. HOKKAIDO UNIVERSITY

Title RIRLIREICH T 2 ZATAAAOHBEFEICEY 2R
Author (s) B, BEX
Degree Grantor biEEKE
Degree Name B (I=)

Dissertation Number Z 851395

Issue Date 1997-03-25
DOI https://doi.org/10.11501/3122414
Doc URL https://hdl. handle.net/2115/32684
Type doctoral thesis
File Information 5139. pdf

kaid
e U"/Le

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




[BHRAEZEICH T 2RI RAAD
STEFEICEET 2%

1997 &£ 2 H

PRI



B+OERNBHORT Bt (IF) K% FUEX

‘?'{jnﬁﬂ A
BHRVER(CE T2 ERTRAROHEFEICET MR

BIE. SEFERLHEORBIIEV, 7 - &/ - W& 7= 72 A7 1 TIHH i
Z,/ZT»L\O)T%I‘“fJ;ifﬁ/vf\f‘én ZNHD L AT LIZ lif‘{,'“},‘fdﬂgf&"i’lﬁj'l*’ JEA I AE R
Yo B RE L BRIV E L R b, T, JL%UDImRU‘ BESRI MR L (.
EHEEERL-ERBIVEATED ZHY AT AL \zm@f’ﬁz‘zl WA R EZ 5T 5,
ﬁ%{ﬁfh@;nﬂﬂ}% FRALIERRER L, M+ A% 1 I’lblﬂl(f){ll LT, 77 ﬁ’iﬂwt‘”}'iﬁﬂ’“‘(ﬁaj“

s R e ) ééﬁ“#ywﬂ_mivgmm ;“ﬁkeﬂfw%MWLW+

MICHERTETEICGHT A0, BEROGHICLERRGRRE R R E L —E S v“%
&dﬁ&ﬁﬁméﬂfwéo:@h&‘ FZEH TR bbﬁfwmﬁﬂﬁﬁwb;@/@wb
BELLIREL ZLEMD S Y . EBE OO %’ﬁo 7oA T, B OE R
EEHNRE <HMU?;b> PATHES LY LTEBEINTVA, COL)ICBBISETYELTA
Ll T, CHEB ORI AR E R EP S BRI o A L F—HEIRE TS

_E ~
PR

*l

,-w
S
—
i
JEr

“T

"\lll

Sk, FRAERABOARBEENKE (ERENIRE (LTS r‘TTﬂi%’iw SH 5, —
}4 ]ﬁ?ﬂlkﬂﬁr&@ }f{[.i L{HIL ,zl&fr‘{??:;/iﬁb (—L [0 2 :‘fl‘}\ % < "" (mL }\.ﬂh X;%/E{E‘L ;L,U ‘F

iy f_iﬁﬁ\ {nK_ﬂmlgif «;—VL (IIILELI%P?L ’aﬁ% }’7’J‘ \/LL’)iLZ”)n x_@fk_y) ”"11 ﬁ_{u J
TAHAREREBEOWEIROLNLT WA,

SO XD HERICHET & RNIZE T il 22 IR S oIS E ORI L, 1)
BrAanF—1b, 2) #FF. 3) BTEEFORENEO I FMICER>E &, EHFETH TR
DEWMFENMEL 2B E LTWA, 7, FHRMAHENZERO 4L F —HE BB L UG

in}m@(lmrd ‘{il L & @i(m" "1] 77)‘ {/) If”)ia) Pﬂ %ﬁ,“—l % :jL#? L v 1E 7‘})"13 L :r. nx]x\‘{ub jJ 1\4@ % 9 jj g
f,:x“zj //\ N Itﬂfﬁﬁ?ﬂ, F‘k L 7 ZT'E‘,:JE] }’&?IIL }J J\‘ DWW ffﬁi?‘@ﬂl }'xrrt&a) EQ/AL. 7L (mLEJ 4

W%Tﬂ/*a:f’ﬁﬁkb\ xf\);ﬁf;f’?l% X DA ATV, ERERE T EETARREZHS I

o X0, BAELERETM TN ER T A0, ZHEIR ?H%L £ 5 ZEFFE R OMIE 7% A
FBEIZOWTHE Lz, 610, BRIV F—HERBYAGTAERYRL., EEEIZEHR
PLF—HERBIIS A AHETIMRL -, REIL. B x)J* 72 ZE R F R O EI LT 22 F
FEIiionwTE O,

