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ABSTACT

This thesis presents the performance tests of heat exchanging fin, which can be obtained by
experiment, following the condition. The experiment will be designed and made up for tests and the results
are going to be used to settle the facts of the test. Refer to the computer analysis; this “CAE” tool is a useful

reference of product development, where the time and cost of the development can be reduced.
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A s i Aaa A4 A 4 a 3 aa Y 2 A ° 9
HomnnAeIveY dA linahzesnniuiitaue TuvaziinnusGid nadh SafinavhIdyy o
' O o o A & —r e a A 9/ '
110121 90° dmsunsaiiveslualvasemiu mey V-da aeiiduduuan (HRIINYY O 9z VBN
lo) oA A ol e 4 g 1 daa A o
90” NANIND NANNYBIIAKGS dA AuNAMBIANS WeHTiiATsenTieg
{ ' { 2 '
nsaifims madhuuu i dounasaunan (Steady Flow) #31anede vealva'ld na'lues
‘§ g =) (] d. ' A =1 Q;
sgvznamilaanulaniuzuas lunlasundasanat naae Tiimsasun)aswavesveslva

hlSnasaauguuds 0189 mesusnmaunievesaunis (2.20) sxiisuiiugud uie

of - Dot [ M\ <R i S\ ..2.21)

I=1 LY

aums (2.21) Invedlumaderulona (Kgls) msSuﬁmsmaaﬂﬁuwwmﬁmmﬁ’mmﬂu

@ 4

9
1319215 0nMeNti 11803113 Tnavesiin (Mass Flow Rate) I9dadnual m Toosnsins lvaussua
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3.1 msihnnu3eu (Conduction)
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myhanuden Wugdmuuwilsveamsdiomanuiou ludnsmzvesnsuann/aoundea

v
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nnushaiiigungiige lldwinuifigumgiia Tasnasuuuuami (Kinetic motion) n5emsvufi
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v w2 o (2 o a a 5
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v Y a a o 4 a . o [ y a L4

usdenninfldnd-adiarndasanansuna ¥e Toisl 35103 (Joseph Fourier) timannisfina193ms1en

4 ¥
Whunguianuieu nglinaran sasims Tnavesmahinamdeuufienisfismuasiudadmsuig
¥

e
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= —kA— WPIs PN/ _dW™ (& J§ 3.1a)
9. et (3.1a)
wie g =\ L - L, WS> = & ff ... (3.1b)
' 4 dx

=1 T v ' Y a
Tavh ¢, fe danimarhanudeuruiui A Tufismauan x
oA A 9 a
g, Ao vldnganuseuluimmisuan x
k  fle anmmsiinamienyesiag (thermal conductivity of material) waziilusnan
Vv
MauNS (3.1a) guugianasluianainues x udd d7/dviiluau farfu q. (130
a0 A A A a (] 3 A =® 9 ®
q.) fauiluwan IHBININAUNITUATOINYIBAVAADY INTITRLUMATOINV AV lad Tuauns
A 9 v v " A a 4' 9 1) a
uaztienilad ¢) mSe g, )  WulSuauan mami"lna‘ummmsauag“luwamqmnmm X
Tumenduiulendmyniievessumsituan uamhms"114amaqmm%’auagﬂuﬁﬂmaamm X
< @ a ¢ ° 9y g A A a .
pailszaeAndn lumsinsiinmihenudeunimeiissm auugunil (Temperature field) u
o 24 4 4 ! v o s A
Anannisgailunasinteulvisaeandesfiuveuvavesiu ufe ABINTIUNINTSINVYBIGUN U

o ; A v A Aresi i i 2
(temperature distribution) (ienswamiinezannsanmandanuieunyalaq ludanarniu 1nng



13

9

veuf5iud (Fourier's Law) mymsifiviiTaon1s 19ngueandaanu (energy conservation) fudliutns

a a 2 v o @ P @ (dvly
mvfuAiers wFoudszynszuumssemnasam uaslaumssasfimnzay nadnin18e:
;’] a a 2 o @ ) a @ A o &
thiaumsddiesudouinhasuvesiuszlimsnsznegungiludnamiesagi
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~ s L4 & a a a

nnsendnmaiieRufuddingifougungled uazmsnsznovesgungi T (x, v, 2)
o a o o . . ° < 4
dmualuiiian1sfiFou (Cartesian coordinates) mihmuadSuasarunuaninng d,.d,.d, a1

4
nanslugal 3.1 Srlinfideugangiudrmmmmousdaiud undozsuvesiniugy sasmsi

[
1Y

y { 3 v a ' o [] a %
AnwseuzdaminduiinuguuRassuiidumisTneesaum x, v, z Suiaaslaomen g+ 9,54,
Awday danimsihinnuieuiidinssdasanszaiwlaveynsumaiany (Taylor  serier

expansions) Tﬂﬂ‘lﬁﬁﬂmmjﬁﬁnqm (higher order terms) 9218

a a =]
31 3.1 uaanlSnmsaduguidng d.d,d,
P> s ¢ 3 Y 9 a A a s o -~
¥ Vlll'l‘ﬂﬂ\l'gll WAL AT. WABIIA WIMUNA,  NMIIUNANINTOU » MNIYUATBING, AUSIAINTTUMANT, aotiumalulatnse

wundudhgummsmanszt

Divae = G+ %dx a(8.23)
Ox
oq

Py o =, F 6yy dy e (3226)
oq.

qz+dz = qz+ _q-— vese (320)
Oz
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4, A o o 4 a & o ' & ' a 3 Aado a
Iﬂﬂ‘n q ﬂa@ﬂs1Wﬁ\1\ﬂu"nNaﬁ‘llu‘luﬂ'Jﬂa']\iﬁﬂﬂuqyiu')ﬂﬂiu'lﬁi (W/m®)  usnanUngal

@ & g v @ A o a 2L A
Wﬁ\i\?'lu%\'llﬂ‘ﬂVl?Iﬂﬂ’JﬂQﬂiﬂﬂ'Jﬂﬁ’l\ﬂu‘ljﬁh'lﬂiﬂﬁﬁﬂll IO

e e, a—f DAy pum— (3.4

Tagii pc, OT/Gt AedamsnaoumnlamdsnunisluvesdinmsdoniianieUsmsde

nanflasu 'l

A EY a o a Y
e ldngnsamdsnuiurSuasaiunuas 14

P E T pw MaCN VE\E DAY i o .. (3.5)

t st

9
v w =4 1 o ° . .
AN NN amwmimﬂam%’auﬂszﬂauﬁaﬂmﬁ‘lﬁm%(Em) nozlnasen (E_ ) wes

NAINULAZUNUANMS (3.3) a2 (3.4) 14

" oT
(9,44, +q,) +§d, d,d, 2 (94,4, ~90.0) =i, Edm’ydz ------ (.6)
unuAwTums (3.2) 14
oq @q, &g . or
——dx- dy-—=dz+qg d . d. d = — N 3.7
e Qs e S S
NNNQUeassIs sasimahanudewiiy
oT oT
G- =i =kdydz =g =0 kdidz—=— iag. ¢ = —kdxdyal ...... (3.8)
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Taumsunu (3.8) uaz (3.7) uaznsaaeadaoiavestlSuasaaugu (d.dd,) 14

i(ka_T)J,i kQZ +£(k6_Tj+q. = QZ T X))
ox\ ox) oy\ oy) oz\ &z £ or

aums (3.9) WHuzihn'll (General form) VBIANMININTZWVRIANUTOU (heat diffusion

= a o A A o :1’:1 ' 9 d'l A d{ o o

equation) luwfamsadoy Javm laumsiitensn aunsanudeu Wuniesdeiugmdmsy

Insedmahanudeu  Mndimeuvesty 3z ldmsnszavesgumglifuilsdduvessar 91
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aumsanusBUaNNIanaI 1A “igalan TudnandasmahniuieugnsludSasnifamie
swfudaTIMIraaasewinliings desiawnfusasmaasuveandenuanueud aeay'll
v

molulsinasiu”

FMsuNsal Ak = aen azlan

ojy #*T aZT+g'_ia_T_

= u) = A...(3.10)
ox? ay2 oz k a Ot

Tavfi & = k/pc, Bondr mntsifanseareueananudew (thermal diffusivity) V833 AUANLA

9
7o o A

a =4 o [} v ° @ v '
mames ildndid dyfiffediusasdmvessimsihnudon (k) YBIINYARAINNLYA NN BU
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3.2 MINIANN3OU (Convection heat transfer)
) (] Qs a [~ A (] (] P a
iieves na lnadmSagiiduveswdanse lnakmun i lusosnienis lua Tnenguyniveswss
a I~ 4 1 @ 1 U a a g 4
Tnauazitvewdaliawanaiafiu MItuMANUIoUTEHI19wed InanasitvewS ez fa gl oves
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. 4 { a o & ' ]
convection) fM3masuNive e MaiannUsIa88E FIUHAWIVINANULANAIIVDINNUH U MUY
v 1
ﬁmﬂmnﬂ:nmmnmwmqmwgnmuiumm‘lna MIDIMANNTBULDVIG o031 MIWIANUTeuLLY
9ATE NIBMIWINWIBUNIUTISUIA (free or natural convection) 1y Udesuruiagieuineeglu
A yy 3 4 S PPN o S Vi a A s a
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al o 9 =1 v q‘ 4? & o Y a d' ~
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Taef q" iWluldndanufeuiismmanveslwaiiden lfeniaudu aums 3.11a) uaums
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Ay Y CIY a W i R a ~ A
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' @ a = . ) % %
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3.3 MITURAYVDINAINY (Energy Balance)
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a d? Aa @ o [ L4 o v A’,' °
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dg,, = medl cenes (3.14)
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4.2 ﬁuﬂs;‘:anémm'mmmm%'auﬂu (Overall heat transfer coefficient)
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Fluid R% (m? - K/W)

Seawater and treated boiler 0.0001
feedwater (below 50°C)

Seawater and treated boiler 0.0002
feedwater (above 50°C)

River water (below 50°C) 0.0002-0.001

Fuel oil 0.0009

Refrigerating liquids 0.0002

Steam (nonoil bearing) 0.0001

A15 19N 4.1 Avear1a ulamey

ﬁm‘umgﬂ Holman, J.P, “Heat transfer”, McGraw-Hill, New York 1989

FCombination UtWhn' - K)

fer o water 8501700

Water o oil 110-350
Steam condenser (water in tubes) 1000-6000
Ammonia condenser (water in tubes) 800~ 1400
Alcohol condenser (water in tubes) 250-700
Finned-tube heal exchanger (water 25-50

tn tubes, air in cross flow)

3NN 4.2 mlasdszaaves U

‘/’mwmgﬂ Holman, J.P, “Heat transfer”, McGraw-Hill, New York 1989

adg v a d‘ a g
4.3 aﬁmmumnﬂqum‘}umammuaamsnn
(Log Mean Temperature Difference, LMTD)

a A a 9 1 9 [
nsunTewan/asuanuieunuuredeusu Tasvesnasives lnauny Parallel flow
=4 v a o 1Y ot y {
n3e counter flow 14 uazglsuvesgangidmiums Inas 2 nsdid uaadldangi 4.2151

AWITMIMIEMANN euvesieTousunSeaeetuld
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A = Wumdmsumssomanudeuauiloves U

AT, = mmuandnvesgumgiimdsiimnzauiunsewandounudou

a [ ' a ' Sy < =
WnJg‘lh’] 4.2 llﬁﬂ\?')'m’Iﬂ'J1llllﬁﬂﬂ‘NEU?]QQmﬁ{]lﬁ&"ﬂ31\3‘[1@\3llﬂﬂﬂiﬂuua&'wullﬂilﬂaﬂu

v 9 1Y 3 9 ° ' a8 A v Yo
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Wi 42umnsgdswwesguingidmsuns Tnanusurazms agauniedy
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o ¢ A ' Y9 a A a P o a
YIUWENE‘]J HA. AT. WIBLIA NIHUWA ,  MINYIMANUIDU 5 mﬂ’ﬁﬂlﬂiﬂdﬂﬁ, ﬂmzqﬁ’!ﬂiﬁuﬁ’)ﬁﬂi, ﬁmuumﬂTuTaUWizﬂﬂn

ndudnunmsmanszi

[l
<

dmsunsewandsuaiudeunuy mamusy (Parallel flow) A NFauUNaeNHIUTUGI U

¥
2997 dA rdeuldiduy

da = -myc,dl, = mc,dT, e (4.7)
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o a s J 9y a
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B T R, el R W G B e SN0 T B o (4.8)

NAAUNI (4.7) Weulnaild

dT, = -dal(mc,,) = -da/C,

dT ) = da/C,

I

dg/(m _c

c cpe

Tagh m unusasns lnaveswanas cp Wuanueusumizvesveslna

@ C = mc, = 8n5ANNIAWTouvevelna

s 1 1
ANl dT, A = dife=Tll= F8 DI NP K=~ \\ ...... (4.9)
g (T=T,) C{Ch CC]

WA dg NAUMS (4.8) Hazunuaus (4.9) la

a7, -T.) A —U(—1—+—1—]d/\ ...... (4.10)

c

aumnsannlouly 1 1 2 @evmmadhtaniseen) 18

In(T,, —
ITANL Y. _UA(L+L] ..... (4.11)
(Thl_Tcl) Ch CC

auiiingannaums .7) ninleuly 1 lug 2 idniwnidownaly

e, = AT, T, = Ch

rhccpc = al(T,-T,) = Cc

unundulu @.11) 19

q i UA (Thz"Tcz)"(Thz_Tcl) ceen (4.12)
n[(T,, _Tcz)/(Tm o 9]
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nlSsuiioy (4.6) noz (4.12) 18

(Th2 —TCZ)_(Thl _Tcl)

N e
In[(T;, -T,) T, g )]

ATm = M = _AT‘__éTZ_ B Wk
In(AT, /AY;) In(AT, / AT,)
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5 ' d a 3 @ ad P
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RIS ITh] W N sy

-
i
|

[FTSRHIDEY R RRVIS)

I
|

¢
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s PR~ (T, 1)

\
I

S AAARERLy 2

: g I RIDERTER IS OO -t

a a : Y a IS v o @ v
1 5.1 vinahamedwezuSnums naduredmsums lnanelure

4 a a A4 a a o
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5.1 M3 lrauvyswiSsurezms lvanuuthahy
] o @ =4 9 '
m3 Tmamelwiemansasumnauszdunnudvesms nasly 2 wuy 18ud a5 Tnauwy
FWIE6Y (Laminar flow) tazms Tnauuuiluglu (turbulent flow) M3 maupusuSouznuhieynin
o > 4 % e > s
vod malusuveluduveslnanilsg (ayen wwineglusuveslnatiuaneams lna deifiansloa
o’: & : ‘& : ' a o Y s Y ",
ﬂum‘lmsum"lﬁanm“lmmﬂuaﬂwaﬁmumz"lumﬂmmyu (swirl) asanudusums Twanuvilutlu
& é s o d' P=1 a a Y o v d'
Fems Inadems Inavzlisnsmsnaiige Smsinaou wyuda uazBoulaasanihigarevusi
v lva'lvanu
do
5.1.1 ausdluasgmvuanuumsiva
v v v v . v
Tagihludavealnaiilueglddeioniu sswinfusufiev(imertia force) nagvludinnis
"lwaua:mm:Lﬁmﬁmzﬁusmﬁaamnmmwﬁﬂﬂszﬁﬂuﬁﬂmﬁmﬁuﬁﬁmﬁ‘lwa vod lnasdanaae
d A v 2 S ¥ . ™ i A - o ' - '
InaswSeniusdiusasid s sniusuioudsus uiewinaumie 189518 AR OUABLTI
A A I~ 9 o ] [ v et 1 o 9 o 1
esnanuniiaiisigaesluave luaisunn Hsasdmdinaniaidwesvase Imathas sas1dau
' A ' A A A dA o 2 Y] °
ITHNUTIRBNABLI INBUHBIINANUNHA NAp ausdluad  TesldTuavsmuauuunsiva

5 ' a . P s SN Vo A4
ﬁ']ﬁiuﬂ]ﬁ'”lﬂaﬂ'lﬂlluﬂﬂ i]&’l‘ufJuﬂ?]nﬁnwuﬁuazﬂumiﬂlmm%!‘5Eﬂuaﬂ llﬂﬂqu

a ussiRnY \ V#DY
{ ysaitiosnnaImmiia HVL
Ay
Re = BT GNP = [ ... (5.1)
Y7 v

: Xl :
Tagh 7 AeanuSaundsvesnsina Judedy m/s
D Asdurimgudnarmeluvesis Smbody  m
% o v
g Aemmmiladuyselvesveslva fimbedly  N.s/m?
A A 4 =t ] 2
v feanuuiavaiyeweslva inthadlu  m/s
dmsums naluvenauuinass — ms lwasilums vanuuswideuigeiie Re > 4000
v 9 !
dmsvuInaumsnlasunlas (Transition region) M5 Twasudu ldvaus S sunseuuuiluglu
g
9 v 9 v
dmsums IdamninszdmualiuSnumsfoumlaafadude Re > 2100 dmsums luanelu

no
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5.1.2 MInsznEnus InHS UM Inaiune

m M3 lmanuusiuGoy @) m3 mavvuiluthu

a 3 o o P=l I 2
51]7] 52 ﬂ]iﬂigﬂ’lﬂﬂ’nlﬂsaﬁ’lﬂﬁuﬂ’ﬁllﬂaun‘ui1UL§UU!la$11Uuﬂuﬂqulﬂuﬂﬂ

L]

P a a 4 a a o s
wosgy seuund Fyanuas, “nomiaasvealna”, madrinioina, ausdmnssumans, uniinodununsmaas

nvsanesiszneuvesmmsalu 3 §ande » - 06—z dwfumsInaluvieluanigling
& dafuramuiades T Ramezs muaiiiy V, =VAr,0,z,00¥, =V,(r0,2,1) uaz
V.=V,(r.0,z,t)  dwsums manuswiSouduieiumunanuimaslavasniiwewelna
(. )winfu Tauit 7, = V. =0unazwui (V,) Siduiladiuvesiife » oiniu g v, =V.(r)
uazmsnsgaeanmiseglugimimlumdspl s2 ) wanvunusomiems ity
viotu Wnsnsznonauiaflimaati dunsums masuuiluthuno g fuand i
dmsums Tnauuvihilmuimawdades (7.,7,,7,) i hidugud  wavaudeiuedsy
nadie nivanaEbesdazateIutoyavInanIsNAAe Tugd 52 (W) uemsnnuisden
Tuanou (7). amsvuslavusnils 7, ssfimsundelnsonmanuSundelummum (7.)
Aaanslugl 53 wmlaqmsunia"lﬂmf’fmﬂlﬁ’ﬁﬂﬁ'aqmﬂmawm"lﬂa?amﬁauﬁ%’ﬂuﬁumﬁwﬁa
vunhdanienils q szuant/Feudumissuoynavesvesnai nadand Sundeunondumis
B qﬂﬁyﬂzumﬂﬂ'nﬁ”ums"l'nmmmmﬁwﬁmgmﬂﬁaumﬂmm‘lﬁm:t‘famafﬂu‘ifumm"lnaﬁu

AavALIa

Vi Cedr ity )

{ 4 S v o > VIR
17 5.3 manfasundasnnud weslunuannusunmdmiums manvuiuthuy

{ a a A a a o
mnvesgy s wuns Agaunuas , “namaniveslua’, madvunieana, AULINNITUANTAT, UM Innduinuasmans
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V,=V. =0

J10az1B0A M3 auuusiSoy ms Imauuihuilu
V., V,,V, hidluguduas
v v
AMISH v, =V, (r)winiulagial V. =V.(r,0,z1)

V,=V,(r,0, z,t)
V,=V, (r,H,z,t)

U Tuan Taevwamasnnaums

A
msnasuiluzives

a 3 ] 9
s Ins MaanuSrnndeyans

NANDY
< i 1
NITNITINYAINULTD V: il _l_ V: i r\7
B\ \ 2 AN R
AnuiTamdn B27/ A 4
Vz,max 2 Vz,max 5
uisdTuad Re > 2100 5x10° < Re <10’

ATTN 5.1 ﬂ13lﬂ?ﬂﬂ!ﬁﬂﬂi$ﬁ’j1ﬂﬂﬁuﬁ‘ﬂ AVVIIVFoUNUNS v!‘ﬁ auvvilududmsy ms"l‘n a

< v
une

5.1.3 M3 lvaluduneluuSnanhamad

=2 o

A o 9 a £ v g v Y a a
Namnmmwumawm"lwam‘lwmm"lﬁamnmﬂmmam‘lﬁa'hjmu‘na %Qﬂﬂﬁlﬂﬂﬂinﬂl

» 4
ms Inadudaranwhsiedmanitugl 51 vazveslnad e suSamaasiamr Wmuni

v 3 a A a 3 o 4 v { o
9178 HAANUHIIFUTARISINLTY. aussnsdwuiduguinavesreszezmaiiianinmnmaudn

' 2 P T v & - a v &
W@%iﬂQ?ﬂuﬁﬂﬂT] 53831‘“]7”\3“” (Entrance length, Le) %Qﬂ'l"l]ﬂqllcﬂalﬂaﬂuﬂ!ﬁﬂﬂil?mﬂﬂlﬂﬂ']\jﬁnu

< v a [~1 v ay '
vo1 Tvave lnadiunie TuuSnams vag uviofinuh

dz

4

- [<] v
=0 (M3 llﬁﬁllﬂﬂ'i'lﬂﬁﬂ‘ﬂmilﬂf])

