the terms mean that one or more of 
something is provided. The term “one” or “single” may be 
used to indicate that one and only one of something is 
intended. Similarly, other speci?c integer values, such as 
“tWo,” may be used When a speci?c number of things is 
intended. The terms “preferably,” “preferred,” “prefer,” 
“optionally,” “may,” and similar terms are used to indicate 
that an item, condition or step being referred to is an optional 
(not required) feature of the invention. 
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[0065] While the invention has been described With respect 
to a limited number of embodiments, those skilled in the art, 
having bene?t of this disclosure, Will appreciate that other 
embodiments can be devised Which do not depart from the 
scope of the invention as disclosed herein. Accordingly, the 
scope of the invention should be limited only by the attached 
claims. 

1-4. (canceled) 
5. A method of analyzing air intake temperatures at a 

component rack housing a plurality of heat-generating com 
ponents, comprising: 

?oWing air through the component rack from an air intake 
of the component rack to an air exhaust panel of the 
component rack; 

sensing the temperature at a plurality of positions Within at 
least one Zone of interest at the air intake; 

identifying that one or more temperature differentials 
betWeen selected positions exceeds an associated 
threshold for at least a predetermined time period; 

identifying an air?oW recirculation mode according to the 
selected positions and the temperature differentials 
betWeen the selected positions; and 

generating a signal indicating recirculation in proximity to 
a ?rst location in response to identifying that a tempera 
ture sensed at the ?rst location is greater than a tempera 
ture sensed at a second location. 

6. A method of analyZing air intake temperatures at a 
component rack housing a plurality of heat-generating com 
ponents, comprising: 

?owing air through the component rack from an air intake 
of the component rack to an air exhaust panel of the 
component rack; 

sensing the temperature at a plurality of positions Within at 
least one Zone of interest at the air intake; 

identifying that one or more temperature differentials 
betWeen selected positions exceeds an associated 
threshold for at least a predetermined time period; 

identifying an air?oW recirculation mode according to the 
selected positions and the temperature differentials 
betWeen the selected positions; and 

generating a signal indicating right-side recirculation in 
response to identifying that the temperature of at least 
one right-side position of the air intake exceeds the 
temperatures of at least one left-side position of the air 
intake by the associated threshold. 

7. A method of analyZing air intake temperatures at a 
component rack housing a plurality of heat-generating com 
ponents, comprising: 

?oWing air through the component rack from an air intake 
of the component rack to an air exhaust panel of the 
component rack; 

sensing the temperature at a plurality of positions Within at 
least one Zone of interest at the air intake; 
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identifying that one or more temperature differentials 
betWeen selected positions exceeds an associated 
threshold for at least a predetermined time period; 

identifying an air?oW recirculation mode according to the 
selected positions and the temperature differentials 
betWeen the selected positions; and 

generating a signal indicating left-side recirculation in 
response to identifying that the temperature of at least 
one left-side position of the air intake exceeds the tem 
perature of at least one right-side position of the air 
intake by the associated threshold. 

8. A method of analyZing air intake temperatures at a 
component rack housing a plurality of heat-generating com 
ponents, comprising: 

?oWing air through the component rack from an air intake 
of the component rack to an air exhaust panel of the 
component rack; 

sensing the temperature at a plurality of positions Within at 
least one Zone of interest at the air intake; 

identifying that one or more temperature differentials 
betWeen selected positions exceeds an associated 
threshold for at least a predetermined time period; 

identifying an air?oW recirculation mode according to the 
selected positions and the temperature differentials 
betWeen the selected positions; and 

generating a signal indicating upper-level recirculation in 
response to identifying that the temperature of at least 
one upper position of the air intake exceeds the tempera 
ture of at least one loWer position of the air intake by the 
associated threshold. 

9. A method of analyZing air intake temperatures at a 
component rack housing a plurality of heat-generating com 
ponents, comprising: 

?oWing air through the component rack from an air intake 
of the component rack to an air exhaust panel of the 
component rack; 

sensing the temperature at a plurality of positions Within at 
least one Zone of interest at the air intake; 

identifying that one or more temperature differentials 
betWeen selected positions exceeds an associated 
threshold for at least a predetermined time period; 

identifying an air?oW recirculation mode according to the 
selected positions and the temperature differentials 
betWeen the selected positions; and 

generating a signal indicating loWer-level recirculation in 
response to identifying that the temperature of at least 
one loWer position of the air intake exceeds the tempera 
ture of at least one upper position of the air intake by the 
associated threshold. 

10-17. (canceled) 