R 7TEI VB SN TS, B 1ETIE, RITFEOFE L H1Y, [BHWIES eI
B 2B oWise 2 BE30 L . KRIFZE0 ALE 1 T*’fﬂﬁ'ﬁ?«:L/w

B2ETIE, ENFESL X OUEABEERO D S Rl 22 s 2 IUF L 7215 ; iWUI =
EHOMBELOIRE . CNERRT 57 &)O'DIJ A DWTHRE L 7o, Zof58. 1) 1EL
T[E”‘Fﬁ’ﬂ:”ﬂ‘i\ ‘r‘fﬂf&@ﬁ‘r\‘(m;;ﬁ#ﬁ”b c < J”h(,?&—il%f] l_/J w7 L ) 3 7 4 7\:,:_;‘1[*;'](‘1
i A DN IT DEET 2 EHT ADOILELR 7“? fT I%FL#%??;%J‘QOE UZOBEBIIHEBEENVPRKRE R
N ENRESESEIH LIREOZE L ZITEL 22 EL 020 KRECH D, BHD
ﬁm@ Mmﬁxﬂ%ﬁf*V@\$WW%% Lo THBELMEREICZAGHNTE S
CEDRHIBEEE L THO NI o, TNEWET AT, BERAE LFSEL LOETBR
BERERT 2 (EROREFiEL D, RAREL (CHERE BEIRRE) 2 T2 LR/
ST E, EWMBENSTE SEBORBMEISIIT S, PR GERUREE g
WREE) 2M LS LHENTHA S i L7

e

TIRTIE, HHABENERICE L, BRI EMERBEWET 2 0O MR LR



N ZEE T T)ﬁiﬂxwﬁbﬂk FoME R ERE L, 0. EHR
i?rr”}\l LiRE I I DENH U e, (SENILE R =38
N N -mﬁ}l&(}!b]]f\( jf)\‘\/ﬁffkailrr@fﬁt?xr[ b L, Wﬁtﬁlﬁ

m\ﬂ?ﬁ;u iR O A= S

ﬁmwﬁh%%ﬁEKﬁLi
S

'(mLEZ %rkmrf%}]mb; F&@(}L/E}tlz |2 HIEIC T 5708, O mERATE 7L 2 {FRE L.
AR ERIC L ) ZORUVERHRLL 720 T OHR, ??rﬁl‘)ﬂ)m;-zio £ O“ﬁ..s/f\mft L/:‘muEfELl‘L
ofEiE. WEIRENL « . PRI, | frﬂ%?‘ TEORELL « » ACEITHOBBEREC W DO

HTEBMTELI LR L, 70, BEmEL 0 =042~2. AOFEWIZB VT, <7 0%k

gﬁﬁ%rwwiﬁq%i%%%¥PWb~MLtO%K e RE T IET AER L ZD
BRI OV THRETL 720 20, | ﬂmQS@MﬂmmyﬂnwmwmmzuaTE@\
fASZ%?UfIf\l L(HILE%r (9,,,,-90) A :Jt]‘{fr/?j ‘*k'ﬁ oo TRESNLEI LD 7?9/)") 7le lfh.mi'(ﬂ S
B (1, — O, ) IRBBH ORI TH Y G RIFLFLAL La‘&é”uﬁimltﬁ R NS R el = N
1) BEEE LA LESHETNL T TS (9hn~90) fl/ }\ 75 ) PRI AE RIS
oy — 7 ®HIELHREIER , RN L2 sl L, 3) RzDT ’T‘Lm L fIio L =R 5 & D

*Jﬂ"ﬁ"*%f%%%’lﬁ FEELEIEFERE S EER Lth
BABETIE, ZEEBLIUOFIEF v oICHI L2 Zs A T sUCE L — Rt L -
uw\%ﬂg,i;ﬂrﬂifﬁa“%wwiu\? ¥ VOSOBUFHEIZOWTIRE L 72, — 2L - K
hA AT ST HE*‘ H1F, WEBOBAE IS L BT AR R OmREORETES
TELI LA, TNAEBT LD, Fy r OEST L, Pﬁ] S N AV AR 4
TV, Fy O SHULETH Y EWoORsE., KRR LA T A, £2T, RELT
v AR B R R ET B 700, —'H’*f‘”/\ ! Lo WOAAHIT % fq“@i @7‘ ¥