% =0 (M3 Tmanvuiudnuduie)

9 ¥ ¥
dmsvuthamadn (Le) WuYuegiusaT MU uReUABLS UilBIINALHITA (tausdTuad, Re) Tag

NS0
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% =0.06Re (millnauummﬁﬂmﬁnﬁa) ......... (5.2)
Le 1/6 S TSN S
in 44Re" (mslvanvvihwlwduve)) (5.3)

Tagh Re=pVD/p=VD/viavii 7 fennuunivvomedlna  dwsumsivauuy
swisoy szozthamadheanlsiulasasedy Re $rmualy Re = 2100 unumasluaums (5.2) a2
Tdszozthamadriinniigadsdl

= 0.06(2100)=126
D

) [ y 1 9y LYY o w &
amsums'lwaxmu’ﬂuﬂ'm i$ﬂ$ﬂ1ﬂ‘n1\3ﬁﬂ%$uﬂiﬂuﬂﬂ Re #NMaInUIaIUND vam

UguRszinsanlusiwes 10* < Re < 10 deumusasluaums (5.3) 9218

20<£<44
D

=3 v ¥ f 4 3 v v o [ 4
zniu 18 meldms Tnavvuihilufussozhamasiiisndesndn - 126D gmsulunsaia
9 v v v v
Re = 2100 uennnil Massiudurelimsdenin uasveuriesurziliseguanuiuthuiuduias

mldszozthnmadiduassn
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1 £ 4 v ¥
ilesnnniioisaoudiiugunseliandsunnudeuuuy Cross flow Taslfriufhumsnde
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°

=] @ 1 a3 4 a oy > { 4
1o ua:mmmi‘lumwmmﬁ’aumﬂmswaewmﬁaaﬂqm‘ngmmm nmimhidumsuanaou
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mmsaufmmmﬁ%x‘lna'lﬂwaawmmmﬂumamﬁmmﬂi
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Air Flow Direction__—
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2 @ 2 3 S s g
gﬂﬂ 6.1 ﬁﬂymzﬂ]?!laﬂ!ﬂaﬂuﬂ31N59u11UU Cross flow YUBIHUBUITDIUG

6.1 UAUSZINBANNSDUHTDISDEYS
thynedaemevesTaseny  fe M3tue WU aeINAtamaas e luNT e ALY

¥ ¥ v
uriuszeaNuseundethsooud MiUsednsomlunsszinoanudenliaey suiulumsnagey
= ~ Y ) ~ ~ v A AY o o Y] A A o
vmshezlduruszmennudewdos 1 aSulumsnaden  uadisannitesitanidunseaiiesa

ada a P 3 a L9 A Ul A o an 'Y YR
RUMQUANANAZIDIATYY uazlivnadinung TnmgedaiuieIWinseado Tagumngiemaldss

¥ ¥
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s umstorinvisnua 56 loop Fvlduamedans e 6.1 uas 317 6.1 &aii



¥ojuniieth u F 1T usoudtive
5ﬂﬁﬁ1%’ﬁ1 Aluminum
JLUZNNVUDA tube 6.4 mm
Diameterluwe4 tube 31.88 mm
Diameteruanuas 35.99 mm
tube
2HZANYDIATY 3 mm
ANUHUWOIATY 0.3772024 mm
yuidvesTanes 23° +3°
I lanes 141030
AWNUIYee Janes 0.07 mm
ANueNYelanes 0.8 mm

L
o_

317 6.2 ASumderin

v ¥ v
131971 6.1 wamIITwazIBuad 199 YoaHusZLeR L euN e 1 nEUAA 14 na don (IAHUIN 1)

ldmaaevsSulsznouegiuyag Tusfay
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6.2 Reulvlumsnaaey (Test condition)
= & T
$BINUIIATIIUIIS D 1614-1991 (MAKUIN 9.) Fufhunasgulumsnageunsioinialy
9 v 9y
1. i iFluszvudeaduiazein

Y . v
2. quvgiivenhiimudwes Radiator fugumgiivessmaimaduanduiy  60£10C

Q

9

3. HoINAADY (Test room) gRingiivesiesnadevesgluii 5-35°C nazauiulurea
nAaY 0y11%23 45-85% RH

4. NAdoUBYlNYI 4-8 m/s

6.3 ANINAMIAAABUYDUN3DI0TA (Instrument Errors of Instruments) §1993A1UINATTIU
JIS D 1614-1991 (MARUIN 9.)

Water flow meter +2 % vaemiuen 13 lunTeaiiasaves (full scale)

[

2. Air flow meter £2 %vosinuen 13 TunsesdioSa (full scale)
3. Thermometer +0.3 "C
4. Differential pressure gage +2 % U89 maximum scale value
5. pressure gage 2 % Y®9 maximum scale value
6. Temperature difference + 0.1 C
a A ° Y & S By = v
WM NWENIVEI Tube  Hrzibunlilumsnaasuiesidne 4 il&ninganaaes
(Experiment Apparatus) TihifSouiieuiunad ldsrnnsiasansnenfiuass (Simulation) Taeffiene
an a ¥ v sy v Y A a ¥y A &
'mmswfmnsaaimgﬂmaau'lmmmaw"!ﬂmﬂmsmaawmawmmmawamuaawqw ws1znRsiu
v v oA s P8 Y o = o A P Vv A
M35 19¥ANAADS [AURNIZE1989 Tube vomumhIzassliaNusINTUNgaizannsoadeld e
TaaiIdannisnansdenndeiunanisdiums s10eanenoufiomes 1A8819899190193 71U
- IAMIRIMUARIYEI Heat rejection capacity (Q) &
a 9 = @ = Y . e .2
ANUAANAIA 1R + 10% (Q: £10%) UANUAUGYLOONNAIUBINA (Pressure loss on air side; A pa) UM
¥ ¥
a ' @ ° =1
Aanaala +20% n3erfouninil (APa:+20% or less) uazawAugaFomadnimaeitu (Pressure
loss ob water side; AP, ) fiftnawrana1A 18 +20% nSerfooni1 (AP +20% or less) Badonlulums
] ) dd' <] ';
nageuzgnuusesmily 2 n3dl Taonsdin 1 ifumsnageuuuunnuEad (Low speed) Inams
° [ a ia o o
AmualinnuvesemmFanafiiaduiadumihves Core (Air mass velocity at front surface of

v
core) ¥,v, = 48kgm’s 8aIms lnaFalSmnsueni (Volume flow rate of water) HAUNINU
ya af

5 ' v cy 1Y Y ° > <
40 Lmin(V ) Tdanuuandnsznaihdueiniadh whiu 60 ° © (T,-T, =60 “C) Iianus)
v ¥
VOIIMA MY 4 mis (V) uazqumgiiveseimafimudh iy 20 C° (T, i) nazanududning

(Humidity = 0% RH) dwsunsain 2 dunmsnageuuuuanusias (High speed condition) lag
ty 3 gh sp
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v a

° =3 a ia @ a
fnuadanuswesmaFunafiiduiadumrues Core YaV o= 9.6 kym” 6251m3 TnanFa
v v
Yswnasveuhliawiiy 100 Limin MWaanumnaissenhaidhsuemasusdy 6o ¢ I8
] ' o a q (- ° 27 oy
AU IWOIIMANIN 8 m/s uasguingiivesemanmaudumiu 20 ¢° anusudining 0/ RH
a A v - A VAo a Y A 4
TumsHinsaudenldnm Heat rejection vzfivismudenmniimanuianain -10% nlmsizians
o 9 J = : o 4
ﬂam:‘nﬂﬂwamwmqm‘ngmmmﬂ'ﬁ)aﬁwuazmnmsmwuﬁﬁﬂullm‘lunsﬁﬁjm AMSNATBULY
3 o o " o 4 H v 3
AT MMuAld Heat rejection ADUMIAD 41.3 kW waziufilumssiomanuZeuss 2 asd
o ilr; a =) [ Y 2 g a " @ 2 2 d‘; ~
Amualinuives fin TAuMIfy 41531 m? uazfiufives Tube WAL 0.6827 m 2 Fediuiluns
9 v v
semanuseusunanuafideninuenssnly Wik 4.8358 m> ATUMINAUINDATINST DBIN
) [ &£ ] g a ° Yo dy
ANNITDUTIWABNIINUISAUN (heat flu)anansasivuia ldaai]
- 71151 Low speed condition.

1. 19/ Q :- 10%

- 0-010 _ [262-(0.1)(26.2)] ﬂz = 48761 ﬂz
: 7 4.8358 m ‘%
2. 191 Q: + 10%

C0+010  [262+(0.1)(262)] kw fow
0 P B 4.8358 el
. ; m m
- MIK5Y High speed condition
1. 191 Q- 10%
g \ 0-010 _ [413~(0.1)41.3)] ﬁwz_ Roof, ﬂz
@ A 4.8358 m m

2. 1% Q: + 10%
i 0+0.10  [413+(0.1)(41.3)] 2 BN 03045 X
£ 4 4.8358 m m

1

6.4 ¥10A3INS 1M V0N NHIY Tube Ui

Yy
3

e g gl z :
Fandorhguiildlumsnadeussdl wbe anua 66 tbe uazluudas wbe sediuiidusens

YBINS IMANIAY 19.7516 mm > (14.74 x1.34 mm) HSOWIRY 1.97516 x 10~ m 2



Radiator for experiment

1474

—— o ——y

0
N
i
J1
o5

31U 6.3 YIAVBI Tube

"

a 9 % v g v A
1311191591183 Tube 11 radiator AovnIMAY Fafi

o ° L] L]
= 43 - | ' =
V total in V tube,1 V tube,2 N /o = V tube,66 V total ,out
910 Law of Conservation of mass
o L3 L] L2 L]
= + + W =
m total in m tube, 1 m tube,2 . I m tube,66 m total out
°

w,out

317 6.4 famadunzesnvesdnsims InaFaSines
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g s ;
AuanlAves Water figungil 80C° u3o 353K° dwnsont14e1n Table.As T

Introduction to heat transfer. Text book U84 Frank. P. Incropera 8¢ David. P.Dewitt , Third Edition

v, (m’keg c, Kikgk) 4 (NS/m?) Prand H
T(K)
Specific volume Specific heat Viscosity Number
350 1.027x1073 4.195 365x107° 2.29
353 1.0288x1073 4.1974 351x107° 2.20
355 1.030x1073 4.199 343x10°° 2.14
- °71'm Holman, J.P, “Heat transfer”, McGraw-Hill, New York 1989.
M3 6.2 Auaulianieg vedih
mznsiunaauiAag veeth igungil 353 K° wisvauboadei
-3 3
\ T 1.0288 x10™ m” /kg
c, =41974 Ii/kgk
4 =351x10"° NS/m?
Pr =22
NANUFURUTYe R NS AT ST ug o
1
Vo el — g — SRS N B A e (6.3)
Vs
1 3
=—————— = 972.006 kg/m
1.0288x10
AS'Z Y a ] é (] 9
FIWTONIOATING IMABINIanonTIan 1Y Tube 1R INAUNTS
” V
R P e (6.4)
N

ANUHUIIUYRIBIMAINguNgTilag

£h.

5}
D

Il

::1131

V = 8a5ms lnaidalSunas
9
N = $1u2u tube anualy uilorhfildnaasy
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- @IM3U Low speed condition

3 .
- (972.00"—%) (40#) - (ﬂ)
50 P Vi m min ) 1000L } 60s

My, 1 =
N 66tube

= 0.009818k—gPer tube
s

- dmsy High speed condition

3 .
: [972.006—’%) (woi,j N\ - (@J
* P Vwa m min A 1000L A\ 60s

My H
N 66tube
= 0.02455k—g per tube
s

A 9 =) [ Y a 4” = v Y
MIBRNUUY Tube N1¥lUMISTNAADINZA 2 tube F1 1 fin 15118 T 15000 wunlumsmeamanuseulu

@

1 loop "lﬁ'mﬁ

311 6.5 MwauliAYe Tube A1 Fin

; v
@ a [

9 1
aniu ilumssiemanudeunamualu 1 loop vesmsszuienudeussn 3 mm.

Ay =617.6mm*

159 =0.0006176m"

° vy ° 12 v = o A Y] o o I
1un1swﬂaaamwuﬂ‘lﬁunﬂmumiﬂnuﬂmmauqtymﬂ"lﬂﬂummﬂaan AIUUINTUAAIHAIIIUY



[0 4036 Ue it A e S N TNl 6.5)
Y1 =}

1482331 Heat flux ¥899101A7®

q, = e U e (6.6)

Amtal

AU

2 o e S e S s TP Tt M (6.7)
HAZVINAUMS

AP A e o NN T i (6.8)
AU

=qAd,., =Nmc AT ; N =313 tube 2 tube
q total P

¥ ¥ o
@113 Low speed condition Aesms Igamglivesiindmaziihosnuansafi 1 C

A5ON 1 Q = -10%

=% m AN e 1 2 4NN & 1] (6.9
qAm :
1o =Ty ——F—— N = 919 Loop 811 3 mm/ loop
Nmw,c )

2

(4.876 x10° Z)(0.0006176m2 )

=(353K)- &
2(0.009818k—g) 41974%10° 7
s kg K
~32.56K
n3e ~79.96C

AT =80-79.93 = 0.04C

aa
AN 2 Q = +10%
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(7.6864x 10° KZJ(O.OOO6176m2 X))
m

2(0.009818k—gj 4.1974x103—J—
s kg-K

Tw,oul = (353K)——

=352.96K
EL) ~79.94C

AT =80—-79.94 = 0.06C

) @ { d [ a :’ :’ ' @ i

dmiu asdimsnareuiianusIga isuiy desms Iigamgiveniifuwanieenuandaiu 1 C
aa

ATEN 3 Q = -10%

(5.9597 %10’ Kz)(o.ooom 76m> 1)
m

1]~k
2(0.02455"—3’) 4.1974%10° 2L
=352.98K

Wi ~79.98C

AT =80—-79.98=0.02C

s 4 Q = +10%

(9.3945 x10° KZJ(O.OOO6176m2 )
m

L = (353K -
2(0.02455 —g) e 1017 PO
s kg K
~352.97K
n3e ~79.97C

AT =80—-79.97 = 0.03C
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9 ¥ ¥ ] ] ] » v
M3IzREUUNN 4 nsdihudiesdunud AT #ldanleviigafionsdifl 3 dufuez1dnsda 3

v v v ©° v b 4 v
WhuReu v lums Mmuasinueves Tube Nazihwmeassnemid AT=1C Fazldmufilums

521185 OURY 56 Loop 11AIA891% tube 17 16.8 cm.

a [] SIA ‘&v i 9
wnsanInilasldtou lviunlumsssunoanudey s6 loop
- d sy High speed condition

NSEN 3 Q = -10%
el 2
[5.9597x10 7)(0.0006176m Xs6)
m

2 0.02455—/‘5) 41974%10°—7
s kg-K

Tw,oul = (353K)—

852K
150 = 796

AT =80-79 = |C

vmsi syl 1ddeedodld Tube 113 16.8 em. Samilianunandvesgu glniAy
c

o 9 v
dweams i AT uanA1afu 0.5 Casdosld Tube 819 8.4 cm MuRTunISsE LI DY
28 Loop

6.5 MseenuUUNBdIMIVE NG NTIFANAaRY

* = & t§ b4 v
8391 yanAnea IR 1F5 1191 tube 2 tubes A0 B FuRiaralu wbe Tavrlszana

Ape =1.34x14.74mm
AIUU A =24

pipe

€e

tube
A o Y1 o o o {]
lu@ﬂ?ﬁuﬂiﬂﬂﬂﬁ“ﬁﬂﬁu'ﬂ UNINNTTUBN

2

”‘% =2(1.34x14.74)m’
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g \/2(1.34 x 14.74 )x 4
T

=7.09mm

o & e R ¥ P ) " o 0 q Yt o
faru waan"lwamwmmaumugruUnmamuiuammammﬂ‘u 10 mm. 321 il lva
FIN~4 [ =1 '
Tdduvisuaziivanensnsinaly wbe

6.6 NMIVBNUVVUAZANA Screen (wind tunnel screen) 91999010 Design rules for small low speed
wind tunnels (2ANUIN D.)
TﬂﬂﬁﬂﬂﬁmwmmﬂﬂNhaﬁnﬁﬁ]ugﬂ 4 MAvUL0EI5I1989 Boundary layer thickness 1108
v 0w g = o 5 S44 F poy g
au5awwABMUMIAOUIaIYe I WA (Pressure gradient) Tiivuty 18800
a ‘ 43 2 pus 9 v .
Screen 3&U pressure drop coefficient MAVVU IADNAIY Sereen¥& @319 pressure drop coefficient
2 Yo 2 < =
Ussanas 2 49 sereen fdsisaaminmusams Ina luidume nas favrvannszuams Inauuy
Pudwlumnums naldetamnndae msnmiszosriieszning Sereen uaazaalae launzihlivieiy

v v
o8 11leuUs20 0.2 ¥4 chamber diameter 11/® chamber HU1A (8>< 16.8)mm AU setting chamber

diameter

e d = /82 1168 |

d =168.19mm

168

v
AUTZULH 195N I Sereen LF Az
Distance = 0.2d = 0.2 x 168.19 mm.
= 34 mm.
2 % > o
%992 1% Screen NIMUA 3 f0

1ATILYTHNYDI Screen andagaduhamadiiiunugaiiuedindes 024 Aorved1eon 34 mm.
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o a Y
gﬂ‘ﬂ 6.6 AMNUDYI Screen mammuuaﬂﬂmjﬂmaau

6.7 NM30ONUVUNDZAANI Honeycomb

01994910 Design rules for small low speed wind tunnels (21ANM3N 2.)

Honeycomb %z*ﬁwaﬂms"lwaﬁﬁmsmgum (Swirl) f10911919m3 19 A a U Axial Fan 19
favanszdunnuiuduvesen i nadundas Taoiusile Honeycomb #13 6-8 %73%89
diameter Y9931 (2 mm) wazdl cells Gh»i‘] ?)Eh\‘lfllﬂﬂ 150 cells 91 setting chamber diameter

@Tﬁﬁyu%?aaammuiﬁ' Honeycomb

Honeycomb = 6(d)—  8d
=6(2 mm) —» 8(2 mm)
=12mm —» 16mm

v & =2 A v
AuINaenlie1d 16 mm.

nyem 1dan i >

‘¢ i
, 4 12

(1989910315311 JIS B 8330-19814

NIAWRUIN 3.)

31/ 6.7 M308NLUY Honeycomb



= = 3
317 6.8 MMve3 Honeycomb fiovnuuuuaz ¥ luganae

6.8 MIVONULUNAZAANY Connecting duct 3198ama1 JIS B 8330-1981 (MANIIN 2.)

Yu5¥N I Connecting duct Uz axial line lunsdims Imadinsy expending duct 1373

ALy
Flow 14° IE
—. A

Expanding duct

Flogh ¥ ¢ age F L
3

Reducing  duct

Wy 30

L,

I‘

v b4
g‘ﬂﬁ 6.9 MIVDNUVVLAZAAAY Connecting duct

46
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. 7Z'D2
We m = Aerial ratio = P b e s TR i e S (6.10)
a

ANUINVOIRU N1V rectangle

®
I

(4
= ANWIIVBIRTUATUYBA rectangle

ATWYIIVDN connecting duct

g t e
I

= Diameter 9191Uv09 duct
e a = 178 mm.

= 18 mm.

316,10 Connecting duct fleenuuning 19 lugananon

H1 Aerial ratio 910

zD’? 7r(8mm)2
m= =
4ab 4178 x18)mm’
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m=0.017

v
agaiy m=0.017<1  awdqums

%2[].8(ﬁ—1ﬂ+0.4%

9
INSIZRLUY

£2[1.8(ﬁ—1)+0.4%}-D

gz[m( \/6%—1%0.4(%8—]2,-8

L >132mm

UNUA

v
INSIZRLHU AWYIIVEI  Comnecting duct ABIMINNIMSOMIN 132 mm.  Iumsnaasezls

connecting duct 813 150 mm. LAY

L>6D
L>6(8)

L>48
v
A9171219119910 Honeycomb 1523188 70 mm.
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6.9 MifinnuMzEzYARadvRaTanNTuR P,

vl NI 43 b atfhis

i (] BN 3 3 1T

! »— LB AE el
31 6.11 m3 Tvansluvie

=1

vod Twaf Tnath T lugesmalnaesll - velocity Profile Apvq i liliFasaudsganiian
£l [} 1 s’- 'y < i
Velocity  Profile "lnsﬂﬁauuﬂamﬁmn‘%‘ﬂﬂﬁgﬂﬁm‘ﬂmm'lwawwmgﬂnmnma'lwamuﬁué’a (Fully
3 ° v 4 v A < H a
Developed) 4auziinigauam Tunts nalinlaoumlas uddetigunsaileq fawfildnauaefiama
=3 ° s H [l ' { [ °
ms mandeui 1 Velocity  Profile Y03 IMAN Inamuresmans madmsalfeundasdanariilyd
Y =1 a Y A o @ EY
awdulassauiimsnaounlaidae ilesminanuduisnualsznenday satic pressure | stagnation

v 4
pressure L& dynamic pressure c]?mﬁmmmauﬁuﬁﬁuﬁoﬁ flo

1
IGL+— DAY/~~~ /) ... (6.11)
2
A . v da [~ "o o
$3)3] P, = stagnation pressure (mmﬂumﬂﬂmﬂﬂ’nmsammvgmﬂ
b4
P = static pressure (A IWAUNI Thermodynamic ﬁﬂﬂﬁu‘]
I ar :
5 PV = dynamic pressure

a 1 v N H ° [ 1
minfinsan lumeuaeg - PV 15U Velocity Profile hinsfiszsilinnuda (v) lunsil

A1 39019 walaesuAsN 15 AR sy



ms1zﬂuuuummmﬂﬁqqmammaumi‘lummﬂm

ﬁf»WN@ﬂ')ﬂﬂ’J'lilﬂ‘ublﬂiﬁﬂﬂﬁﬂﬂﬁm’m\iﬂ‘ﬁwmu‘l Profile ‘11’ENﬂ3111!537!111!1?1“9311411%111’!1&?1’J
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l& o {
FUT I WITOATUIUNITSILN NI

%1

5380,7]1\3‘1!3\31161%1‘15]15&!19\3‘1!’3\3 Entrance Length (Le) mnmm"lwa"lﬂamu ¥4 Le "lﬂumn‘nmamm

ol Velocity Profile 'lﬂwmuwunflu Fully Developed uduay

sare 'l
MnsY Laminar Flow

Le =0. 06(pVDJD
V7

e p = density vowweslua

V= mean velocity
D = Inside diameter
M = dynamic or absolute viscosity

qmsy Turbulent Flow

Le = 4.4 (@J% (D)

Y7
ol 1$madey
Ta = M =405 =~ 40 °C’
2
V. = 8ms
4bh 4(5mm. X168mm )
Dy o = 9.71 mm.
206+h)  2(5+168)mm.
Boous- LI kg/m3 (Fox 6" page 728)
ar@aoe = 191X ig= N-S/m2 (Fox 6 page 728)

dmfumsIvamoelunie Re <2,000 (Laminar Flow)
Re ) 4,000 (Turbulent Flow)

WA,
@ W

AU MM Reynolds Number

MINIA Le ﬂﬁ'llﬂ'iﬂ‘ﬂflﬁ’iﬂﬂﬁll 113
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9.71
1.13kg/m® N8 m/s) —
o L PVD (131g/m ) m/silooojm

yr (l.9lx10'5N-s/m2)

= 459 ) 4,000

uaInms Inavesemamelunedmasuiisy Tubulent Flow IW31292UHIA Entrance
length 9¢ABIRIUININ

Le = 44('0VD) (D)

= 4.4(4596) (9.71mm)
= 174 mm.

k4 v
Al 9A3ARNAUTN Down stream 92AB0GH19917 tube 111 174 mm.

AIAANLAU

Wi 6.12 nmvesyaiafieenuuuuaz ¥ luyanaaey
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6.10 ANNUMANNKINVBIRMIUIITFegltilay
emennuuiunewssiia lies Tasfinnumin 25 mm gungiildam 1,260C

ANAUINATY 1,760 C YUIANIINAIN 600 mm 813 7,200 mm Lazlinuseus 600 C iy 0.1

Keal /| mh Cv500.1163 W/ mK

k= 10.1x1000-%% ( 1Btu )(1055.05&1)( 1h J

o C 252cal 1Btu 3600s

=0.1163W /m

A v 4 vy y— i 7
mmmﬂmmﬂ%nmmmﬂuman‘ymzmam:’uaﬂmwiuumm

F =Rue
Toﬁ’hOO
Insulator . i
K=0.1163W/min
T/—\Aﬁ/\/\—c——\»w\/v——& I ©
B(gh” if/rn) & JY

: : 27k 2mr,Lh
31 6.13 viensanszuennalsuauIu

TnsaveveInnusou

AnsanamningAvessui liiuseuns snszuendegyl guugiiaduluveanuau

smualdihugangd 7, = 80C wasiwendufafueimadaomsmniiuen ho=256

' v 4 g aq
vnInseivesanudeuludiosduauyals

auyAgI
1. Steady- state condition
J 9 a A 9 é aan
2. ﬂﬁﬂ'lﬂl‘ﬂﬂ3111561&11!!!1!’.15?{11‘11ﬂﬂﬂiﬂﬂizﬂﬂﬂiﬁlﬁuﬂuﬁﬂﬁ

3. liflananinanuduniunuanudeuiinie
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4. dimsunnuliguauiane
1a 2 T A v o 9 o 4 vy
5. hifiamsnlasunasvesmsmlaswesmsudssdsznhanidunenvemuusudunaden

anudeuiinannmsciomaiudouniulnsig fe

= lzﬂL(T' bl e (6.14)
n(,/n), 1
k r.h
Fay JamnunMuRUIINga ldnnaunms
k
B S NN A o o e NN e e (6.15)
h

wnsenm A, veermalidumswinnuisunusssunaluemevesinam Widuems

Y ay v o @ v v ° 9
Ténnuduussomauazgumgihigs wwnednd 13sagdaumsedisiwlaoimualy

_gBLA
~ 2

7

Grl

woz AT =T, -T,

6.11 msw1mm§'eumn5ﬁum?mumm's:meﬂ

n3AIN5INTTVRNNIMINITZAY 1weSiazy (Churchill and Chu) wusrh 18 1Fmums
2i

176
NUm =R L6+ N A~
k li+(0.559/pry" e}
T,

P . _T o @ a
laoh Ra, = Gr, P, = gD’ Z-1.) (AaaniannAIvese Inannsanen)
e

T +T
T - s (=]
s 2

=1 Q’ a kY 9 (] o d’d
nsmmens:uamn‘luummwmsmﬂmmmﬁumug{uanma D uazgs L moluvesves luahni

P, > 0.7 1nu815n (Gebhart) autls 133uaz 1nsnd wudidh
b
L

K (GI‘L )1/4

1 15aums



Y
01

Nu,'" =0.825+

0.387Ra,"*

—=10.825+

( 0.492)
1+
Pr

0.387Ra,"*

9/16 18727

Pr

049 9/16 8/27
1+(—' J

5
.L (GrL)I/4

54

a o a o e Ny’ i
1 F(Cebeci) TuInT4 (Minkowycz) nazanils 15 Sumzti 195 Mandulseanimsninnudoumae

1N

Num = [0.825+

0.387Ra,"*

Num, .. (1+1.3& °%)

[1 4 (0'492)9/16]8/27

r

o &= (%)/RaL”4

9 .
AMUINATINAL 7 T, =

]2 (1+13§ 0A9)

s Wi o L & v v v = ﬁ 5 4 9
AMIUNMIT A &< 0.024 A3 Num Fif s Iiudoaguids 0.94 Sawiudneuiigndes

80+ 25

=326 K (Air)

ﬂmﬁmﬁﬂ"lﬂﬂﬁﬂﬁ fio (Gh«l Introduction to Heat Transfer Y89 Frank. P. Incropera)

p c u
il - i ) k a v
: kg/ m (kJ/kg k) (NS/m?) 2 . Pr )

K w/m  k m°/s m°/s
300 1.1614 1.007 184.6x10 7 26.3x10 72 22.5x10 ¢ 0.707 | 15.89x107°
326 1.0749 1.008 196.6x10 7 28.2x10 73 26.4x10 ~° 0.703 18.51x10°
350 0.9950 1.009 208.2x10 7 30x10 > 29.9x10 ¢ 0.700 | 20.92x107°

: #m Holman, J.P, “Heat transfer”, McGraw-Hill, New York 1989.

v ¥
1910 6.3 guauiAaagveai




NIMINAWITO Interpolate TARUAINTAAIIT T, =326 * K 18dad]

p = 10749 kg/m® k = 282 wm'k
c,= 1008 (k/kgk) @ = 264x10° m?/s
M= 1969x107 (NS/m?) Pr= 0.703
P = 1851 210" m?/s
D & 35
ATIVADUAT — NAUNIT (YD L= 1038 mm ,D =11 mm , — 2 T
L L (GrL)
4 ghl(T, -T.)
Tagh G, = "—2—=~
1]
n [(9.81)(1/326)(1.038)° (353-298)]
(18.15x107°)?
= 5618920644
E
0.011 2 35

1.038  (5618920644)"*
0.0106 > 0.1278 'liia5a

160 Ra, = Gr,Pr =5618920644x0.703
= 3950101213

M1 4 nnaums
&4D): 0.0106

g o =4.227x107
a,)""  (395010213)

35



[' 42
Nu = | 0.825.4 0-387(3950101213)'*
i : o110 18/27
{H(ng) J
_ 703 i
INTUNT
[‘ -2
1/6
Nu, - | 0.825+ 0.387Ra, 8
0.492)2 0"
l+( 2 )
Pr |
UNUMI
f" -2
1/6
Nu, | 0825+ 0.387(395010121_:,/)27
9/10
l+(o.492) _
0.703 ]
=176.82
1N
M h L
k
ﬁqﬁu
= KN, (282x10°W/mK)176.82)
i 1.038m
=4.8047W /| m*K
én"qifu

k  0.1163W /mK

r, = =
R, 48047TW/mK

=0.0242m %58 24.21 mm

(1+1.3(4.2271x107 )

(1+1.32°°)0.94)

[1 +1.3(4.227x10 )°‘910.94]

56
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Y v
W3 1zRIY ANUMNYeIRLINIzA IR uIwTiuednTon
t=ry~1 =2421-5.5=18.71mm

2 sS4 a9 o v & Y gy g a
FIRUTRDN1Fazlin N1 25 mm Safufutin 25 mm fifieineuds

6.12 MUINM Power heater
) ¥ v ° ¥
Lﬁaamﬂﬁ'mmﬂﬁﬁ"lm%"lunﬁmamﬁqmwQﬁmﬁu 80 C agaavanawdnii lnasen

v v L o
ammmamﬂﬁaumm%’auﬁummﬁué’n::ﬁqnmnﬁﬁmmaﬂmmﬂmﬂmﬂszmm 70 C 31ngrunis

9

Power of heater = me¢ A (T," - Tou,)

S | s Y - 80+70 >
910 Table A.6 mamanmmmuﬁﬂqumngu T, = QY (S 75C

U380 75C+273 = 348 K

VINMWANRUESENIN p fu v
1

k%

i/

— 974858
DOZSRICERIOLAK, V™ 53

VNS Interpolation 911 v, = 1.0258 m° / kg
p=4.193x10°J/ kg k

M52 unsd Low speed Condition (i1 = 0.009818kg / 5 ) pertube

Power of heater= mc o (T -T )

w,in w,out

ioe1nTnamy 2 wbe
= 2(0.009818E)(4. 193x10°J|353 - 343)K
N

= 823.34W

dmiulunsdl High speed condition (2 = 0.02455 k—g) Per tube
A
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Power of heater = 2(0_0245555 4.193x10° —J—)(353 —343)K
s kgK

=2058.76 W

o ldng a‘uﬂqnﬁa Low speed Condition ita¢ High speed condition 3919 heater v119 2058.76
W uluuaamdonvesu5in §u1oued heater 499 Honstanz U SGI303 YH1A 3000 W §iA2106712 265

mm 1M 220 v Ac FuinBadonjuiiinie

/v'mﬁm ®1" /v;a ®8"mm
N

NZZZ—=IN\] 257

' o J N AN R LT

R = L=265mm [
| -

zﬂﬁ 6.14 Heater

6.13 MsoeANUVTINNINSoU

. v ¥
1194910 Heater Tidon#Tuuiananuem 265 mm IWIEREUUANNGIVOINIINIZABINTINNT
A Y o 2 o Vo Y o Y v =
265 mm IMBINTUSOAAAT Heater 1839 mualifags 300 mm uadfmualiind1e 200 mm 10314

v ¥
3 WU STUU mﬁnﬁmﬁﬂmzumnﬁmm

Lpipe =200+168+200+1038+184+184+150+1038

=3162 mm’
v ¥ ¥
@ @ a o Aq Y o 4 fo =
ANUU ﬂinmim'enum‘hmwm“luszuummmm

N30 V=AL
V=2mL iefaiivesio » = 5Smm
V = 27(5mm)* (3162mm)
= 496434mm’

b

A o Yy A o =) U v ?
ure)s:‘unmumi)zﬂammmaaag‘lumwnﬂs:mm 29U

v 9 v
msReiulSnasvenimanualugs
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=3V =3%x496434mm’

I/Iollle
=1489302mm”>

é s o o dy
Fuumvestsannsafiuan laeail

Vtank i I/lm‘al

HXWXLzl/IaIaI

L - total
Hxw

_1489302mm’
(300mm¥200mm)

L=25mm

@ .3 @ :; kY 'o i 2 o 9 Y (% L)
muummﬂn‘ummmﬁawn"lnmﬂm 25 mm GIN‘ﬂzﬂTHuﬂiﬁﬂ'ﬂllﬂ’ﬂ@‘ﬂﬂﬂﬂﬂﬁ’nﬂﬂ 200 mm

¥
MR IUTIAYBIRNINIZHAINGY 300 mm N33 200 mm LA 200 mm gt lduruauay

YU 3 mm.

b4

17 6.15 amduihdeunaduaswda

P ) o g gy Y
e lAvinavesdainiideundus ez
a u’ V9 o z <

i ldseunmalSuas

o a Q’I’ Ca xd' 13 1 o : '
‘ﬂ'lﬂﬁﬂﬂﬁﬂq‘ﬂﬂimﬂﬂ”] ‘nmﬁ]’u (%Y Heater, ﬂiJ'lJ”I, o

Tnandy, gunsalathagaing
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Tﬂtjmsu1umni‘]umunmmnaah’f"luiwnu mﬁsnmmi’]uﬂauhﬂummﬂ°1ummaasn
‘114QmHnwaquﬂumnqmnnmmnumwuﬁ Taol% By pass valve ni‘luﬁ'mam'lnnuqﬂnsmmu a9
mnuﬂ’lwwummumuﬁuaﬂmwawa AU 25 mm uaz 37210819 150 mm wmumngmawa

Milvua ©2 mm. mnwmé’nymzﬁegﬂ

ginsaiiln

Ngamgiimiiu

NINIDY
Heater

ALY gy i

1 616 ammgludnideusiuadouda

6.14 mmwm‘inqﬁmmamu (Critical Thickness of Insulation)
ﬂﬁaﬁﬂﬁﬂ"lﬂlﬂﬂﬂnlé’ﬂuﬁPhul‘l’ll"l'flﬂﬂ ‘1)1ﬂ°/1'8ﬁ56715\3ﬂ'i uaﬂﬁummﬂmniﬂﬂmswmmu

‘Ll'L!TL!U'Nﬂ‘Nﬂ’li)l‘ﬂ‘l‘lWa“ﬂﬂ'ﬂﬂﬁi’lﬂ'ﬁﬂ1mﬂﬂ'ﬂﬂﬁGHLWSJiNll"Iﬂ‘UN'YNHLWS1“’ﬂ’l‘5‘ﬁﬂﬂu'3u‘ﬂ® %zrﬂu

ada

ﬂ'li!.Wll‘Jﬁll‘Y]ﬁl cmrfluwa1wwuwmmammmsaumnmu ENLHJ’J'I PUNYUNHITAAAIMUTUNIT AT

U
v

Y =1

sromanudoudiin g. = hA(T -T.) ‘Iuwunswmmswmmnsm“lﬂmwmsﬁmmmimzv‘iﬂﬁ'
dasImImamanudeuiydy
AnsaviensInszuennaemugl 6.17 c?amauanﬁ'unmumm%’au IS NNTOMIBATING
tomanuieudmsessnninie 18nnaunms
Tl TES S St G TS D B e U (e e S e (6.18)
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R ’ R !

~ ' 9
zﬂ‘l’l 6.17 wamqnsznanﬂmmmmu
o o EATe ' Y t1) a A a P o 5§ a
‘VliJ'HJENEl] AL AT, WIHIIA WTHUNA >, NMINuUnNANUIBU 5 ﬂ']ﬂ'ﬁﬂlﬂiﬂﬂﬂﬁ, ﬂm;")ﬁ’)ﬂ‘i‘iﬂﬁ'lﬁﬂﬁ, ﬁmnumﬂu lagnszaou

ndudnummsaansely

Tavii >R= ; +ln(r"/r")+ NS T\ (6.19)
h 27kL A

Tﬂmlnaﬂamﬁ'mmumm%’aummwﬁqﬁaﬁmﬁamﬁmﬁnﬂﬁau%qhﬂuTam 3aluidestinn

7 i

a ’ Q/ 3 1 o a Q(
AauazmeTuneiniuveunamsema Failthdulsedninmmanudougann (7)) funaliany
k4 9
fumwdidndon (! /4, )fanald 1fude
In(r, /r,
AL toEEp,) < NN .1 (6.20)
27kL

tileunu (6.20) avhu(6.18) i Al uFemitouy r, ud IihAueud

W%  2qE(E RIE)
dr [ln(r I7)+ k()]

o

Li~etf N /f.... (621)

MAeuvesaUMs (621) dmsy 7 WASAI3NgA (Critical radius) Vosnuaufignsshomanudon
qeqn
ey T RN e o R S e £ S (6.22)

ﬁnms (6.22) 1ﬁuuammﬁﬂ§ﬁﬁ3nqﬁmamum tsaiiaeueniesnimifimmualiaim
aumsiiuda mssomaudensy mwuﬂwmsmnwmmmmnumuummmﬁuﬂmuaﬂmﬂnﬂ
ﬂﬁnqﬁﬁ nmﬁuﬂ'nwuwammm‘"ri‘_lunam‘lnmimammmsauaﬂm HUINNUAANERNAB N
mmmmammsauaﬂm HUINNUARKENNAB I miamnﬁﬂmmsauTaam'smamsvmu’em 9 Y8

h um mmwwmsanunmwmuaumsuamu‘n mmmm
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uni 7

MInNaaavitazHanIInatal

[v3 d
7.1 Jagilszasn

4 ! g
1. siveasegananeuiid s anaaeumsszuundeuveniussa Lo e

b4
saoudld Taohinsasaeuninduganiumdnuveniuazens
A = o Aa ' ¥ y 2 4
2. ernywad s ilinademsszuneauiouvesndiomsooua
& o 9o of ey
- wavesmsilasunlassasinis Tnaveserma Tavlwsasims navessinad
= [ oy 9o a
- wavesnsiagunlasdasins navewit Tavsasims Inavesenianaii
: 2 : § o
3. sflesawsmfivdoyavesanziten luitlFlumsnasen U iTueyalums f1aemms

Aa S 2 o Yaw v
ADUNAUABT “HQTHT@UFJ'J%EJS'J?J

acg
7.2 35M3naae
[ =< o a 4’1 d' = Y d’ 9 A v
HAWINMTANEIBRANUU YA NAdeY lagiinisaansganaasuinIesiiean i ldeenuuy deneu
ﬂwmmi‘nﬂaan'lﬂmmimmsmnmﬁ‘n“lﬂumimaau "thmsaaumamwammanﬂawaammﬂ"lﬂ
mumumau‘lumsﬂﬂaa‘umssw‘uwmmsaumamwuswmaﬂ’;miauwmm;aauﬂumumuamu
v ") | ﬁsam‘mmmwiﬂmmqﬂﬂsm‘yﬂmaaunﬂﬁaﬁaummimﬁau
o all ' A ' g A = - o g Ay Y di A o A
wimsianimdinsessie i iiinsesdeda  vamsiAusinidnmnsesiiesafianne
maq noUMIMINAaeL Ao ﬂﬂulﬂﬂWﬂﬁnﬂTJNﬂml(Blower)ﬂ‘Llunﬂn‘lfﬂ‘}’lﬂ’dém Wanaaug Insnauia
mmsmmaau uawﬂﬂwwauaimﬂamﬂﬁﬂuuwuwwﬂaa‘umamﬂm'lﬁ"lﬂblsmfluﬂmﬁlmﬂmaﬂ"lﬂ
1InAseaileia

¥

a  Jda i o a o o 2 o’z’
Lﬂﬂﬁ’;ﬂﬁw"lvlﬁmmmﬂnammum LLﬁ“W1ﬂ15ﬂ§ﬂﬂQ®mﬁﬂqu’ﬁﬂ’J‘Uﬂlﬁ:]iu‘ﬂﬂll

U q q 3

¥
o ¥

HIU (Temperature Control) Iﬂﬂﬂivﬂ\‘iﬂmﬁﬂﬂ‘ﬂﬂﬁu1 ‘lumﬂ'smn‘lﬁuamwnmmﬂmai‘vwm
amﬁﬂmmumawmmﬁ “YI‘YINL"U1‘1]E]Qﬂii]i“"lﬂﬂﬂ’)”liﬁﬂuhﬂ1L‘Vl'm‘U 60 °C magﬁu"lﬂmmwu"lmms

nagay
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o s <
7.22 msdiuanusivesena

7221 ﬁ'lﬂ‘ﬁﬂauaTmﬁauv‘i1ms’Fﬂmmﬁwmmmﬁﬁm’hqTmﬁ'au Taulfinseaiiasa
ANUTIBINA (Hotwire) mmsaﬂmmtsa‘nwu‘nnmﬁﬂﬂmﬂau 100x185  mm. Tagyhnsuiia
wuwum%amimﬂanaanﬁ‘lu 16 92 udnhmildumhmsmaunis Sesiduminnsnnumn
S nud narundianiusanoan ey uazmsanms InaFanaieri 14 lumns
Aummsanssemmuien hinildiveglusiuimsnageugunsoimsudlydlng
Y s & ¢ A A oo Y o o I ' v g
maliundifigluedaniifonyy  erlsusasims Tnaudarims annudrerm nsion1dn s

Ay
ATUNADINIG

Fas T
b %
.
N
Vst
W

VacY
M.

o

.

O
100

M

w0
\

et
A4
&
4

37 mm

20 mm.

185 mm.