(4R

PoNIIBWT,
ZOREDHORAE L R/AMEO 7% TR E T L 72w i & mﬂ\ e EEFEL.
Fx YOI B EL ARk . FIE !"”‘ T }Hi’}\\ A -5 e DR & 5 72 i (HLEC
THEL, FOZEYEFERERTHRILL 2. KIS ..Jaf/rf)\brm bk S4B ZERARE R DB
B, AT 7% A LTOREEZ EOMEZ W T: W29 5700, ZERNOREDTZ KD 5
AT ET VAR L, £ORYMTERHREERT ’r,\uﬂl 7o STOMMTETVEM, ZTEK
”}\'fo L IIH;—\(HLTI‘\O) /Eff’;«}“«[ H ﬁi:j -: 7 _#3—1, /f\ ]m(eru \XIJ BLU ?x}]ﬁ =D

- 1ok
A —=K ¢ . EREROBBIEIREI T A lm‘a LU 27 70RBEREOL (B
)HHLLC) L%L‘ia%% xR,

BT, MHMLIMEMEROL AL F—HRETELT 5 BREOGHLFFMET- 72,
FP. P NEHI AL F BRI ERIE I AL T BRI AV F B

REWCSR L, EHRBEEREROZHESSFOBR & LTEHITE 52587
FVF—EBBREOF RO LN T v O RS RO FEBEEOBL S
BERIRL7z, KT, ZofHliEz v, SEEGET AL F IR IIE =z§ 5 A ARESHOAR
W—F&. ZEBEEES. JHEREABEDE S, EHEREEIZOVT PESIMNL. ZERA
(IILT:L\‘ODH‘ IE%E% (Z Jé §< JF H ’A”/J\ L/;o 361 . Trﬂ‘m merpio st U2 ?J:] T(ﬁx : iﬂﬂ Lt
)gijiﬂl‘(}ﬁlx‘ }1’:\:_( J% 1’{ j)(’\ =} X.Z‘J ’/gf K/u} ﬂh L. g?ﬂ LIU %%r;@{lm j—:[{ ” /J‘Tnﬂj ﬂi
INF—HEREAEGTAERTHLAZ 2R, TOBEEREMEUIS L7,
FOETIH, ERICEHL Ty AERMLIEE 2 2 UCARERTE AN T EGL ., THERE
ﬁ%;’ﬁ?ﬁﬁ?ﬁi‘@?ﬂ%%ﬁi%ﬁLf:n TDRFE, RIS “? WG LT ZE R R fﬁﬁfﬁ‘%@“é e
NI - |3 Rk 7 DI E, EREHIREED LA b mRRELILAE %, LAINLF
—HEEN16%MA L ERMR LA, T/, @»&f)“:) N 28 v i AR v l 7+ L7 1EH
WAL E }JIRLTF mEEm T DEFBREOHIRIZ L A48 L 70 F—1L,