{ o 2 ' o
sin 73 uaawgalumsinnausseinialaensuisgasaoe iy 16 )

o a3 ° @
723 mstiuanuiavesema awnseri 8 TaumsusudesommsheTusiaudivug
@nasinamus eI nagey uazd1ns oo 1Ml

v 9 =) o 1l v s Y 9 d?’
ATHDYN I ﬂ”ﬂ'lﬂ”li‘l]ﬁl‘If'fNE]'Iﬂ?ﬁl"lﬂ@hbiﬂﬁiﬂﬁiﬁ]ﬂ?ﬂﬂ’ﬂ\‘]iﬂﬂ"llu



65

d (Y] <
NaSuanusiomsa

4 { o < { %
jUn 74 uﬁm‘gﬂquﬁanﬁ1‘1’5"113ms‘ﬂﬂﬁammzmﬁaﬂsvmmas’;mmﬁﬁ"lwm%'wqhmmJ

v
7.2.4 imsdSusasins Inavesii

k4 b4
7.2.4.1 Tums5udasims Inavesiii 1dTae Aladszmeiindusuga uazsinslsy

[

= s @

" g ) v 2
Anmnuqueanms e venifivedhyanadey udnihmsasivaeuiild Tasgeiniaseaie
Jadasmslna uazihnsdsusmldeyluseiesinisnaaeu
o o a vy dyy A A o oA = I '
7.2.5 seUnIEMsEUUIOEADdes lassesunniai lannnTealieSalianei Binsunis
o & Y o o 2 1 dyy
Avuas udwihmsiiudinan 1d
4 v : g ) y
726 hmsfdounassasms TnaveniuazanuSrauveseimafishyanagey udav

CV= ] 4 d' vy A A o ::' :3
ﬂ'lii]l!“ﬂﬂﬂTYIblﬂ"\nﬂ!ﬂﬁﬂﬂﬂﬂﬁﬂ“l!ﬁﬂimuﬂuuﬂ\?ﬂ')‘Uﬂll



66

1 dq 9 A a " do A4 A o < a

727 $niililumsnadeu ileunvinanuazBoavesiiia ldnnadeatioTanudaui

\ " a o v ¥ g Qs ﬂy A o 1

AUMNUNAUGY 2 AnLia 150 0.01 m/s. uazinFeaiasnsims Tnavenitdsiinnwazidon 3 Smas

Ao (0.001 Limin) FuihliRadehiialunsaugui i idnudismun Sammsdentufindigaly
o a A A o v oA < & 1 Hqw 9 '

m3anngee Jameenun lusniszuuades Femnldlunmsnageuiulauasediugs Tao

Yo i v g Y o a a :
ﬂgﬂDUﬂU1ﬂE]ﬁi"lfﬂ'i'l‘ﬁfﬁlﬂﬂi‘)1ﬂ1ﬂﬂ@ﬂ1ﬂllﬁﬁ&’ﬂ'ﬂil!5? l!a')‘l’l’lﬂﬁ'lﬂﬁﬂuuﬂﬁﬂﬂﬂi']ﬂ15hlﬁaﬂlﬂﬂln

A5 B IIMA (m/s) 5ﬂs1ms"lwaﬂlmif1 (L/s)
4 0.4
6 0.6
8 0.8
10 1.0
1.2

= AW 4o
A NN 7.1 u’dm‘mmau"lwmmmﬂ’dau

A o & o A ~ Py . < 1 dyw
7.2.8 mm'smammTﬂanmﬂaﬂuuﬂmammﬁ”lwammau"lwm'ﬁumm:mmsmumﬂﬂ
729 imnduin I8 livimssuoama sasmstemanuieu HAZHIANUAUANATBL

VBIBINA

. 4 ¥ v
7.2.10silovmsnageuadeiouses Taaindiluidou WaaugTuday uas imessi Wl
A4 A o
1n30iiodn

° g s 9 9 A A o
7:2.11 ﬂWﬂ?SlﬂU‘lgﬂQ‘lJﬂ'iﬂlﬂﬁﬂﬂﬁ@ﬂjﬂlﬁﬂﬂiﬂﬂ HAZINTBIUBIAA N

v v
“lumimammﬁmﬂmﬂam'%'mmmmnmuamﬁmmmﬁmamimi%’anmsﬁ 7.1 wag 7.2
o @ d' 1 3 ci 9 o v a 4' ad'
awdaulaosiial Cp vealuaumsia 2 w‘l*v‘lumsmmmﬂﬂwwmmqmwgumaﬂiﬂﬂiuqmﬂgw
v 9 ¥
N uazn e G FaufA IR UANATENYBY Aiwazemamusosunld lagassain

A A o 4
IATBIUBIANUAAIND

Qe mcCp,c(Tc,l_Tc,o) ......... (7.1)
@ = mACP,A(TA,O—TA,I) ......... (7.2)
AP = pgh



67

7.3. HaMINAgY
‘lums‘wﬂaﬂ‘umm1tjmm1n§'auﬂmaﬂsmwuwmm%’au ninganaaoud 18%in1s

eenuUIAz A9 MY Taoimsnadeurhinsaugulsasns Inaveseimaliiimaai udavh

mi7]1m'51‘1]aﬂmtﬂmﬂﬂﬂﬂﬁ‘umuTﬂ‘lﬁaﬁﬂi_fﬂﬂﬂﬁ’ﬂu rnaveamsnagey Tasmsildounassasn

! > L ¥
m3lmavesoimailodmual¥snsing lnavesiinei i A31M13 Tnave e q il Tlamgal

9 U
AU
( T
w _an 4 v (v v v
ﬂ‘iTNF‘]'J]SJKT?JWH‘&’SS?‘]'J]Qﬂﬂi]ﬂ]'ﬁﬂ]ﬂmﬂ?ﬁl‘ii’)u W)
NUBAS IS InaveseIma (ke/s)
z o 23 AR
e J
e
& | AR
o
&
E ~y §y
_E ——aa51n5uazag
a 17 0.00652 A
< -O—amﬂms“lua‘uao
& 1 0.01002
@ —+—dasnmsiuanas
1l 0.01296
- —E=aasnnsiuaray
1 0.01666
—!-é‘nnms‘lua-uaa SIS
vl 0.01927
ST ”ﬁ""“hj—_"“i%l—\"— A i YR o S T o
0.004 0.006 0.008 0.01 0.012 0.014
onnMsInadanavesenina (kg/s)
= J

o ¥ o d 3 Y 3 9 ° = [y
Z‘Lh’l 7.5 HAAIANUAUNUTIZHINOATING DWUNANINT f)uIﬂﬂ‘ﬂ’lﬂ'ﬁl‘]_’ﬁf)u!tﬂﬁﬂﬂﬂi1ﬂ'l'§ll'ﬂa

VBIBINA



68

9 v

nuAIHanms nadeuasusEINeALaundeIsooud  Tatnisnadeuiisasins lva

: =1 9 o 9 v Al W@ = & =1 9 Y] oy A

vourhil madnaSuszoanudoumaie ueaegn 7.5 e ldninnsieasims naveaim

v ¥ v ¥ [ v b4

uduzdwalisasims dmat e uresemai Ty asieRI15 191N NISINUSLYBISAS NS
9 [ 9 v v

Tnaveai HUNOATIAIUMIHLTUYBISATIMIamanudeuldadiufianaudenSoumensy

@ 1 1 o 2 & e : 2 , o2 2
aﬂﬁ'Juﬂ1iLWNﬁu‘llﬂﬂ@ﬂ‘ﬂﬂ’lﬁhlﬂﬁ‘uaﬂu'l muaﬂﬂﬁxﬁmwﬂﬂmsmammm%’euuuﬁmmuﬁu

v @ Jda

o Y da e P i A S P v e
duiusiuensns Tnavenimiesasims lnanitaviniu ded18as1ms mafimusuuinn et

o

v b4 v v v v
wihlddannstemanudeunsiududadiuidesas ieunanmsiuiuvessasins Maves
9

o q 9 & v 9
HIIEN 111’1’5&’33!’)111111 mmam‘ﬂaﬂumms DUUDYAY

HEMINATOUATUILOANNT BN JAHAA AU LTI =M INAIIUAUANAS BLVBIBINIARY

@

] v ]
9A31M5 IMaveseIma Taslumsnameunsasimsmavenhmaieg dalduannmsnagougauans

Tunsmduais

[V o [V .Y
ﬂ'ﬂilfm‘W‘Hﬁﬂl@iﬂ?1uﬂuﬂﬂﬂ‘gﬁ)uﬂlﬂ\iﬂ1ﬂ1ﬁ (Pa) NUDAIINIS

Inavesaimea (kg/s)

350

| 300
zl ~~
, A= 4250 ~ —@—average
1 ol ¢ maximum
‘ ;200 - < minimum
S =
| =
| 150 +— =
=
|
| =2
S 00 5 =
[ i
‘ 50 + =

0 T T T T |

0.004 0.006 0.008 0.01 0.012 0.014

sanmslnaiananma (kg/s)

AN Sia B

37 7.6 namamannuduiuTszn1eda M Inaveseimatuausuanasenve s0 1A



69

= v 3 &l ey 44 4 o
%’lﬂzﬂ'ﬂ 7.6 ﬂiTN!IﬁﬂQ‘IWIWNQQﬂT‘uﬁnwuﬁiZﬁ'J'Nﬂﬁi‘lﬂ’liblﬂaﬂlﬂ\ﬁnﬂ’lﬁvnwu"uuﬂUﬂ’J’UJ
v Y v
AUANAIDY TﬂUﬂ15!Wﬂ§um@\35ﬂi1ﬂ15blﬂa"\]ﬂ\?ﬂ’]ﬂ']ﬁﬁqNaiﬁﬂa1naﬂﬂﬂﬂiﬂuﬁﬂ1lwuﬁu HAZHNUN
= o R ' o A o 2
ﬂ]ilﬂaﬂullﬂaqgﬂ51ﬂ1ﬁ‘lﬂﬁ"U@QuflunNaﬂ@ﬂ’JTUﬂu llmuﬂ15"ﬂﬁﬁﬂ'ﬂ‘n'E)ﬂi'lﬂ’ﬁvlﬁaql@\junwu“'lﬂ
b4
=< o

4 [ o q Yo ' Y] A ¥ = a A 4 ' v
YU IﬂﬂﬂxﬁqWﬁ‘ﬂ'ﬂﬂf’)ﬂi’lfnﬁinﬂl‘ﬂﬂ')']Uiﬂulwuqqsllu'ﬂ'ﬂﬁﬂ’]ﬂTﬁﬂqmﬁgulwuﬂ’lﬂ"ﬂu fNNaIIHﬂ'J'UJ

3 g &

MUMUUYDIBINAADY ANUNTIAYBIDINASUNLAURAY 1NNz YeIns T 80 Inmsnadey
v @ v v [ 4 4 P @ :’ =4 Y
nuNANUANanaTeulin1 lilimsasuuaudiomusasims wash  uaasl¥isiusasims naves

9 v
iiliwaremsiasunlasnnuduanns euvese1n sl osun

k4
N'ﬁﬂ”l‘i‘)’lﬂﬁf)ilﬂ?i]‘izﬂﬂﬂ’ﬂl}%ﬂu qﬁwammﬁnﬁuﬁ'ﬁw 1IANUAUANATBUVBNIINVOAT

Vv v 1
M3 lvaveuh Taglumanadeufionsims Inavesermaadieg  Faldkasinmsnagendauaasly

ATIA A
ANUTNTUSVBINNUAUANAT N VBN (Pa) FUTATINS I Maveai (kgls)
2500
= 2000 + 2o
& -e—average
=4
R 1500 +— e maximum
<
S 1000 &% o minimum
)&
=2
& 500
O‘ T T T T T T T T 1
0.004 0.006 0.008 001 0.012 0.014 0.016 0.018 0.02 0022
8A1M 5 Inaianlavedrh (kgls) J

| v o J ' @ oy [ o 1 oy
Eﬂﬁ 1.7 LLﬁﬂQWﬁﬂ’Nllﬂnwuﬁ53ﬁ3108ﬂ51ﬂ15"lﬂﬁﬂlﬂﬂ‘uWﬂ‘UﬂTﬂJﬁuﬂﬂﬂ'i’é]ll”l]ﬁ\'ﬂﬂ



70

vnginsmlii 7.7 Auaaldifudsmuduiusiznesasin naveni Amuduiy
ANUTUANATELYRAL Tﬂﬂnmﬁui’rummﬁﬁﬁnﬁ'lﬁammfim'wa‘lﬁ'mmﬁuﬂﬂﬂs'ﬂnﬁfiuﬁnﬁuuaz
mnﬁnymzmamiMwuimmﬂﬁUuuﬂmmmﬁwmmmﬂﬁwas&iammwﬁuﬂnﬂéauﬂaﬂum &9
uanaldiudanuduanaseuiisunlsfumusasinsina Tagons1ms lvaunanuduanaseuun

A o v ' v o ' ]
ua:maaﬂﬂmi"lﬁauetmzm Wﬁ(lﬁﬂ’ﬂiJﬂuﬁ NATDNUBYAT

nsranIsnanesdduiunsuaaiins qugadndenussnhaiuazena Farhing
mmauﬂaﬂwmamm‘lm Tﬂa”luummfumawamuaanmﬂiwumuawmsmmaau"lﬂmmiummu
Waszuy muuwamummiauﬂaanmﬂmmﬂaammnwmammmﬁﬂuwmmﬁ‘lm‘u 9'18naves
a1 hiaugadndanuniudeuvesganaaoumdods 187 % auns e Tagisznmueannu

ARAIADBUIINAINIATTIM (Standard error of the estimate) HFAANAIN 3.93 %

=
( AN AR Fug AW Fe9ruseudtetirfuainidg

280 Average value of unbalance 1.87 %
’/ Maximum unbalance 5.254 %

v

adwmaNsauaasaind (W)

160 “VRISILP B linear regression y = 0.988X + 6.0594
‘ Standard error of the estimate 3.93 %

140

dns1n15

120

100 — ‘ ; —— — . . —

100 120 140 160 180 200 220 240 260 280 300

darimsdramanusavuai (W) J

] -~
31 7.8 uanmavesms augadwdanusEn hahiueIma



71

M3n1A1 Nusselt number ( Nu, ) 11n#aa1u3soves Man-Hoe Kim , Clark w.Bullard
o 1 o o . é
[4] 181%erun1s TumsAmamia Nusselt number dmsums lnauuy multi-rectangular channels 3

° ' : ) 9 '
ﬁanmﬂumimmmmm Nusselt number v8491i1 mnﬁu"lﬂmuﬁnmsmumﬂ

Nu; = Nu,,, +0.0499Re, Pr, BL"—’ ......... (7.3)
Nu,,, =7.541(1-1.969y +5.664y° —12.866y° +19.349y* —16.1975° +5.5105°)
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Nu,, = ivwlay Shah and London [6]
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Dh, = Hydraulic diameter (44/P)
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Dynamic viscosity - Specific heat
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Pressure: Atmospheric pressure at 1,01325 bar, i.e. normal atmospheric pressure on the sea level
at0°C.
Density: Ratio of the mass of water (kg) occupied in a volume of 1 m3.

Specific enthalpy:

Sensible Heat, it is the quanti
selected temperature.

ty of heat contained in 1 kg of water according to the

Specific heat:

1kg of water.

Quantity of heat necessary to increase the temperature of a 1° Celsius per unit of mass of

Volume heat capacity:

Quantity of heat necessary to increase the temperature of a 1° Celsius on a unit of
volume of 1 m3 of water.

Dynamic viscosity:

The viscosity of a fluid characterizes the resistance to the movement of the fluid.

B

www.thermexcel.com/english/tables/eau_atm.htm

Energy values in kcal/kg are givenon a basis of 4.1858 J Values not normally used.
aturation A .
Temperature Pressure i v;;o;m Density Sg?ﬁi}fj?:if}% Specific heat vo!:g;ecgfat aigig:{;
pressure
{e’ Pa Pa kg/m3 ki’kg | kcalikg ki’kg kcal'kg kj/m3 ka/m.s
0.00 101325 611 998.:82 0.06 01 4.217 1.007 4216.10 0.001792
1.00 101325 657 959.89 4.28 1.02 4.213 1.006 4213.03 0.001731
2.00 101325 705 998,94 8.49 2.03 4.210 1.006 4210.12 0.001674
3.00 101325 757 99998 12.70 3303 4.207 1.005 4207.36 0.001620
4.00 101325 813 1000.00 | 16.90 4.04 4.205 1.004 4204.74 0.001569
5.00 101325 872 1000.00 | 21.11 5.04 4.202 1.004 4202.26 0.001520
6.00 101325 935 999:99 25.31 6.04 4.200 1.003 4198.89 0.001473
7.00 101325 1001 999.96 29(51 7.05 4.198 1.003 4197.63 0.001429
8.00 101325 1072 882. 94 33.70 8.05 4.196 1.002 419547 ] 0.001385
8.00 101325 1147 999.85 37.90 9.05 4.1%4 1.002 4193.40 0.001346
10.00 101325 1227 999.77 42.09 10.05 4,182 1.001 4191.42 0.001308
11.00 101325 1312 999.68 46.28} 11.05 4191 1.001 4189.51 0.001271
12.060 101325 1402 999.58 5047 | 1206 4.189 1.001 4187.67 0.001236
13.00 101325 1497 999.46 54.66 | 13.06 4.188 1.000 4185.89 0.001202
14.00 101325 1597 99838 58.85 | 14.06 4.187 1.000 4184.16 0.001170
15.00 101325 1704 999.19 63.04 | 15.06 4.186 1.000 4182.49 0.001139
16.00 101325 1817 999.03 67.22 | 16.06 4.185 1.000 4180.86 0.001109
17.00 101325 1936 998.86 71.41 17.06 4.184 0.999 4179.27 0.001081
18.00 101325 2063 098.68 7559 | 18.05 4.183 0.999 4177.72 0.001054
19.00 101325 2196 998.49 79.77 | 19.05 4.182 0.999 4176.20 | 0.001028
20.00 101325 2337 998.29 83.95 | 20.05 4.182 0.999 4174.70 | 0.001003
21.00 101325 2486 998.08 88.14 | 21.05 4.181 0.999 4173.23 0.000979
22.00 101325 2642 997.86 92.32 | 22.05 4.181 0.999 4171.78 0.000955
23.00 101325 2808 997.62 96.50 | 23.05 4.180 0.998 4170.34 0.000933
24.00 101325 2982 997.38 | 100.68 | 24.05 4.180 0.998 4168.92 0.000911
25.00 101325 3166 997.13 | 104.86 | 25.04 4.180 0.998 4167.51 0.000891
26.00 101325 3360 996.86 | 109.04 | 26.04 4.179 0.998 4166.11 0.000871
27.00 101325 3564 996.59 | 113.22 | 27.04 4.179 0.998 4164.71 0.000852
28.00 101325 3779 996.31 | 117.39 | 28.04 4.179 0.998 4163.31 0.000833
29.00 101325 4004 996.02 . | 121.57°} 29.04 4179 0:998 4161.92] 0.000815
30.00 101325 4242 995.71 | 12575 | 30.04 4.178 0.998 4160.53 0.000798
23/5/2548
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31.00 101325 4491 995.41 129.93 | 31.03 4178 0.998 4159.13 0.000781
32.00 101325 4754 995.09 134.11 | 32.03 4.178 0.998 4157.73 0.000765
33.00 101325 5029 994.76 138.29 | 33.03 4178 0.998 4156.33 0.000749
34.00 101325 5318 994 .43 142.47 | 34.03 4178 0.998 4154 92 0.000734
35.00 101325 5622 994.08 146.64 | 35.03 4.178 0.998 4153.51 0.000720
36.00 101325 5940 993.73 150.82 | 36.02 4178 0.998 4152.08 0.000705
37.00 101325 6274 993.37 155.00 | 37.02 4178 0.998 4150.65 0.000692
38.00 101325 6624 993.00 159.18 | 38.02 4.178 0.998 4149.20 0.000678
39.00 101325 6991 992.63 163.36 | 39.02 4.179 0.998 4147.74 0.000666
40.00 101325 7375 992.25 167.54 | 40.02 4179 0.998 4146.28 0.000653
41.00 101325 7777 991.86 171.71 | 41.01 4179 0.998 4144 .80 0.00064 1
42.00 101325 8138 991.46 175.89 | 42.01 4.179 0.998 4143.30 0.00062¢
43.00 101325 8639 991.05 180.07 | 43.01 4179 0.998 4141.80 0.000618
44.00 101325 9100 990.64 184.25 | 44.01 4179 0.998 4140.28 0.000607
45.00 101325 9582 990.22 188.43 | 45.01 4.180 0.998 4138.75 0.000596
46.00 101325 10085 989.80 192.61 | 46.00 4.180 0.998 4137.20 0.000586
47.00 101325 10612 989.36 196.79 | 47.00 4.180 0.998 4135.64 0.000576
48.00 101325 11161 988.92 200.97 | 48.00 4.180 0.998 4134.06 0.000556
49.00 104825 11TR35 988.47 205.151 49.00 4181 0.999 4132.47 0.000556
50.00 101325 12335 988.02 209.33 ] 50.00 4.181 0.999 4130.87 0.000547
51.00 101 12960 987.56 213.51 51.00 4.181 0.999 4129.25 0.000538
52.00 10132 13612 987.09 217.69 | 52.00 4.182 0.999 4127.61 0.00052¢
53.00 104885 14292 986.62 221.88 | 52.99 4.182 0.999 4125.97 0.000521
54.00 101 15001 986.14 226.06 | 53.99 4.182 0.999 4124.30 0.000512
55.00 101325 15740 985.65 230.24 | 54.99 4.183 0.999 4122.63 0.000504
56.00 101325 16510 985.16 234.42 | 55.99 4.183 0.999 4120.94 0.000496
57.00 101325 ¥ /5% 984.66 238.61 56.99 4.183 0.999 4119.24 0.000489
58.00 101325 18146 984.16 242.79 | 57.99 4.184 0.999 4117.52 0.000481
59.00 101325 19015 883.64 246.97 | 58.99 4.184 0.999 4115.79 0.000474
60.00 101325 19918 983113 251.16 | 59.99 4185 0.999 4114.05 0.000467
61.00 20859 982.60 255.34 | 60.99 4.185 1.000 4112.30 0.000460
62.00 21837 982.07 259.53 | 61.99 4.186 1.000 4110.563 0.000453
63.00 22854 g81.54 263.72 | 62.99 4.186 1.000 4108.75 0.000447
64.00 23910 981.00 267.90 | 63.99 4.187 1.000 4106.97 0.000440
65.00 25008 980.45 272.091 64.99 4.187 1.000 4105.17 0.000434
66.00 26148 979.90 276.28 | 65.99 4.188 1.000 4103.36 0.000428
67.00 27332 979.34 280.46 | 66.99 4.188 1.000 4101.54 0.000422
68.00 1325 28561 978.78 284.65 | 67.99 4189 1.000 4099.71 0.0004186
69.00 101325 29837 978.21 288.84 | 68.99 4.189 1.001 4097.88 0.000410
70.00 104325, 31161 977.63 293.03 | 69.99 4.190 1.001 4096.03 0.000404
71.00 101325 32533 977.05 297.22 | 70.99 4.190 1.001 4094.18 0.000399
72.00 101325 33957 976.47 301.41 } 71.99 4.191 1.001 4092.31 0.000384
73.00 1 2 35433 975.88 305.60 ) 72.99 4192 1.001 4090.45 0.000388
74.00 36963 975.28 309.79 | 73.99 4.192 1.001 4088.57 0.000383
75.00 101325 38548 974.68 313.99 | 74.99 4.193 1.001 4086.69 0.000378
76.00 101325 40190 974.08 318.18 | 76.00 4.194 1.002 4084.80 0.000373
77.00 101325 41890 973.46 322.37:'77.00 4.194 1.002 4082.91 0.000369
78.00 101325 43650 972.85 326.57 | 78.00 4.195 1.002 4081.01 0.000364
79.00 101325 45473 972.23 330.76 | 79.00 4.196 1.002 4079.11 0.000359
80.00 101325 47359 971.60 334.96 | 80.00 4.196 1.002 4077.20 0.000355
81.00 101325 49310 970.97 339.16 | 81.01 4.197 1.002 4075.29 0.000351
82.00 101325 51328 970.33 343.35 | 82.01 4.198 1.003 4073.38 0.000346
83.00 101325 53415 969.69 347.55 | 83.01 4.199 1.003 4071.46 0.000342
84.00 101325 95572 969.04 351.75 | 84.01 4.200 1.003 4069.54 0.000338
85.00 101325 57803 968.39 355.95 | 85.02 4.200 1.003 4067.62 0.000334
86.00 101325 60107 967.73 360.15 | 86.02 4.201 1.003 4065.70 0.000330
87.00 101325 62488 967.07 364.35 | 87.02 4.202 1.004 4063.78 0.000326
88.00 101325 64947 966.41 368.56 | 88.03 4.203 1.004 4061.85 0.000322
89.00 101325 67486 965.74 37276 | 189.03 4:204 1.004 4059.93 0.000319
90.00 101325 70108 965.06 376.96 | 90.04 4.205 1.004 4058.00 0.000315
‘www.thermexcel.com/english/tables/eau_atm.htm 23/5/2548
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91.00 101325 72814 964.38 | 381.17 | 91.04 4.206 1.005 4056.08 0.000311
92.00 101325 75607 963.70 | 385.38 | 92.05 4.207 1.005 4054.15 0.000308
93.00 101325 78488 963.01 | 389.58 | 93.05 4.208 1.005 4052.23 0.000304
94.00 101325 81460 962.31 | 393.79 | 94.06 4.209 1.005 4050.31 0.000301
95.00 101325 84525 961.62 | 398.00 | 95.06 4.210 1.006 4048.39 0.000298
96.00 101325 87685 960.91 | 402.21 | 96.07 4211 1.006 4046.47 0.000295
97.00 101325 90943 960.20 | 406.42 | 97.07 4212 1.006 4044.55 0.000291
98.00 101325 94301 959.49 | 410.64 | 98.08 4.213 1.006 4042.64 0.000288
99.00 101325 97760 958.78 | 414.85 | 99.09 4.214 1.007 4040.73 0.000285
100.00 101325 101325 958.05 | 419.06 | 100.09 | 4.216 1.007 4038.82 0.000282
Any recopy of this table on another website or in another form of publication is completely forbidden.
Last update : June 2003
vww.thermexcel.com/english/tables/eau_atm.htm 23/5/2548
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v v v
AN 1 MINAABINTATINMS 1avesii 0.4 L/min

foq 21l W
v
quughl | avwau | gamgd | gamgd | avwmun | Sasns | aowdeu | Sasims AN | gungll | gamgll | anwwwn | dasms | avnwdeu GLERTIRH ANUAY
©) fins | madh | waeen miu Tva Jume  [swmanuieu| anasen | madh | wween iy Tva suwiz | eremanuieu| anaseu
0 0
(%) © © kg/m3 kg/s kl/kgk (w) (Pa) “ C) (0O kg/m3 kg/s kJ/kgk (w) (Pa)

32.37 56.58 | 44.3698 | 68.7557 | 1.0625 | 0.0047 | 1.0082 114.7585 | 107.548 | 92.9091 | 88.5070 |964.5164| 0.0065 | 4.2057 119.6359 363.992

32.38 | 57.98 | 41.8615| 65.4832 [ 1.0721 | 0.0079 { 1.0081 | 187.7153 |166.2105| 97.2447 | 90.4007 962.3643| 0.0064 | 4.2089 | 184.9655 375.166

3245 55.23 | 41.1140 | 61.8619 | 1.0794 | 0.0100 1.008 209.3910 (244.4272) 97.2447 | 89.5037 [962.3886| 0.0066 | 4.2084 214.5841 389.959

29.95 55.87 | 38.6887 | 57.4432 | 1.0908 | 0.0123 | 1.0078 | 231.8402 |312.8668| 95.5005 | 87.1116 | 964.172 | 0.0066 4.2063 232.6720 369.466

v v v
A15190 2 MINARLINSATING 11av9911 0.6 Limin

Hoq 2171 "
guHQl AT quvigil | gamgil | anwnun | Sasms | aawdeu | Sasans anuaY | gavigi | qamgil | s | dasms | anwdeu 80513 ANUAY
©) fusing | mad1 | mseen Uy lvia wne [ memaandeul annsen | madh | wieeen Wi Tva Suwg  |aremanuieu| anasew
(%) ©) © kg/m3 ke/s ki/kg.k (w) (Pa) © © kg/m3 kg/s ki/kg.k (w) (Pa)

32.35 53.78 | 42.8083 | 70.3671 | 1.0625 | 0.0052 | 1.0082 | 143.7921 | 97.771 | 98.0421 | 94.5370 | 960.817 | 0.0098 42111 144.6926 | 777.4473

34.55 60.70 | 44.3698 | 68.0747 | 1.0637 | 0.0082 | 1.0082 | 196.3884 | 175.988 | 98.1750 | 93.6566 | 960.239 | 0.0106 4.2110 | 201.5269 | 726.7494

32.28 53.67 | 40.5658 | 62.7921 | 1.0788 | 0.0104 | 1.0080 | 232.9142 | 244.427 | 97.8759 | 92.0951 | 961.630 | 0.0097 4.2100 | 235.5962 | 730.5967

30.43 56.07 | 39.1704 | 59.0379 | 1.0873 | 0.0118 | 1.0079 | 235.7002 | 303.090 | 96.0819 | 90.2014 | 962.910 | 0.0100 4.2081 | 247.7453 | 727.5715




1 H b4
139N 3 msmamwﬁmmn"lwmmm 0.8 L/min

Wos CINNE W
uHQl ATy qumgil | gamgll | anwwu | Sasims | avwdeu | sasms AnwaY | gangd | gamgll | axwmin | Sasns | anwdeu GLERTIRH ANUAY
© fuing | madh | meeen (i Tna tuwe |demanudeul anasey | madr | mseen i lwa Tuwe | aemanudeu| annseu
(%) ©) © kg/m3 ke/s KJ/kg k (W) (Pa) © ©) kg/m3 kg/s kl/kgk (W) (Pa)
3232 53.60 | 42.4097 | 71.0648 | 1.0620 | 0.0053 | 1.0082 152.2936 | 107.548 | 98.3743 | 95.5835 | 959.499 | 0.0130 | 4.2130 153.0181 1142.860
33.63 | 56.25 | 43.4562 | 68.5730 | 1.0643 | 0.0078 | 1.0082 | 196.2810 | 166.211 | 98.3743 | 94.4872 960.604 | 0.0123 | 4.2114 | 200.6291 | 1135.803
3225 | 55.63 |40.5325| 63.8885 [ 1.0770 | 0.0105 | 1.0080 | 247.2894 | 244.427 | 98.1750 | 93.8801 | 960.663 0.0136 | 4.2110 | 245.8091 | 1257.544
30.75 56.17 | 39.6687 | 60.3834 | 1.0843 | 0.0128 | 1.0079 | 267.2234 | 312.867 | 96.4473 91.6300 | 962.298 | 0.0129 | 4.2090 | 262.2712 1149.392
ﬁﬁN‘ﬁ 4 msvmamﬁé”mmw"lwamau% 1.0 L/min
ZER Ml i
gl Ay quugil | gamgil | avwnn | Sanms | aawdeu | Sasans ANNGY | guvgi | guugll | anwvn | dasms | anudeu 893113 ANUAY
© fwins | madh | neen e lva Twwne |semandeu| anasen | madh | weeen Ny lva tuwz | memanufeu| anasowu
(%) © © kg/m3 ke/s ki/kg.k w) (Pa) © © kg/m3 ke/s klkgk w) (Pa)
33.22 51.03 | 44.4363 | 72.3605 | 1.0564 | 0.0055 | 1.0083 155.2771 | 107.548 | 98.5736 | 96.2812 | 959.109 | 0.0169 | 4.2135 163.4342 1687.913
32.80 56.57 | 42.6588 | 68.8720 | 1.0652 | 0.0070 | 1.0082 184.3551 | 166.211 [ 98.4740 | 95.7330 | 960.127 | 0.0166 | 4.2121 191.5852 1696.879
33.38 | 55.28 | 424595 | 65.8155 | 1.0706 | 0.0103 | 1.0081 | 242.6140 | 244.427 | 98.5736 | 94.9855 960.357 | 0.0163 | 4.2118 | 246.9282 | 1691.304
31.78 56.95 | 40.3830 | 60.7987 [ 1.0824 | 0.0127 | 1.0079 | 260.5658 | 312.867 | 94.3875 90.6000 | 963.302 | 0.0168 | 4.2076 | 267.2383 1681.295




] v 9
MI1N 5 MINAARINBATINS 1Maveari 1.2 L/min

Woq 21mA W
Qg A quugll | gamgll | avwmwn | Sasims | aowdeu | Sasins Ay | quvgd [ gangd | ey | Sasims | aowdeu | Sasins ANUAY
© fuing | madh | weeen Tny Tna Twwiz  [dwmanwdeu| anaseny | mudh | weeen e lvia g | swmanudeu| anasen
(%) © © kg/m3 ke/s kI/kgk (w) (Pa) ©) ©) kg/m3 kels ki/kg.k W) (Pa)
33.10 57.97 | 43.5559 | 72.4601 | 1.0577 | 0.0055 | 1.0082 160.1876 | 107.548 | 98.57363|96.58023|958.9315| 0.0197 | 4.2138 165.0791 2116.770
32.02 57.37 | 41.7784 | 68.7890 | 1.0668 | 0.0071 | 1.0081 193.2654 |166.2105|98.57363{96.08188|959.9673| 0.0190 | 4.2123 199.6411 2118.694
32.17 56.28 | 40.1837 | 64.4865 | 1.0766 | 0.0106 | 1.008 260.6083 |254.2043|98.44074|95.18485]960.3329| 0.0190 | 4.2118 260.6116 | 2113.481
30.88 55.07 | 39.5691 | 60.7987 | 1.0837 | 0.0130 | 1.0079 278.5792 |303.0897|95.08518(91.59673]962.7021| 0.0194 4.2084 284.7453 2117.496
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JAPANESE INDUSTRIAL STANDARD J I 5

Radiators for automobiles — Test method of D 1614-1991
heat dissipation

15 Scoge

This Japanese Industrial Standard specifies the test method of heat
dissipation of radiators for cooling of engine to be used for water cooling
engines for automobiles (hereafter referred to as the "radiator").

Remarks 1. The applicable Standard to this Standard is shown in
the following.

JIS B 8330-Testing Methods for Turbo-Fans and
Blowers

2. The units and numerical values giverMww } in this
Standard are based on the traditional units and are
appended for informative reference.

2. Definitions
For the purposes of this Standard the following main definitions apply:
(1) inlet temperature difference of air and water The difference
between the inlet temperature of cooling water (hereafter referred

to as the "water") to flow into radiator and the inlet temperature
of air. It is expressed by degreei (RC).

(2) heat dissipation quantity of water The heat quantity which water
losses per unit time in the test condition. It is expressed by
kilo-watt (kW) {kilo-calorie per hour (kcal/h)}. o

(3) converted heat dissipation quantity = The heat dissipation quantity
of water converied to inlet temperature difference of air and water
60°C. It is expressed by kilo-watt (kW) {kilo-calorie per hour
(kcal/h)}.

(4). water flow.rate The water rate which passes through the radiator
per unit time. It is expressed by liter per minute (//min).

(5) mass wind velocity of frontal area The wind velocity of frontal
area of core of radiator multiplied by mass per unit area of air.
It is expressed by mass per unit area per second {kg/(m?:s)}.

(6) pressure loss of water side The. difference of static pressure
between the inlet and the outlet of water of radiator measured in the
test condition. It is expressed by kilopascal (kPa) {mercury
column (mmHg)}.

(7) pressure loss of air side The difference of static pressure
between the inlet and the outlet of air of radiator measured in the
test condition. It is expressed by pascal (Pa) { water column immaiq)}.
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3. Test Itmes
Tests shall be carried out relating to the following items:

(1) Heat Dissipation Quantity Test

(2) Water Side Pressure Loss Test

(3) Air Side Pressure Loss Test

4. Test Conditions

Conditions of radiator, water and test room to be carried out with
the test shall be as follows:

(1) Radiator The radiator which is assembled with main elements such
as core, tank, etc. and brackets as well as accessories and
satisfies the function as radiator at the minimum limit, is to be
used.

Its one example is shown in Fig. 1.

(2) Water The water to be used for water circuit of radiator is,
unless specially instructed, to be clean water.

(3) Water Inlet Temperature The inlet temperature of water to flow-in
a radiator is to be made so as to keep the inlet temperature
difference of air and water in heat dissipation condition at 60+10°C.

(4) Test Room The test room, unless specially instructed, is to be  at
ordinary temperature (5 to 35°C). and ordinary humidity (45 to
85 %) and, be such structure as not to give large variations to air
flow and temperature at air suction side of test apparatus.
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Fig. 1. Example of Radiator
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5. Test Apparatus and Instrument

0.1 Test Apparatus The test apparatus shall be capable of measuring
correctly the measuring items shown in 6.1 required for expressing the
performance of radiator. The test apparatus consists of water circuit and
air circuit (wind tunnel) in main division, and its one example is shown in
Eig'.:. 2.

5.1.1 Water, Circuit The -water circuit is to be as follows:

(1) The apparatus must-be capable of regulating the water quantity
passing the radiator.

(2). The water passage and warm water tank of radiator is to be so
made as the air and vapour not to be mixed in or be attached
with a separating apparatus.

(3) As to the water pump, generation of cavitation is to be taken
into consideration.

(4) The warm water tank must have a sufficient generating heat
quantity to supplement the heat dissipation quantity and, be
capable of adjusting the generating heat quantity over the
range of heat dissipation quantity.
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9.1.2  Air Circuit The apparatus of air circuit (wind tunnel) is to

be as follows:

(1) The wind quantity passing through the radiator is to be
capable of being adjusted. )

(2) The connecting tube connecting the wind tunnel body and
radiator body must be such form (!) that the rectified flow
is capable of being obtained at the front face of radiator.

Note (1) As to the form of connecting tube, refer to JIS B
8330.

(3) Each seam of wind tunnel body and connecting tube as well as
each type of measuring hole are to be air tight.

Fig. 2. Example of Test Apparatus
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Instruments The instrumental errors of instruments shall be within

the values shown in Table 1 and, be corrected before the test.

Further, for measurement of difference between the inlet temperature

and the outlet temperaturé of water, it is preferable to use a temperature
difference gauge for improving the test accuracy.
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Table 1. Instrumental Errors of Instruments

Instrument Instrumental error

+.2 % of indicating value of

Water flowmeter .
instrument

+ 2 % of indicating value of

Air flowmeter .
instrument

Thermometer ! v 0.3°C

Temperature i oE
difference gauge L0,

Differential + 92 % of the maximum scale

pressure gauge value

prescifed cal™s 1.2 % of the/ maximum_scale
Sspy £atlgq value

6. Test Method and Measuring Methods

6.1 Test Method As to test method, at first, attached the radiator to
wind tunnel by using connecting tube. Next, connect the inlet pipe and
outlet pipe of radiator with the water circuit of test apparatus. After
having obtained approximately stable condition at the instructed water
flow rate, wind quantity, water inlet temperature and air inlet temperature,
carry out the test.

The measuring items shall be as follows:

Atmospheric pressure, humidity, water-inlet temperature, temperature
difference of water inlet and outlet, water flow rate, air inlet temperature,
wind quantity, water-side pressure loss and air-sidc pressure loss.

Further, instead of temperature difference of water inlet.and outlet
the water-outlet temperature may be measured.

6.2 Measuring Methods 'The measurement shall be carried out as
follows under the heat dissipation condition.

(1) Flow rate Measurement The: flow-rate measurement is to be as
follows:

(@) Water flow rate Measurement As to the measurement of water
flow rate, remove the mixed-in air in the water circuit, and
after confirming the stabilized condition, carry out Lhe
measurement.

(b) Wind Quantity Measurement The wind quantity measurement is
to be carried out after confirming the stabilized condition of
wind flow.
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(2) Temperature Mcasurement The temperature measurement is to be
as follows:

(2) Water-temperature Measurement Carry out the water-temper-
ature measurement at a position as near as possible to ends
of inlet pipe and outlet pipe of radiator.

(b) Air-temperature Measurement Carry out air-temperature
measurement at inlet according to the method not receiving
the heat dissipation at the front face of radiator.

(3) Pressure Measurement The pressurc measurement is to be as
follows:

(a) Water-side Pressure-loss Measurement Carry out the water-
side pressure-loss measurement at a position as near as
possible to the ends of inlet pipe and outlet pipe of radiator.

(b) Air-side pressure-loss Measurement The measuring position of
air-side pressure-loss is to be just before and just after the
radiator and at the part where the air flow is stabilized as
far as possible.

The measuring method of pressure loss is in accordance
with JIS B.8330. v

7. Calculation Method

7.1 Procedures of Calculation Procedures of calculation shall be as
follows. (As to the calculation method according to the traditional unit, .
refer to Informative Reference of Page 6.)

. (1) Calculate the heat dissipation quantity of water.
(2) Calculate the mass wind velocity of frontal area.
(3) Calculate the converted heat dissipation quantity.

7.2 Heat Dissipation Quantity of Water The heat dissipation quantity
of water shall be calculated according to ‘the following formula.

o= M 10t 3
m) £t

where, (.t heat dissipation quantity of water (kW)
Iv . water flow rate (Z/mm

yo tmass of water per unit volume (kg/m?) /
(Provided that the value at water temper-
ature al a side near the water flowmeter
is taken.)

(P‘“: HpCCiﬁC heat of watev [to be 1 186 [kJ/tkg-'CV )]
e ' 4 7¢b
hecrowater-inlet temperautre (°C)

v water-ovntlet temperature “ (0€)
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W L . ; : . . :
Remarks: k 7(“ 1s the mass of water passing in unit time kg, o,
) -

7.3 Mass Wind Velocity of Frontal Arca The mass wind velocity of
frontal area shall be calculated according to the following formula.

v
}/Unf = 1("’\a{’“ T Yo
where, Y¥«f:  mass wind velocity of frontal area [kp/(m?-si]

Va: wind quantity at core frontal area (m3/min)

Adircore frontal area (m?)

i mass of air per-unit volume (kg/m3)
(Provided that the value at the wind

quantity’ measuring position is taken.)

7.4 Converted Heat Dissipation Quantity = The converted heat dissipation
quantity shall be caleculated according to the following formula.

00

Y /7 ARl
where, ()1 converted heat dissipation quantity (kW)
tytair-inlet temperature (°C)

8. Preparation of Test Result Table

As to the test result table, the following relations shall be p.t‘ep'ared
to the heat dissipation diagram as indicated as example in Attached Table 1
and it. be taken as the heat dissipation result table for radiator.

(/) The relation between the convertod heat dissipation quantity and
the mass wind velocity of frontal area (Indicate the water flow
rate os the parvamoter.)