RL7, £/,

r{v
yaT

(

2) REBAEBOMLRIC L 28R, 3) BEMNIRESTOH LI L 2 ENREEEOE S
TLT%&‘&%%%LKO

FTBEIIEETH ), KR THEL IR T TN LT~ 7,



Abstract

Research on Methods for the Planning of Air-conditioning and Circulation

Systems for Data Processing Rooms

Author : Hirofumi HAYAMA

Now, as we move toward the advanced information society, systems for
transmitting multimedia information, including text, sound, video, and computer data,
are being constructed. Those systems require high-performance data processing
equipment such as computers and high-bandwidth communications equipment. The
technological revolution in such systems is achieving increasingly higher-density in
component mounting. That is accompanied by increased heat generation, making the
cooling of the equipment by air-conditioning systems indispensable. Most data
processing equipment that has a high mounting density employs either forced-air
cooling by means of fans or a liquid coolant system to cool the mounted components.
The air-conditioning system design methodology employed for data processing
rooms that house mainly this type of equipment is generally one in which the
amount of ventilation required to cool the equipment is matched by the amount of
air supplied by the air-conditioning system. There is a tendency in this method
towards markedly stronger fans of higher capacity for a given cooling capability of
the air conditioner. There are indications,however, that the inability to attain a large
air temperature differential in the air conditioners is a problem in data processing
rooms than have actually been designed i this way. Designs that put priority on air
exchange in this way have high-powered fans, so the energy consumption for air-
conditioning is high, and what is more, the large-capacity fans increase construction
cost points on which there is room for improvement. On the other hand, there is
much variation in the amounts of heat put out by different units of equipment, so
when the maximum room temperature is kept below the set value, it is often too cold.
Thus, improvement in the temperature environment for the maintenance personnel is
requested.

That background has motivated us to establish a design methodology for the
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air-conditioning systems of rooms that house forced-air-cooled equipment a
methodology that emphasizes three points: 1) reduces energy consumption, 2) is
more economical, and 3) improves the working environment of maintenance
personnel. First, we identified the problems of current design methodologies by
measuring energy consumption and the temperature distribution around the
equipment as a basis for mvestigating highly efficient air-conditioning and
circulation systems. Next, we created macroscopic models for temperature analysis in
the vicinity of equipment for air-conditioning systems with reduced air supply
volume, validated them with actual large-scale experiments, and clarified the factors
that govern the amount of air supply in air-conditioning. In addition, to realize a
highly efficient air-conditioning and circulation system, we investigated proper
distribution of supplied conditioned air by means of a false-floor air outlet structure.
We also found expressions for the factors that govern the amount of energy
consumption in air-conditioning and determined the influence of each of those
factors on energy consumption. Finally, we arrived at conclusions concerning a
design methodology for high-efficiency air-conditioning and circulation systems.

This paper comprises seven sections. The first presents the background for our
work and our objectives, briefly describes other main research related to the air-
conditioning of data processing rooms, and clarifies how our work fits into that
research.

Section 2 discusses the problems of air-conditioning for data processing rooms
that house forced-air-cooled equipment that were identified from the results of the
actual measurements and large-scale experiments as well as countermeasures for
those problems. Two results are obtained. First, in air-conditioning for data
processing rooms, the air temperature differential in the air conditioner is small and a
large volume of conditioned air must be supplied. Thus, the capacity of the fans and
the amount of power consumed are larger than for office air-conditioning for the
same heat load. The second result is that because there is great variation in the
temperature of the room due to the heat output of the equipment, it is problematic to
provide a working environment that is not too cool for the people in the room while
satisfying the temperature conditions for the equipment. We show that to reduce

these problems it is effective to modify the conventional design policy of
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maintaining a supply of conditioned air that greater than or equal to the amount of
ventilation for the equipment to a policy of increasing the ventilation efficiency (the
air temperature differential divided by the equipment cooling temperature
differential) by making the ventilation flow ratio (the amount of conditioned air
supplied divided by the amount of ventilation) as small as possible and matching the
distribution of conditioned air to the amount of heat generated by the equipment.

In section 3, we propose a room air re-circulation method for the air-
conditioning of data processing rooms that makes the ventilation flow ratio as small
as possible by using an air flow adjusting mechanism to adjust the supply of
conditioned air to each unit of equipment. We also propose a control scheme for that
method. We further present in this section a method of evaluating the amount of
supplied air required for cooling for the case in which there is variation in the
exhaust temperatures of the equipment when the supplied air does not comrespond
to the amount of heat generated by the equipment. To clarify the factors that
determine the exhaust temperature for each unit of equipment, the re-circulation
temperature, and the equipment cooling air temperature in this air-conditioning and
circulation system, we created a macroscopic temperature analysis model and tested
its validity by experiment. The results showed that the temperature and the
dimensionless temperature differential ratio for each part can be expressed as a
function of the ventilation flow ratio (K ), the ventilation efficiency (7 ,), the
amount of flow in the lower part of the equipment (K ,), and the heat transfer
function (W) for the horizontal direction. In the ventilation flow ratio range of from
0.42 to 2.4, the calculated results of the macroscopic temperature analysis model
were consistent with the measured values. Next, we investigated the factors that
determine the volume of the conditioned air supply, and the influence of those
factors. We found that the volume of the conditioned air supply is determined by the
ventilation efficiency (7 ), the equipment cooling temperature differential, the
equipment exhaust temperature differential, and the amount of conditioned air
supply mismatch ( ¢ ,_ ). The equipment cooling temperature differential is a
characteristic of the equipment, and can be considered a given condition. Thus, the
ventilation flow amount (K ) can effectively be made smaller by 1) increasing the