(2)  The relation between the pressure loss of air side and the mass
wind velocity of frontal area.

(i} The relation between the pressure loss of water side and the water
flow rate.
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Attached Table 1, Example of Result Table

Heat dissipation result table of radiator *1
Test date Year month  day Room temperature °C
Humidity : %
Several elements At Eebei p
of tadiator mospheric pressure a
Core dimensions Air-inlet temperature °c
Width height thickness 7 kg /m3
7T ] ‘ I
o | TS— S L 20
[ Pressure loss ' //
of water side !
P LT //
Pges§ure'ﬁoss v -
— of air side /
z 00—t 7 i AR
o o
= B S e e 7 Z =]
< © |7 Heat dissipation - - Ve P 7 v ] X
/0= quantity - mass wind ot Ay w ~ =
Y ~velocity of frontal g | 4_“ﬁ_1g_,m"““_,OO““~M_H___ 0 >
i ) area e/ 60 v B
d gl e e ) et S PG
g ’ o 2
) = co¥ 8 A ] - %)
g‘ T o v ~J \K\\' /’/#‘7 uyq £
: 2y Sn g
o R S S 7A 14 —/= (,, «
o 41 w
o //////A:iijfl// 9 2
o // 1 »
0 Wh———-4 - =X Ot ALM | B o AN 2 8 »
@ s / =) o]
Rl N -
o / 0
i) / & ot
@ “ Al =)
o / I
<o 4 0
| 9
D] a.
2 3y 5 ; 10 20 30
Mass wind velocity of frontal area Y Var [ke/im?-s)]
b 1‘ : 1 | 1 o Siel | | I L J
20 30 G00 100 20N 300

Water flow rate \, [ /iime

quantity at the time when the temperature difference of inlet air and

!

|

Remarks: The heat dissipation quantity is to be the converted heat dissipation
water is 60°C,

A R

8
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Informative Reference. Calculation method according to
traditional units

This Informative Reference supplements the matters relating to the
specification of body and is not a part of specification.

(1) Heat Dissipation Quantity of Water Calculate the heat dissipation
quantity of water according to the following formula.

o= Vo + pe X 10700 X o Uy #ha)
where, (o heat dissipation quantity of water {kcal/h)
Vit water flow-rate (Zfinim
Y«  INass per unit volume of water (kg‘/m3) (Provided,
take the value at water temperature of side

near the water flowmeter.)

Cow: specific heat of water [to be taken as 1.0 {kecal/
(RS ») ;

fev it water-inlet temperature (°C)
Cho i water-outlet temperautre (°C)

Remarks: 10+ p 200 00 is the mass of water passing in unit time
(kg/h).

(2) Mass Wind Velocity of Frontal Area Calculate the mass wind velocity
of frontal arca according to the following formula. '

— Va
//ljul /,1‘ < 60 Vi

where, ypir s mass wind velocity of frontal area [kg/(m?. )]
. b wind flow quantity at core frontal area (m3/min)

Jdiot core frontal arca (m?)
vor mass per unit volume of air (kg/m?) (Provided,

take the value at the position of wind flow
quantity measuring.)

(3)  Converted Heat Dissipation Quantity Calculate the converted heat
dissipation quantity according to the following formula:

O0)

) A
R e for

where, (): converted heat dissipation quantity (kcal/h}/

Wit air-inlet temperature (°C)
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Technical Notes

Design rules for small low speed wind tunnels

1. INTRODUCTION

Even with today's computers, a wind tunnel is an essential
tool in engineering, both for model tests and basic re-
search. Since the 1930s, when the strong effect of free-
stream turbulence on shear layers became apparent,
emphasis has been laid on wind tunnels with low levels
of turbulence and unsteadiness. Consequently most high
performance wind tunnels were designed as closed-circuit
types (Fig. 1(a)) to ensure a controlled return flow. How-
ever, as will be seen below, it is possible with care to
achieve high performance from an open-circuit tunnel,
thus saving space and construction cost. ‘Blower’ tunnels
(with the fan at entry to the tunnel, Fig. (b)) facilitate
large changes in working section arrangements; to cope
with the resulting large changes in operating conditions,
a centrifugal fan is preferable to an axial one. For ease
of changing working sections the exit diffuser is often
omitted from small blower tunnels, at the cost of a power
factor greater than unity. This paper concentrates on the
design of small blower tunnels but most of the infor-
mation is applicable to wind tunnels in general.

A large open-circuit tunnel would be of rather incon-
venient dimensions, mainly in length. Also, an open-
circuit tunnel requires enough free room around it so
that the quality of the return flow is not affected signifi-
cantly (remember that an open-circuit tunnel in a room is
really a closed-circuit tunnel with a poorly-designed re-
turn leg). The choice may also be restricted by the maxi-
mum available blower size. A working section Re per
metre of more than about 3x10° (a speed of about
40 ms~") is rare in blower tunnels of whatever size, and
commercial blowers capable of producing such a speed in
@ section more than about 1 m® in area are also rare.

The main advantage of open-circuit tunnels is in the
saving of space and cost. They also suffer less from
temperature changes (mainly because room volume 3>
tunnel volume) and the performance of a fan fitted at
the upstream end is not affected by disturbed flow from
the working section. One disadvantage of any open-
circuit tunnel with an exit diffuser is that the pressure is
always less than atmospheric and so spurious jets issue
from holes left unpatched, although this can be remedied
by obstructing the tunnel outlet and creating an over-
pressure in the working section. The main advantage of
a centrifugal blower, as distinct from an axial fan, is that
it performs well over a large range of loads (the whole
blade being at the same incidence and hence operating
at the same lift coefficient). The only advantage of a
suction tunnel, with a centrifugal or axial fan at exit, is
the dubious one that air coming from the tunnel room
may be less disturbed than that coming from a fan.

It is difficult and unwise to lay down firm design rules
mainly because of the wide variety of requirements and
especially the wide variety of working-section configura-
tions. An attempt is made here to present design guide-

Aeronautical Journal November 1979 Mehta and Bradshaw
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lines for the main components of a wind tunnel—the fan,
wide-angle diffuser, corner vanes, settling chamber, con-
traction and exit diffuser (Fig. 1)—based on data from
successful designs and some original experiments. For
details of the data correlations see Mehta (1977) and for
complete details of the experiments and design procedure
see Mehta (1978).

2. FANS

2.1. Axial flow fans

The usual arrangement in a closed-circuit tunnel is a
stator (‘pre-rotation vanes’) upstream of the rotor (the
fan proper), designed so that the swirl at exit is zero.
In the case of an open-circuit tunnel, swirl present in the
flow out of the fan may be dissipated before the flow
reaches the intake, but a remaining advantage of pre-
rotation vanes is that the flow velocity relative to the fan
blades is larger than if the stator is absent or located
downstream of the fan.

2.1.1. Fan solidity

The design procedure outlined by Bradshaw and Pank-
hurst (1964) is still an adequate guide. The only serious
problem found in fan design that is not found in the
design of wings for low-speed aircraft is the interference
between the flow fields of the blades. This interference
depends mainly on the ‘solidity’, the ratio of blade chord
to the gap between blades (measured around the circum-
ference). Providing that the solidity is less than unity
approximately, interference is small enough to be treated
as a small correction to the performance of an isolated
aerofoil; for higher solidities the flow cannot be accur-
ately related to that round an isolated aerofoil, and data
for ‘cascades’ (rows of aerofoils arranged in the same
manner as corner vanes) must be used instead. The
solidity varies with radius, and in order to use the same

The Authors: Dr. R. D. Mehta and Professor P. Bradshaw,
BA, Department of Aeronautics, Imperial College of Science
and Technology, London.

Paper No 718.
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design procedure for the whole length of the blade it is
desirable to keep the solidity at the root below unity by
mounting the fan on a central nacelle whose maximum
diameter is roughly half the fan diameter.

2.1.2. Blade design

Axial fan efficiencies are of the order of 90% so that
minimisation of losses is not usually important, and the
usual procedure is to choose the blade lift coefficient to
be as high as is safe, irrespective of lift/drag ratio: values
of 0-7 to 0-9 are typical.

2.1.3. Pre-rotation vanes

Pre-rotation vanes should be run at a lift coefficient not
too far above that for maximum lift/drag ratio because
their wakes pass through the fan: to limit the resulting
noise, the axial distance between the trailing edge of the
pre-rotation vanes and the leading edge of the fan blades
should be at least 20% of the vane chord and the number
of fan blades should be different from the number of
vanes. Pre-rotation vane solidities usually fall into the
cascade range.

An alternative to pre-rotation vares for a lightly
loaded fan is a set of straightener vanes downstream of
the fan.

For detailed design rules for pre-rotation vanes, fan
blades and straighteners see Bradshaw and Pankhurst
(1964).

2.2. Centrifugal blowers

Centrifugal blowers are normally used to drive open-
circuit tunnels from the upstream end: a blower could
be installed at the exit instead but this has no particular
advantage. Single-inlet blowers could also be used to
drive return-circuit tunnels by installing them in one of
the corners. Single-inlet blowers are found to produce a
vortex-type flow (due to the asymmetric positioning of
the impeller) which would aid wall flow attachment in the
wide-angle diffuser. This compensates for the non-

444

uniformity of the flow (which is also improved by the
screens in the wide-angle diffuser and the settling
chamber).

2.2.1. Advantages over other fans

Centrifugal blowers run with reasonable steadiness and
efficiency over a wide range of flow conditions (i.e. vary-
ing tunnel power factor) because the whole blade span
operates at nominally the same lift coefficient. The noise
and pulsations generated by a centrifugal blower are
adequately low, even at off-design conditions, and the
uniformity of flow varies less with advance ratio, U/wr,
in the notation of Fig. 2. The swirl (exit vortex) produced
by a single-inlet blower is also independent of advance
ratio (dependent on the ratio of rotor to casing width).

2.2.2. Types of impeller

The most common type of blading is the backward-facing
aerofoil-type (Fig. 2); forward-facing is less efficient. If
the blower efficiency is not too important, these blades
could be designed in the same way as corner vanes or
cascades by choosing a leading edge angle of 4-5° and a
zero frailing edge angle, but a more efficient blade shape
is that of a cambered aerofoil with finite thickness. In
the present authors' tests on blowers with aerofoil-type
impellers it was found that the flow uniformity deterior-
ated with increasing loading. However, with backward-
facing ‘S’ shaped blades (Fig. 2) the flow uniformity was
found to improve with loading, presumably because these
blades stall relatively early, leading to increased mixing.
The cost is a higher turbulence level in the outlet flow
and a reduced blower efficiency.

2.2.3. Splitter plate (tongue)

This is an important component which affects the outlet
flow uniformity and blower noise characteristics. For
minimum-interference with the flow uniformity, the ratio
of tongue height to casing height needs to be small
(<<0-3) and the angle and shape carefully designed. The
gap between the rotor and tongue needs to be a minimum
for aerodynamic reasons but optimised for minimum in-
teraction with the outgoing flow and thus minimum
noise level. The tongue design on most commercially
available blowers is adequate. A badly angled tongue
could be improved upon by adding a cusped fairing
downstream, as shown dotted in Fig. 2.

2.2.4. Other features and suggestions

An inlet bellmouth helps to produce a uniform flow and
reduces inlet losses, and an inlet filter (helping to reduce
inlet swirl) is essential to reduce contamination of hot-
wire probes. Large blowers should be mounted on anti-

Mehta and Bradshaw Aeronautical Journal November 18789



’{’o‘

9 interwoven, 1o form

vibration mountings and connected to the tunnel with a
flexible coupling to reduce vibration.

Double-inlet blowers (air entering the impeller from
both sides) tend to produce a uniformly inclined flow
(without a vortex) which takes a longer distance to re-
attach to the bottom wall downstream of the tongue.
One should therefore be more conservative in designing
wide-angle diffusers for double-inlet blowers.

On the whole, commercially available single-inlet
centrifugal blowers with backward-facing impellers are
adequate for driving blower tunnels.

Once the maximum required fan static pressure and
volume flow rate have been estimated, the makers' per-
formance charts can be consulted. Optimisation between
the efficiency, rpm and required power leads to the
blower choice (see section 10).

3. SCREENS

Wind tunnel screens dre normally made of metm‘
square or rectangular meshes.
Screens wdven from nylon or polyester threads are, also
now being used when the wind loads are not emcted to
be very high (UTS of nylon ~ 70, steel ~ 1100, bronze
~700-1100 MNm? and E of nylon b 3, steel~200,
bronze ~ 100 GNm™). The action of the gauze is
described in terms of two parameters: the pressure drop
coefficient, K=f, (3, R, ¢) and the deflection coefficient,
a=f (8, K, 8), where ﬁ is the screen open-area ratio and
6 is the flow incidence angle, measured from the normal
to the screen.

3.1. Main effects

(for detailed explanations see Mehta 1978)

Screens make the flow velocity profiles more uniform by
imposing a static pressure drop proportional to (speed)*
and th g‘.;edu Q“boundary layer thickness so that the
Abl]lt to withstand a given pressure gradient is increased.
A'sereén with a pressu% ap“coeﬂieﬁnt of about R
removes nearly all varia n “the longi ngual mean
velocity. A screen also refmcm }he mc1d§ %rds
the local normal and reduces the turbulence inti f}/} in
the whole flow-field. For a given open-area ratio, it is
better to have a smaller mesh for th uction of
pre-existing turbulence. Xﬁlstlc screens t 0 yxeld a
more uniform flow b&o d the boundary ]'lyer edge,
mainly due to the weaving properties, and produce an
‘overshoot’ in the velocity profile near the edge, mainly
caused by screen deflection angle which is a maximum
at the wall. In terms of tackling a given pressure gradient
or avoiding separation, this overshoot could be beneficial.

3.2. Open-area ratio ()

Metal screens with very low 3 (~0-3) also produce an
overshoot but this is caused by streamline inclination near
the boundary layer edge. Low f[(<0-57) screens also

33.

jets and presumably amalgamating to form longitudinal

vortices which persist through the contraction. The coali-
tion process is enhanced by variations in 3 (i.e. non-
uniform weave) and by irregularities in the screen shape
(i.e. wrinkles). It is therefore essential to inspect and
clean wind tunnel screens regularly.

Determination of K
(ratio of pressure drop to dynamic pressure)

Although there is no wholly satisfactory method, Wieg-

hardt's (1953) formula {K=6-5[1—g/8% [(Ud/Bv]-'/},
where d is wire diameter, predicts the right trend: K
decreases with increasing speed up to about Ud/Bv=
600, after which it is independent of Re. Collar's (1939)
formula {K=0-9(1— 3/} usually over-estimates K in
the high Re limit. One needs to be more careful in pre-
dicting K-values for plastic screens since,

K= Rl . -
where @ 1s angle of screen to incident flow. For @ £ 0 use

Kjy= K cos™§, with m=1-0 for screens with 8~ 06
and m ~ 1-4 for 3~ 0-3.

co-planarity . . .).

3.4. Determination of «
(ratio of outlet angle to inlet angle)
For « the form:

B

=4\ v

where A, B are empirical constants, is a better fit than

the generally accepted form:
1-1
v (1+K)
Note that the refractive index of a screen (w) defined as
in optics is equal to 1/ for small §. For larger 6 use

v

o A
TV /AE Ko

C, D, E and F are empirical constants.

= —(i7 tan~* {tan § — —g—sec‘za [C J (E+F6)}

Values suggested for the empirical constants by some
limited experiments (Mehta, 1978) are: 4 =0-66, B=
0°31, C=0-68, D=0-62, E=1-0, F=1-5.

A more complete analysis of the flow through screens
can be found in Mehta (1978).

4. DIFFUSERS

The flow through a diffuser depends on its geometry
defined by the area ratio (A4), diffuser angle (26), wall
contour and diffuser cross-sectional shapes. Other para-
meters like the initial conditions, boundary layer control
method and the presence of separation could also affect
the flow thus making it very difficult to predict. Almost

produce instabilities resulting from a random coalition of all knowledge acquired about diffusers is empirical. There

are two main types:

4.1. Exit diffusers
These are fitted downstream of the working sections and
have gentle expansions with a diffuser included angle
usually not exceeding 5° (for best flow steadiness,
although best pressure recovery is achieved at about 10°)
and an area ratio not exceeding about 2-5. It is import-
ant to have a reasonable degree of flow steadiness in the
¢ sacware stypewower eXit diffuser, since otherwise the pressure recovery tends
to fluctuate with time, and, therefore, so does the tunnel

tiower

2.Ra:F- vane biower & Dackward aerofod

Figure 2. Different impeller types used in centrifugal : Y . I
blowers. speed if the input power is nearly constant. The design
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of these diffusers is well catered for by existing methods
see Cockrell and Markland, 1974).

4.2. Wide-angle diffuser

This type is normally installed between the blower and
settling chamber or between the fourth corner and settling
chamber of a closed-circuit tunnel: the cross-sectional
area increases so rapidly that separation can be avoided
only by boundary layer control. A wide-angle diffuser is
a means of reducing the length for a given area ratio
rather than effecting a pressure recovery; generally the
net pressure rise through a screened wide-angle diffuser
is negative but small.

4.2.1. Boundary layer control methods

The most popular means of boundary layer control is
by installing gauze screens. A screen, besides removing
the direct effects of layer growth and incipient separa-
tion, gives the layer a new lease of life. In a wide-angle
diffuser it is better to use several screens of relatively
small K (less than about 1-5) because increasing K at
one station has little effect on the skin friction at a
station much further downstream. Other types of
boundary layer control methods include splitters, suction
slots, trapped vortices, vortex generators and vanes and
may be preferable in diffusers with VETy severe geometries
(A>3, 26> 50°). For a revied see Mehta (1977).

4.2.2. Design charts

The four most important parameters in a wide-angle
diffuser are A4, 26, K and n, where n is the number of
screens within the diffuser—this includes the screens in-
stalled at the inlet and outlet. Data were collected from
over a hundred wide-angle diffuser designs, mostly
‘successful’ (no separation, and uniform outlet flow with
an acceptable turbulence level), and charts were plotted
for relevant parameters, from which design rules have
been derived. In Fig. 3, A4 is plotted against 26: the
curves enclosing successful configurations have an ap-
proximately hyperbolic shape. As n increases, the vertex
moves to a higher value of 20 and, to a lesser extent, to
a higher value of A4, thus implying a stronger dependence
of required n on 26. Figure 4 is a plot of the sum of
pressure drop coefficients of all the screens, K, =3
(Ap/q), vs A. The straight line EF (4=1-14 Kom+1-0)
included the maximum number of successful configura-
tions.

4.2.3. Overall design procedure

For a diffuser design to operate successfully it must lie to
the left of the relevant curve in Fig. 3, giving the mini-
mum number of screens required in the diffuser, and A

: f"‘“'"‘_-‘r*—"-,"—‘"”‘—’—’r—_*‘—’w""" R
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Figure 3. Design boundaries for diffusers with screens.
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Figure 4. Overall pressure drop coefficient requirements
for a diffuser with screens.

must be less than (1-14 K, = 1-0), giving the minimum
required overall pressure drop coefficient. A diffuser con-
figuration satisfying both these curves should perform
successfully provided that certain other design factors are
kept in m’n’-}g{ FI

(i) Inlet conditions: Thin boundary layers and steady
flow at the inlet are obviously beneficial.

(if) Screen Positioning: The basic rule is to pla.rce screens
where the diffuser wall angle changes sudde‘hﬂ",‘“since
these are the points where the flow is most likely to
separate. In diffusers where no obvious location is
indicated screens should be equally spaeed, remem-
bering that a screen at the diffuser eltry (with a
relatively high resistance) is desirable because the

. angle changes suddenly there.

(iii) Wall shape: The number of screens required in a
diffuser could well be reduced, and the efficiency
increased, by employing curved walls. Potential flow
methods are sometimes used to determine wall
shapes but it is often easier to design wall shapes by
eye. Straight-walled diffusers (often with curved
screens) are, however, often employed, because they
are easier and cheaper to construct.

(iv) Screen shape: It is an advantage for the screen to
intersect the diverging walls and streamlines at right
angles, so that the refraction of the flow by the
screens does not itself induce separation. Curved
screens can be held in metal frames pressed into
circular arcs and lined with wooden strips so that
the gauze may be firmly embedded between two
frames. It could be more difficult to dish the more
flexible plastic screens (see section 3) which may also
tend to flutter. Another alternative is to use a plane,
‘variable-K' screen comprising of one screen con-
centrically superimposed on another.
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(v) Cross-sectional shape: Most wide-angle diffusers have
either rectangular or square cross-sections for ease
of construction and since pressure recovery is not too
important. It is advisable to fillet the corners in
small tunnels, whose designs are likely to be more
adventurous, to reduce the risk of large regions of
flow separation.

4.2.4. Comparison and verification of design rules

These design rules compare well with those proposed by
Kline e al (1957), Schubauer and Spangenberg (1948) and
Squire and Hogg (1944). This is to be expected because
many designers have used these rules; evidently the rules
are successful, but they may be conservative. The present
rules also compare well with some experiments and test
cases, details of which can be found in Mehta (1977),
although there is evidence that the rules are not inflexible.

5. CORNER VANES

Even some open-circuit tunnels have corners, say to
deflect the efflux from a horizontal tunnel upwards to
reduce draughts. Rules for the design of vanes for 90°
corners are uncontroversial and probably rather con-
servative. Thin sheet metal vanes are used on all but the
largest tunnels- and, even in the latter, thick aerofoil-
section vanes are used for strength rather than aero-
dynamic advantage. The ratio of the gap, h, between
vanes (measured from leading edge to leading edge) to
the chord, ¢, should not exceed about 0-25; the vane lift
coefficient is 2h/c. Usual practice is to make the vane as
a circular arc, with short straight extensions at leading and
trailing edges for ease of rolling or pressing. The trailing
edge is aligned parallel with the axis of the downstream
leg and the leading edge is set at a positive ‘angle of
incidence’ of 4° to the axis of the upstream leg. This
arrangement has superficial logic but differs from estab-
lished cascade-design practice, and recently Ermshaus and
Naudascher (1977) have successfully used a hodograph-
solution design which has a negative angle of incidence
at the leading edge and over-turns at the trailing edge so
that the included angle is 105° instead of the conven-
tional 86°. It is not clear whether a significantly higher
h/c can be used with this design.

The pressure drop through thin vanes of standard
(86°) design is estimated by Bradshaw and Pankhurst
(1964) to be about 1:2 (Uc/y)~'* times the dynamic
pressure,

6. HONEYCOMBS =)'+ (RS ARON
Honeycombs are_effective for removing swirl and lateral
an velocity variations, as long as the flow yaw angles
are not greater than about 10°, Large yaw angles cause
the honeycomb cells to ‘stall’ which reduces their effective-
ness besides increasing the pressure loss.
6.1. Redu%tip\nvgt' turbulence
An incidental effect of honeycombs is to _reduce the
turbulence level in the flow, Essentially, the Ilateral
components of turbulence, like those of mean velocity,
are inhibited by the honeycomb cells and almost complete
annihilation is achieved in a length equiv. about
=10 cell diameters. Honeycombs themselves shed small
scale turbulence, the level of which is found to be higher
when the cell flow is laminar than when it is turbulent:
this is attributed to a basic instability of the laminar near
wakes. Note that the cell flow in most wind tunnel
honeycombs is laminar and so Lumley and McMahon's
(1967) analysis, which assumes turbulent flow, will not
apply. With a laminar cell flow the ner reduction is
greatest for the shortest honeycomb (Loehrke and Nagib,
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1976). It turns out that the shear layer instability in the
near wake has a strength proportional to the shear layer
thickness and so for the longest honeycomb, the ratio of
turbulence generated to that suppressed is greatest.

6.2. Optimum cell size

For maximum overall benefit the cell length should be
about 6-8 times its diameter. The cell size should be
smaller than the smallest lateral wavelength of the velocity
variation (roughly 150 cells per settling chamber
‘diameter’, i.e. 25000 total, are adequate). The cross-
sectional shape of the honevcomb cells o!S Usually
hexagonal, but sometimes square or triangular, the shape
being chosen mainly for ease in construction. Impreg-
nated paper honeycombs are adequate for small tunnels.
Aluminium honeycombs made for aircraft sandwich con-
struction have more precise dimensions than paper honey-
combs and are to be preferred for high performance
tunnels and large tunnels where the wind loads may be
expected to be high. The cells of all honeycombs are
often partly obstructed by burrs which can be fatigued
off with an air hose.

7. SETTLING CHAMBERS

7.1. General arrangement

The usual arangement consists of a honeycomb (with
about 25000 cells) followed by screens, the number and
K-value depending on the turbulence level requirements.
If severe yaw or swirl is expected in the flow from the
wide-angle diffuser, it is advisable to install one screen
upsiream of the honeycomb, so that the flow angles are
reduced. A screen with X=1-5 reduces yaw and swirl
angles by a factor of about 0-7 for swirl angles of about
40°. The honeycomb should be installed some way
downstream of the wide-angle diffuser exit, so that the
flow static pressures and angles have had a chance to
become more uniform. Since screens with small B (less
than about 0-57) tend to produce instabilities, presumably
in the form of longitudinal vortices, at least one screen
with a larger B (> 0-57) should be used (in the most
downstream position) if a truly two-dimensional boundary
layer is required in the working section. Another alterna-
tive is to place the honeycomb downstream of the screens
but this at best results in a rise in the turbulence level and
is not recommended in general.

7.2. Spacing between screens
There are two important properties to consider :

() For the pressure drops through the screens to be
completely independent, the spacing should be such
that the static pressure has fully recovered from the
perturbation  before reaching the next screen
(i.e. dp/dy =0). ?
For full benefits from the turbulence-reduction point
of view, the minimum spacing should be of the order
of the large energy containing eddies.
0-2

It has been found tha

e et Ay O Z et chambe
meters per ucce y. |  optimum, . distance
‘between the 12§ fc\re;gianq the 'conﬁwﬁﬂis%qhas also
sbeen found to be about 0-2 cross-section diam’et&r : QI
"this distance is much shorter significant distﬁﬁxch?f‘ ot
the flow through the last screen may be expected. On the
other hand, if this distance, or for that matter the overall
length of the settling chamber, is too long then unneces-
sary boundary layer growth occurs.

(i)

ion with a
” chamber  dia-

settli
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7.3. Installation of components

Screens are normally tacked onto wooden frames. More
care is necessary when tacking on plastic screens since
these, being more ﬂe§i e, tend to wrinkle along the lines
of tension. The hone§' omb is usually just push-fitted into
its own frame. A useful arrangement for small tunnels is
to rest the wide-angle diffuser, screen frames and con-
traction on a table and clamp them by drawbolts, so that
frames can be withdrawn easily. On larger tunnels, it is
advisable to equip the settling chamber (and wide-angle
diffuser) components with castors for ease of removal.
Even in tunnels made of metal or concrete, the screens
are normally instalied in separate frames which can be
withdrawn from the tunnel for cleaning or replacement.

8. CONTRACTIONS
A contraction :

(i) Increases the mean velocity which allows the honey-
comb and screens to be placed in a low speed region,
thus reducing pressure losses.

(ii) Reduces both mean and fluctuating velocity variations
to a smaller fraction of the average velocity.

The most important single parameter in determining
these effects is ¢, the contraction ratio. The factors of
reduction, as derived by Batchelor (1970) for ¢ > 1,
are:

U/-component mean velocity: 1/c¢

V or W-component mean velocity: /¢
u-component rms intensity : 1/2¢ {3 (In4ct— 1)}
7 Oor w component rms intensity : - (3¢)'/#/2.

(The factor of reduction of percentage velocity variation
is given by multiplying the above expressions by 100/¢).

The design of a contraction centres on the production
of a uniform and steady stream at its outlet, and requires
the avoidance of flow separation. Two more desirable
criteria include minimum exit boundary layer thickness
and minimum contraction length. A design satisfying all
criteria will be such that separation is just avoided and
the exit non-uniformity is equal to the maximum tolerable
level for a given application (typically ++% velocity
variation outside the boundary layers).

8.1. Contraction lengths

It is always possible to avoid separation in the contraction
by making it very long, but this results in an increase of
tunnel length, cost and exit boundary layer thickness.

8.2. Contraction ratio

Since the power factor contribution of screens in the
settling chamber varies as 1/c¢* large contraction ratios
are advantageous. But large contraction ratios mean
higher construction and running costs besides possible
problems of noise and separation near the ends. Therefore,
contraction ratios between about 6 and 9 are normally
used, at least for the smaller tunnels.

8.3. Cross-sectional shape

In any contraction with a non-circular cross-section, the
flow near the walls tends to migrate laterally, especially
near corners of a polygonal section. In any case the
boundary layers near the corners will be more liable to
separate, However, recent investigations (Mehta, 1978)
show that this does not cause a problem in a well-designed
square contraction; the effect of boundary layer migration
in a contraction whose cross-sectional aspect ratio changes
along its length can be reduced by adding small 45°
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corner fillets, but rapid termination of these in the
working section must be avoided.

Two-dimensional contractions are sometimes preferred
on tunnels used for boundary layer studies, where the
working section is wide but shallow. However, if the
boundary lavers are thick, the plane walls tend to develop
strong secondary flows. Also, 2-D contractions require
about 25% more length to attain the same uniformity of
pressure distribution as axisymmetric ones.

8.4. Wall shape

8.4.1. Theoretical design

The solution of the Laplace equation or the Stokes-
Beltrami equation is relatively easy for simple geometries
and many analytical solutions have been derived. With
the onset of computers many numerical schemes have also
been proposed. For a review see Mehta (1978).

There is no wholly satisfactory method of theoretical
wall shape design, as distinct from analysis. The applica-
tion of all these methods requires the establishment of
some criteria and then the application of trial-and-error
techniques for which limited guidance is given.

8.4.2. Design by eye

Designers have often used the rather unscientific method
of design by eye. Note that the actual form of a con-
traction contour is not very important except near the
ends, and that smoothness in contour shape is much more
important than exact dimensions. In general the wall
radii of curvature should be less at the narrow end and
cach end must join the parallel sections so smoothly
that at least the first and second derivatives of the
curve are zero (or very small) at the ends.

9. WORKING SECTIONS

Working section design is totally dependent on the re-
quirements of the individual experimenter. Blower tunnels
are more flexible in accepting a variety of working
sections (with and without exit diffusers).

The flow out of a contraction often takes a distance
equivalent to about 0-5 diameters before the non-
uniformities are reduced below an acceptable level. Also,
if a turbulence grid is installed, it may take up to 10-15
mesh lengths before a homogeneous flow is obtained.
These requirements often fix the minimum length of the
working section. The streamwise pressure gradient is best
controlled by installing tapered fillets.

It is advisable to mount removable side panels on
pinned hinges on large working sections which makes
their ‘single-handed’ removal easier and safer.

Drag forces, being proportional to (velocity)’, change
by twice as large a fraction as the mean velocity; lift
forces change because of the change in mean velocity and
because of the influence of tunnel walls on the effective
angle of incidence. Lift interference on a complete air-
craft model in a rectangular-section tunnel is minimised
if the ratio of working section breadth to height is 4/2
(with model span less than three-quarters of the breadth)
so most general purpose aerospace tunnels are made with
approximately this aspect ratio. However tunnels for
measurements in boundary layers, growing on the tunnel
floor say, have an optimum breadth-to-height ratio of
about five since all that is necessary is that a reasonable
thickness of irrotational flow shall remain between the
roof and floor boundary layers at the end of the test
section (a diffuser with such a non-uniform entry flow
would not be very efficient). Tunnels for testing building
complexes or natural terrain at model scale can also have
a large breadth/height ratio: conversely, tunnels for test-
ing isolated tower buildings or smokestacks can have a
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breadth-to-height ratio less than unity, although the ratio
of model breadth to tunnel breadth must still be kept
small to minimise interference.

0. ESTIMATICN OF TUNNEL POWER FACTOR
Having decided the size and configuration of a wind
tunnel, the next design step is to estimate the tunnel
power factor, A (equal to H/ip,US4,, where H is the
shaft input power and subscript o refers to working sec-
tion conditions) so that the fan and drive unit can be
selected. It is difficult, but in fact not essential, to estimate
the power factor very accurately: adequate extra power
must be installed to cope with a variety of model or
working section configurations, not known in advance.
The pressure losses in a wind tunnel are due to diffuser
losses, resistive components such as screens, and friction
on the tunnel walls. The total pressure loss due to each
component can be estimated separately, and then summed
and divided by the blower efficiency 7. typically 0-8, to
give the tunnel power factor. Typical values for a tunnel
similar to that shown in Fig. 1(h) are given below.

(/) Losses due to skin friction.

AP 'A‘,\’ o s
nA)\,:m—-» (7 “ C"—,Z dux,

where § is the duct local perimeter and remember-
ing that the area ratio is the reciprocal of the velocity
ratio. It is normally only necessary to estimate skin
friction losses in the working section (A/A,=1).
Those in the diffusers are normally accounted for
in the efficiency and the other components do not
contribute significantly.

Therefore, nAA,=~ C,SL/ A, where L is the work-
ing section length. Typical value: nAX, ~ 0-07,
assuming C, ~ 0-003.

(i) Losses due to screens, honeycomb and corner-vanes.
A g
=K==

So for a tunnel with four screens (two in the wide-
angle diffuser with 4/A4,=4 and 6 respectively)
each with K=1-5 (for U=5-10 m/s), and a honey-
comb with K=0-5 we have, taking ¢=09, typical
value: mAA,=0-18 (the screen at A4/A,—4 contri-
butes 0-094).

(iif)  Loss of total head in the exit diffuser.

/A(. \
‘T)A/\x=(1 —'ﬂn) ’:1" (_A::)] .

where 7, is the diffuser efficiency. This is a loss due
to the inefficiency of the diffuser in transforming
kinetic energy into ‘pressure energy’ and is caused
by boundary layer growth and non-uniformity of
the flow. The efficiency of a wide-angle diffuser
with screens is generally negative but Ap is small.

For a conical diffuser with 4~2-5 and 26~5°,
Cockrell and Markland (1974) suggest 7p=08, but
this may be lower for diffusers with rectangular
cross-sections, typical value: mnAM;=0-25 for
Mp=0-7and A =2-5.
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(iv) Loss of total head at the exit of an open-circuit
tunnel.
In an open-circuit tunnel, the amount of kinetic
energy lost at the exit and dissipated into heat adds
to the total losses.

A,
'qA:\.:( =
[=1 for blower u;nnels with no exit diffuser],
typical value: mAX,=0-16 for A4=2-5.
Therefore the estimated overall tunnel power factor,
4
A = X AAu/m==0-825 for the
n=1

(with an exit diffuser), taking n=0-8.

tunnel considered

Once the tunnel power factor has been estimated and
the required fan static pressure rise determined, one can
set about the selection of the optimum fan size. The
dynamic pressure rise through a blower is usually ignored
and can be thought of as a safety factor in the calculations.

The fan outlet flow will be least turbulent when the fan
is operating near maximum efficiency. Fan efficiency is a
function of the dimensionless flow rate: the pressure rise
coefficient is a (weak) function of the dimensionless flow
rate  also, so that requiring maximum efficiency
specifies both dimensionless flow rate and pressure rise
coefficient. So for a given required flow rate and pres-
sure rise, two equations are obtained which can be solved
to give the fan size and optimum operating rpm. In
practice the manufacturer’s performance charts should
be searched for a fan size (and rpm) giving near maxi-
mum efficiency for the required flow rate and pressure
rise.
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JAPANESE INDUSTRIAL STANDARD JIS

Testing Methods for Turbo-Fans and Blowers B 8330-1981

1. Scope

This Japanese Industrial Standard specifies the factory tests and inspections,
using air of normal temperature and normal pressure, made for the centrifugal
fans and blowers, axial fans and blowers, mixed flow fans and blowers, etc.
approximately less than 1.1 in pressure ratio(1), hereinafter referred to as
the "fans". To the tests and inspections to be made for the fans of special
construction or fans used for particular gas and under other special conditions,
this standard shall be applied after appropriate modification involving selection
or rejection and supplementation for this standard by the agreement between
the parties concerned in acceptance.

Note (1) This pressure ratio express the value under which the fan has
been tested by using air of normal temperature. To the fans of
which pressure ratio exceeds this value when using air of normal
temperature, JIS B 8340 shall be applied.

Remark: The units and numerical values given in { } in this standard,
are in accordance with the gravity system of unit, and are appended
for reference.

2. Definitions

The principal terms used in this standard are as defined below in addition
to the definitions given in JIS B 0132.

(1) equation of state of air ~An equation given as follows:

Where () absolute pressure of air (Pa) {kgf/m2 or mmAq }
P="PLutp

p. : atmospheric pressure (Pa) {kgf/m2 or mmAq }
p(?) : gauge pressure of air (Pa) {kgf/m2 or mmAq }

7 : absolute temperature of air (K) T =273+ ¢

¢ : temperature of air (°Cc)

v : specific volume of air at P-T (m3/kg) { m2/kgf }

Applicable Standards:
JIS B 0132-Glossary of Terms for l'ans, Blowers and Compressors
JIS B 8340-Testing Methods for Turbo-Blowers and Compressors

JIS B 8346-Methods of Noise level Measurement for [Fans, Blowers and
Compressons
JIS G 9603 Ventidating Hans

JIS 7 8762-Measurcment of I'luid Flow by Means of Orifice Plates and Nozzles




»

2
B 8330-1981

@l

R : gas constant of air = = (J/(kg-K)) |
1—0.378¢ —+ ‘
F 2
2 +
= 29. 21 P kgfem/(kgf-K) '
1—-0.378¢ —P‘—

where p,: saturated steam pressure (Pa) { kgf/mz}

¢ : relative humidity (a decimal)

Note (2) In any case in this standard, P and ¢ indicate
absolute pressure and gauge pressure,
respectively.

Remark: Value .R of gas constant of air under standard
suction condition is to be assumed as 289
{29.44}. This value is applicable to
atmospheric air of temperature ranging from

- 15 to 40°C. |

(2) standard suction condition ~Suction condition of a fan where it sucks .
in humid air of 20°C in temperature, 10143 kPa {760 mmHg or 10333 mmAq } b

in absolute pressure and 65:%iin relative humidity. The density of the ?

air under therstandard suction condition is to-be -assumedias 1.20 kig/m3
{weight per m> = 1.20-kef } -

e By =

(3) total pressure air power A theoretical power required for a fan to
compress the specified air volume to the specified fan total pressure.

(4) static pressure air power A theoretical power required for a fan to
compress the specified air volume to the specified fan static pressure.

(5) air volume of fan A value of air volume calculated by a test, converted
to a volume under the standard suction conditions (or under specified
conditions, if particularly so specified).

Remark: In this standard, the term "air volume" is used for gas, even if
the fan treats a gas other than air.

r/ &
O':.' >

(6) rated number of revolutions of fan A number of revolutions per unit time
of the fan shaft when it is running under the specified electric source
conditions for an clectric motor driven fan and under the specified
running conditions for other prime mover driven fan.

Remark: Since the revolutions varies more or less according to air volume
of a fan, if it is required to give its numerical value, a number .
of revolutions of the fan at the specified air volume is to be taken '
as representative.

(7) pitot tube Same as the pitot static tube termed in JIS B 0132.
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3. Test Items

The test items of the fan shall be as enumerated below.

Temperature, total pressure of fan, static pressure of fan, air volume,
number of revolutions, shaft power, noise and running conditions.

4. Testing Apparatus

4.1 Testing Apparatus The testing apparatus shall be such those which
are capable of measuring accurately the values required to present the per-
formance and running conditions of a fan under service conditions or under those
similar to them. Arrangements of the testing apparatus(B) and measuring
instruments shall be as given in Figs. 1 to 4, as a rule.

Note (3) The centre of suction opening of the fan or suction opening of
the measuring duct should position 1D or more apart (D: the
diameter of the fan suction opening or measuring duct) from wall
or floor.

Fig. 1. Fan Having Discharge Pipe Along under Service
Condition

(A) MWhen.an orifice plate is used

L >14D +

Measuring duct Thermometer | (air volume) Throttling device

\ & .,

X\ i J-

‘ >6D ( >3D >5D
'r

05D ” Orifice plate

1]

7

|
Connecting tube Rectifying grid l i

(—————> Barometer
—————> Thermometer
G

Measuring position for =
static pressure

(B) When a pitot tube is used
p

I >10D+1

\/
(9]
O

>60 Lt >iD

ns5D

i
i
Measuring duct | :

} i T

Fhermometer

Throttling device

[

Kectulying

T o Conmecting tube g

Q: Barometer
———> Thermometer
|

Measuring position for ] 3 tube (air volume)
48] Pitot t

SGatie praSsSure
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Fig. 1 (Cont'd)
(C) When a pitot tube and rectifying wire netting are used
L 5D+
>2D l >|D 1.5D
0.5D \LO._@ <ID,
19 ————
o | - Thermometer
s @ ‘
3 5 =
€ E Ao pauring Throttling device {
1% f:) " + ] - U
a & N IQT ) ] ¢t _ /]
| — 4
Vo S N
Conuocling
tube
| Measuring position for 2| Pitot tube (air volume)
static pressure Rectifying wire ROty
Rectilying grid
Fig. 2. Fan Having Both Discharge Pipe and Suction Pipe
under Service Condition
(An exampled case where air volume is measured at suction
4 - 4 5 Ul
side by the use of suction nozzle)(%)(3)
L % >8D
>5D >3D
<iD
i L Thermometer
/
Measuring duct H
; F’U N i N Throttling device
:E \ [ |
£ € L 1 T
P f [T\
;‘1 £
= .‘-Q D Connecting tube ‘—Measuring position for
ﬂ ” ™ static pressure
e | |
: A Suction nozzle (air volume)
Note (4) When the air volume is to be measured on discharge side in -
Fig. 2, the measuring duct on discharge side of the fan same 1

as that shown in (A), (B) or (C) of Fig. 1 shall be equipped.

In this case, in the place of the suction nozzle, a bell mouth
shall be attached directly to the suction opening of the fan.
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Fig. 3. Fan Having Suction Pipe Alone under Serw)
) .
. 2 >85D +1
:E >45D (. >ID, >3D
§ & <ID o
3 £ L
3 &
Measuring duct
—_— U
. Q . o I = 0 s
L
Throttling device Rectifying grid Coml‘sg:zh
] 9
S Pitot tube
(air volume)
3 Note (°) When the static pressure or air volume is to be he

suction side, in some cases accurate values cared
at the specified air volume or less due to swirlilt,
therefore, should be preferable to provide a sig
grid with small loss in the connecting tube.

Even in this case, it is more difficult to obtailues
as the air volume gets smaller.