re-circulation amount to make the equipment exhaust temperature differential larger,
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2) eliminating leakage from crevices and unnecessary openings so as to increase the
ventilation efficiency (7 ,), and 3) improving the accuracy of the adjustment of the
amount of conditioned air supply to match the amount of heat generated by the
equipment.

Section 4 discusses an air-conditioning and circulation method that uses the
space enclosed by a false floor or a false ceiling as a chamber, including the method
of achieving an even distribution in the amounts of air exhausted and drawn in and
the thermal characteristics of the chamber. If an even distribution in the amounts of
air exhausted and drawn in can be realized, then the distribution of the amount of
conditioned air supplied according to the heat generated by the equipment is easily
achieved by adjusting the areas of the ventilation openings. While in order to
achieve that it is desirable to have a high chamber and small openings, such a design
requires strong fans and that buildings be constructed with higher ceilings.
Therefore, to determine the optimum chamber shape and opening size, we define the
non-uniformity of the air volume distribution ( € ) to be the value of the difference
between the maximum and minimum values of the air volume distribution divided by
the average air volume, and use a simple approximation formula to express the
relation of € to a characteristic coefficient k that is determined from the shape of
the chamber, the ventilation opening size, and the pressure loss in the chamber. We
validated the equation by large-scale experiments. Then, we devised an analytical
model to determine the temperature distribution within a false floor for the purpose
of clarifying such characteristics as the heat distribution of the conditioned air
supplied to the room from the false floor and the heat transfer through a slab. That
model was also validated by large-scale experiments. The results of using the model
to investigate the steady-state thermal characteristics of an air-conditioning system
that supplies cooling air through a false floor show that the non-uniformity of the
temperature distribution within the false floor and the available heat ( € ) can be
expressed as the ratios of the heat transfer coefficients of the false floor and slab to
the heat transfer coefficient of the supplied air (the heat transfer coefficient ratio, C) .

Section 5 presents an analysis and evaluation of the factors than govern energy
consumption in the air-conditioning of data processing rooms. First, the total air-

conditioning energy efficiency ratio is divided into an air movement energy
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efficiency ratio and a heat source energy efficiency ratio. Then a method is presented
that can evaluate the amount of heat generated by the fans for air conditioning as
the load of a heat source. In addition, a method is shown for calculating the pressure
loss of the chamber and the efficiency of each unit of the equipment of the air-
conditioning facilities for use in obtaining the energy efficiency ratio. Next, that
evaluation method is applied to evaluate the influence of the non-uniformity of the
air volume distribution ( € ) the height of the false floor, the height of obstructions
inside the false floor, and the air temperature differential on the air movement energy
efficiency ratio, showing that these are required items in the design of air-
conditioning and circulation systems. We also evaluate the influence of the supplied
conditioned air temperature and circulated conditioned air temperature and relative
humudity on the heat source energy efficiency ratio, showing that the temperature
and humidity conditions in the data processing room are factors that govern the air-
conditioning energy efficiency ratio. We also clarify the appropriate range.

Section 6 presents the results of a test of the effectiveness of the air re-
circulation method for when our air-conditioning and circulation method was
implemented in an actual functioning data processing room. The results confirm that
adjusting the supply of conditioned air according to the amount of heat generated
by the equipment and raising the equipment cooling temperature differential by
increasing the ventilation efficiency (7 ,) reduced the ventilation flow ratio by 28%
and reduced the energy consumption by 16%. Those facts prove that, for the air-
conditioning of data processing rooms that house equipment that is cooled by
forced-air systems, the air re-circulation ventilation method 1) saves energy by
reducing the amount of supplied conditioned air, 2) lowers cost by reducing the
capacity of the circulation fans, and 3) improves the temperature environment for
workers in the room by making the temperature distribution in the room even .

The paper in concluded in section 7 with a summary of the results of our

research.
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