Fig. 4. Fan Having neither Discharge Pipe nor Su
under Service Condition(é)

(A)  For Forced Draft Fan

m
£ D¢ e 05Dc > I
[N . :
o 9
E :
E £ )
E [ - Thermometer
o :
8 € Air tank
a £ |
)
o
e Damper
O - :—»
=]
3 Sy -
T c Measuring duct
Al TS \ R
Lo s y £
S o [ B~ IO~ Q .
WH_I
) %
Fan to be tested N <
& ‘iliary fan

Rectifying

Static pressure tapping as connec!

leclined hiquid

column gy g
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(B) For Induced Draft Fan
26D | >3D >3D 0.5D¢ >0.5D¢
_«—t Thermometer
Air tank
b O
3 .
g g 3
E g 0§ i
gk Orifice plate £ Fan to be
d o . (or pitot tube) ° tested
M ’'Auxiliary fan Measuring duct | (air volume) @ QU c
4 I “~ r—t 2 ]
[uany BN = S l =0 £ S
) — E 8o
qa &
4 & =
= 3}
>
4
.- . D
E Rectifying grid
Connecting
tube
Static

pressure tube

Inclined liquid column gauge I
4

Note (6) When performance test of an axial fan having no guide vane of
impeller of 1250 mm or less in outside diameter is made, it is
recommended to.use the construction shown in Fig. 4.
Performance tests are to be made in accordance with (A) for
the forced draft fan and (B) for the induced draft fan. Even when
outside diameter exceeds 1250 mm, this standard may apply, as
appropriate.

It is allowed to use JIS C 9603 for testing the ventilating fans
for domestic or office use having axial type impellers which is,
in particular, driven by induction motor.

4.2 Measuring Duct The measuring duct shall have the smooth inside
surface, and it is recommended that it be made of straight pipe (of D in inside
liameter) having circular cross section which is same in sectional area as the
suction or discharge opening of the fan. If a different shape or cross-sectional
irea is used inevitably, a connecting tube shall be used between the fan and the
neasuring duct. The cross-sectional area of the measuring duct used shall not
>e less than 0.7 or shall not exceed 1.3 in cross-sectional area of the suction
or discharge opening of the fan. This limitation, however, needs not to apply
o the cross-sectional area of the measuring duct in the case of the apparatus
shown in Fig. 4, since it is irrelevant to the fan to be tested.

- 3 : v :

4.3 Connecting Tube' When the connecting tube transits from a circular
shape to a circular shape, from a rectangular shape to a circular shape or from
1 circular shape to a rectangular shape, the rules described below shall be
»bserved. s%z;\\)‘&\ﬂ
o ‘

NN

€

{

|
1
y

@)
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(1) The angle between the connecting tube and the axial line in the case of
the transition from a circular shape to a circular shape shall be not
more than 14° for the expanding tube, and not more than 30° for the
reducing tube (see Fig. 5).

Fig. 5. Connecting Tubes

(a) Expanding tube (b) Reducing tube

(2) In the case of the transition from a rectangular shape to a circular
shape, the rule described in the following equation (discharge side)

applies:
1
For reducing tube(m s1):L/D=1.8 <_\7m—_ AL ) + 0.4 -:- """""" (2)
For expanding tube (m 2 1): L/D 2 4(1 ———\,1’7—>+ 0.4 —Z— ------------------ (3)

(3) In the case of the transition from a circular shape to a rectangular
shape, the rule described in the following equation (suction side)
applies:

For reducing tube (m 2 1): LID21.8 (l © —1—~> +0.4-¢

For expanding tube(m £1): L/D 2 4(—\/%_),’—,,— -9] ) 4-0. 4 _Z_ ............... (5)

where L : length of connecting tube
D : inside diameter of measuring duct

nD?

m : areal ratio =
tab

a : length of long side of rectangle

b : length of short side of rectangle

(See Fig. 6)
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Fig. 6. . Length of Connecting Tube @
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4.4 Air Tank The air tank shall be so constructed as described below.

(1)  The air tank shall be either a circular tank (D¢ in inside diameter)
or a square tank (I in length of a side) each having uniform sectional

area.

(2) The sectional area of the air tank shall be so made that its mean velocity
comes to 2 m/s or less. However, when the static pressure of a fan
is not more than 70 Pa { 7.1 mmAq }+ the mean velocity shall come to
1.5 m/s or less.

(3) The rectifying wire netting shall be made in accordance with 4.7.1, and
So that the current is made uniform and that the velocity of current |
passing through the wire netting does not exceed 3 m/s and does not ¥
exceed 2 m/s when the static pressure of the fan is not more than (
70 Pa {7.1 mmAq }.

(4)  Where the fan has a bell mouth at its suction opening or a suction duct

under the service condition, the bell mouth shall be attached to.the fan
to be tested. If the fan has no bell mouth at the suction opening or
no suction duct under the service condition, no bell mouth shall be

attached to the suction opening of the fan to be tested. @J
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4.5 Where Test Is Made by Using Air Tank The air volume shall be adjusted
by the revolution of the auxiliary fan or by means of damper so as to keep the
inside of the air tank at positive pressure in the case of Fig. 4 (A) and at
negative pressure in the case of Fig. 4 (B).

4.6 Rectifying Grid The axial length ! of the rectifying grid shall be
three times or more the one side length 5 of the aperture (square) of the recti-
fying grid, as shown in Fig. 7. The length 4 shall be 1/4 to 1/12 of the inside
diameter D of the measuring duct.

Fig. 7. Dimensions of Rectifying Grid

= [T11]]
|
-

4.7 Rectifying Wire Netting

4.7.1 It should be preferable for the rectifying wire netting to be provided
in the air tank shown in Fig. 4 to have the value approximately equal to C.13 of
value % shown in Fig. 8.

4.7.2 The rectifying wire netting to be provided in the measuring duct of

Fig. 1 (C) shall have the value ranging from 0.6 to 0.45 of aperture ratio u.
In this case, the vaiue u shall be calculated by the following equation:

where d + wire diameter of rectifying wire netting (mm)

¢ = pitch of rectifying wire netting (mm)

Fig. 8. Rectifying Wire Netting

4.8 Adjusting Device for Air Volume  When the air volume is to be adjusted
at the measuring duct on the discharge side, the adjustment shall be made by
means of a damper or other throttling device, and when the air volume is to be
adjusted at the measuring duct on the side measuring duct, the adjustment shall
be carried out by using throttling devices, such as a circular disc and cone
equippedssymmetrically,at the centre of axis.of the measuring duct. . The damper,
circular'dise’, cone and  other throttling devices shall ‘position’at an‘adequate
distance from walls  [loor, -etc: to prevent any bad-effect on measurements.
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4.9 Humidity Measuring Instrument The measurement of humidity shall be
made with a psychrometer.

4.10 Atmospheric Pressure Measuring Instrument The measurement of the
atmospheric pressure shall be made with a Fortin barometer.

5. Test Methods

5.1 Testing Conditions

5.1.1 Suction Conditions The conditions of the suction air shall be
the standard suction conditions, unless otherwise specified.

5.1.2 Test Number of Revolutions The test shall be made at the specified
number of revolutions(7). :

Note (7) If it is difficult to run the fan at its specified number of revolutions
for the reasons of electric source, equipments, etc., it is
allowed to make the test within + 20 % of the specified number
of revolutions and to convert the test results to the values at the
specified number of revolutions. In this case, the conversion of the
performance values shall be made in accordance with 6.2.

If it is impossible to carry out test due to large size or large
power of the fan, the model test shall be made. In this case,
the approval of the test results shall be made by the agreement
between the parties concerned in acceptance.

5.1.3 Measuring Points The measuring points shall depend on the types
of the fans, as follows:

(1) The centrifugal fan shall be tested for five or more different air
volumes ranging from the shut-off condition or surging point to the
larger volume as far as possible, and at least one of them shall be
the specified total fan pressure or a pressure lower than the static
pressure.

(2) The mixed flow fan shall be tested at five or more different air volumes
which include the specified air volume ranging from the smaller volume
to the larger volume as far as possible.

(3) The axial fan shall be tested at five or more different air volumes,
which include the open condition and cover the smaller volume as far
as possible, and at least one of them shall be the specified fan total
pressure or a pressure higher than the static pressure.

5.1.4 Rotation Test for High Speed Rotor Since Article 149, Paragraph
8, of Labour Safety and Hygiene Regulation (Ministerial Notification No. 32,
notified by Labour Ministry, 1972-09-30) applies to the rotation test for the
rotor of which peripheral speed of impeller exceeds 25 m/s, the test shall be
carried out after the ascertainment of safety of the test.

P - 3

@
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5.2 Testing Instruments and Measuring Methods

5.2.1 Temperature The temperature measurement shall be made as
described below.

For the temperature measurement, a mercury enclosed thermometer, a
thermopile thermometer or the like, of 1°C or under in scale spacing, 100°C in
maximum scale value and - 10°C in minimum scale value, shall be used. The
thermometer abovementioned shall have been subjected to preliminary calibration.

The thermometers shall be placed at such locations where air temperature
on suction side and on discharge side of the fan can be measured correctly to
1°C.

5.2.2 Pressure The pressure measurement shall be made as described
below.

(1) Pressure Gauges For the measurement of static pressure, dynamic
pressure, and pressure directly before and after suction nozzle and
orifice plate, U-tube or other liquid column gauge shall be used. The
pressure gauges abovementioned, however, may be substituted by
other pressure gauges which are capable of being calibrated by
comparing with the liquid column gauge.

As the liquid to be contained in the liquid column gauge, water or
alcohol of which specific gravity has been subjected to preliminary
measurement shall be used.

Inside diameter of the glass tube contained in the liquid column
gauge shall be 6 to 12 mm, and inside diameters of the U-tube, both
on left and on right sides, shall be approximately equal and uniform.
The scale spacing of the liquid column gauge shall be 1 mm.

When pressure of 500 Pa{ST/mmAq } or under is to be measured,
the inclined liquid column gauge or micro-pressure gauge shall be
used for the measurement.

When the measurement of pressure is made for the orifice plate and

suction nozzle, pressure shall be read to at least 1/100 of the pressure.

If the indication of a liquid column gauge fluctuates violently, the
leader tube may be throttled to an extent that will not produce error.

(2) Pitot Tube, Static Pressure Tube and Static Pressure Hole ° When
the simultaneous measurement is to be made for dynamic pressure and
static pressure, the pitot tube shall be used, and when the measure-
ment is to be made for the static pressure alone, the static pressure
tube or the static pressure hole which is bored perpendicularly to
the tube wall shall be used.

The pitot tube (see Fig. 9), static pressure tube (see Fig. 10) and
Static pressure hole (see Fig. 11) shall be so constructed as specified

below.

N
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Fig. 9. Pitot Tube Fig. 10. 3Static Pressure Tube ‘
—1%d Total pressure measuring hole
Plmm Static pressure m—h Static pressure ’ :
measuring hole measuring hole L
w = e NG LIV T 77777777 ;
e k T 7T TT TN T 777777 77, \
‘ R B | ]
6d T ; %
R= ; é i
(Nose tube) : i
7117
¢ (Trunk tube)
/4
)
Fig. 11. Static Pressure Hole
Unit: mm

Detailed static pressure hole

(a) The nose tube of the pitot tube shall be smooth brass tube or stain-
less steel tube of 5 to 20 mm outside diameter d , and the outside
diameter of the trunk tube shall be 1 to 3 times the outside diameter -
of the nose tube.

(b) The static pressure tube shall be smooth brass tube or stainless
steel tube of 5 to 10 mm outside diameter d .

(c) The inside diameter of the static pressure measuring hole shall be
1 mm, and the holes shall number nearly the same as the numeral of
the outside diameter of the nose tube expressed in mm. They shall
be distributed at an equal distance along the periphery.
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The surface of the nose tube shall be finished sufficiently smooth,
and particularly any burr shall not remain on the end faces of the
total pressure measuring hole and static pressure measuring hole.

The static pressure hole shall be in conformity to Fig. 11, and its
tapping hole for the static pressure shall be so constructed as to be
suitable to connecting leader tube.

The pitot tube shall.be kept in parallel with the current, and the
measuring points shall position at 10 points given in the following
equations, on the diameters perpendicular to each other in the
cross section of measuring duct (Fig. 12), totalling 20 points (see
Attached Table 2). R

Fig. 12. Measuring Points of Pitot Tube

r,=0.316 R

o= 0.548 R Measuring point
ry = 0.707 R

ro=0.837R

re=0.919 R

If inside diameter of the measuring duct is not more than 400 mm,
it should be preferable to use the orifice plate or suction nozzle.

For the measurement of the static pressure by the use of the static
pressure tube or static pressure hole, the measurements shall be
made individually at two positions each on left and right sides of
the pipe wall, and the average of the measurements shall be taken.
If the measurements made on the left and the right sides differs
considerably either the cause of error shall be confirmed, or the
measurement shall be compared with the measurements made at

other points.

Measuring method and reference points for the static pressure
shall be set down as specified in Fig. 13.

———
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FFig. 13. Measurement of Static Pressure

Unit: mm
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5.2.3 Air Volume The measurement of air volume shall be made as
escribed below.

(1) Method Using Pitot Tube = The pitot tube used shall be the pitot tube
specified in 5.2.2 (2).

(2) Method Using Orifice Plate  The orifice plate shall be as specified
below.

(a) The orifice plate shall be so constructed as to be in compliance with
JIS Z 8762, and its shape and dimensions shall be as specified in

Fig. 14.

(b) The pressure tapping method shall use the corner tapping specified
in JIS Z 8762, and the construction and position of the pressure
tapping mouth shall be as specified in Fig. 14. If it is inevitable
to use contraction tapping or flange tapping, it shall meet the
requirements of JIS Z 8762.

(c) The size of the orifice plate used shall be 50 to 1000 mm in inside .
diameter of the pipe and 0.05 to 0.64 in ratio of throttling area 3’ = (%)'
It is advisable to select it so that the pressure difference
gets not less than 500 Pa { 51 mmAq }.
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IFig. 14.  Orilice Plate
Unit: mm

J=4w/0
T

3 .o

A3 A D : inside diameter of pipe

50 to 1000 mm

a : diameter of single hole or
=|/to/0 width of slit

When <0.65, «=<0.03D

(0'005“)002)—[) When 8> 0.05, 0.0l DS a 50.020

a =1 to 10 mm, irrespective
of value 8

(Annclar room)

A / +thickness of slit

| .H=ew005D

. 7 J -+ diameter of hole connecting
F=30tw4s Sy with the pressure leading
tube
/()rifim_n plate \
d : aperture diameter of
orifice
o Il : thickness of orifice plate

¢ : thickness of edge

I* : relief angle

X\ : central axis of rotation of
orifice plate

Pressure directly before and after the orifice plate shall be measured.
The measurcment shall be made so as to read to at least 1/100.

[f the indication of the liquid column gauge fluctuates violently, the
leader tube may be throttled to an extent which will not bring forth
error.

In the case where Reynolds number gets smaller than 1 x 10 when
the measurement of small air volume is made, correction shall be
added in accordance with JIS 2 8762.

Method Using Suction Nozzle The dimensions of the suction nozzle

shall be as specified in Fig. 15, and its inside surface shall be
finished smooth as far as possible. The inside diameter of the
suction nozzle shall be an average obtained from diameters at four
or more places, and error of each diameter shall be within +0.005 D
to the average.

Measures shall be taken not to allow natural wind to admit to the
inlet opening by keeping an adequate distance of inlet opening from
walls and floor.
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Fig. 15. Suction Nozzle
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5.2.4 Number of Revolutions The measurement of the number of revolutions
shall be made by the use of any one, selected as appropriate, of direct reading
tachometer, integrating tachometer, and electric tachometer which have been
calibrated in advance. The maximum scale of the tachometer shall be not more
than three times the number of revolutions to be measured.

The measurement of the number of revolutions shall be made three times or
more under the same conditions, and the number shall be read to 1/200, and then

averaged.

When the integrating tachometer is used, its measuring time shall be not less
than 30 seconds.

5.2.5 Shaft Power The measurement of the shaft powexr shall be made
either by the use of a dynamometer or by means of a prime mover of which
performance has been proved evident by an accurate test. If a fan is driven
by using a transmission apparatus, the apparatus shall be such that which is
actually attached, and if it is difficult to measure the power loss of the trans- i
mission apparatus, the loss shall be regarded as a part of the shaft power of @ w5
the fan.

All of the measured numerical values required for calculation of the shaft
power shall be read to 1/100 of the measured numerical values.

5.2.6 Noise Measurement of the noise shall be made in accordance with
JIS B 8346.

5.2.7 Running Conditions The tests of the running conditions shail be
carried out as described below. -

(1) Operate continuously at the specified air volume until the bearing |
temperature gets constant, and examine the bearing temperature on the
bearing housing at that time by using a thermometer.

For a fan having a cooling apparatus, examine whether it is capable
of fulfilling the cooling function sufficiently, even when the temperature
of cooling water of cooler is at the maximum temperature of the service

conditions. @)
;AL
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(2) Examine whether the bearing oil lubricates smoothly, and whether the
oil shows no leakage outside. Pay close attention particularly to the
examination of the bearing mounted adjacent to the suction opening of
the fan, since air current is liable to cause oil leakage at the bearing.

(3) Examine the vibration caused by the wind velocity, wind pressure and
rotation.

In this case, the vibration of the bearing part shall be examined on
the bearing housing by the use of the vibrometer.

(4) Examine the leak of air, both out and in, at the joints of the casings
of the fan. For a fan handling special gas, examine particularly the
airtightness of the shaft seal part.

(5) For the transmission apparatus, examine whether the transmission
conditions are quiet and sure.

(6) Examine whether abnormal noise takes place under the specified
running conditions.

5.3 Calculation Methods for Characteristic Values

5.3.1 Notations, Meanings and Units The notations, the meanings and the
units thereof to be used for the calculation of the characteristic values shall be
as defined in Table 1.

Table 1. Notations, Meaning and Units

Notation , Meaning Unit
A, 4 Sectional areas of measuring duct on suction and 3 2
Iy & . .
! discharge sides
A Ay Sectional areas of suction and discharge openings m2
of fan
“n Circular hole arca (:—;—:13) of orifice plate m?
D, D, Inside diameters of measuring duct on suction and m
discharge sides
d Inside diameter of circular hole of orifice plate m
0 Acceleration of free falling m/s?
7 Average value of dynamic pressure i asurin
7 g y P n measuring
‘4 duot Pa {mmAq}
T, B, Average values of dynamic pressure in measuring Pa {mmA }
duct on suction and discharge sides 4
My gy e Vialues of dynamic pressure measured by pitot tube Pa{mmAq}
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Table 1 (Cont'd)
Notation Meaning Unit
B Pressure difference between directly before and
" 2. ) : Pa {mmAq}
after orifice plate or depression of suction nozzle
Lengths of measuring duct between the measuring
L, L, position of static pressure and fan suction opening m
and discharge opening
£ Lo Eon Shaft power, total pressure air power and static KW
pressure air power
G . i
P, P, bsolute pressure directly before and after orifice Pa{mmAq}
plate
Pr. P Fan absolute total pressure and absolute static Pa {mmAq}
pressure -
Pr,, Pr, Fan absolute total pressure of §uctlon opemng and Pa {mmAq}
fan absolute total pressure of discharge opening
Ps,, Pa, Fan absolute static pressure of Suction opening and Pa {mmAq |
fan absolute static pressure of discharge opening :
Py ps Fan total pressure and fan static pressure Pa{mmAq }
P b, Suct_lon opening total pressure and discharge Pa{mmAq}
opening total pressure
Pers bu, Suct.ion oper}ing Static pressure and discharge Pa{mmAq}
opening static pressure
bay pe, Suct.ion opening dynamic pressure and discharge Pa { mmAq}
opening dynamic pressure
Qi Qs Suction and discharge air volumes m3/min
Rn Reynolds number = aD/v
T Th Absol‘ute temperatu?:'es of air at fan suction opening K
and discharge opening
B, B Aver:%ge speeds.in measuring duct on suction side m/s
and discharge side
C Average speed in measuring duct m/s
%o Flow coefficient of suction nozzle = 0.99
an Flow coefficient of orifice plate (see Fig. 16)
r Weight per unit volume of air in measuring duct {kgl’/m3 }
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Table 1 (Cont'd)
Notation Meaning Unit
Weights per unit volume of air in measuring duct on £/m3
i suction side and discharge side {kgf/m?)
7n Weight per unit volume of air directly before orifice {k f/m3}
plate €
4, 4 Press;ure losse§ in measuring duct on suction side Pa mmAq}
and discharge side
¢ Correction factor due to expansion of air
(see Fig. 17)
T s Total pressure efficiency and static pressure %
efficiency
¥ Specific heat ratio (1.40 for air of normal
temperature)
P Kinematic viscosity m2/s
e Density of air in measuring duct kg/m3
o1y pa Densi.ties of air.in measuring duct on suction side kg/m3
and discharge side
fn Density of air directly before orifice plate kg/m3
Suffix: Fan total pressure

Total pressure

Fan static pressure
Static pressure
Dynamic pressure
Related to orifice plate

Fan suction side and directly before orifice plate
(exclusive of )

Fan discharge side and directly after orifice plate
(exclusive of 4,) ‘
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. 5.3.2 Calculation of Fan Total Pressure and Fan Static Pressure The

fan total pressure pr and the fan static pressure ps shall be calculated by the use
of the equations described below. When the fan suction opening is approximately
equal to the discharge opening in area, the dynamic pressures in fan total - .
pressure and fan static pressure are approximately equal and thus counter-

balanced. However, in the case where pressure ratio exceeds 1.03, difference

of dynamic pressures between the suction opening and the discharge opening

shall be taken into consideration.

P"=P‘z"1’h=(/";+/’¢z)—<[",+l’dl) .............................. (7)

pﬂ-_—.p,._pdz=p,1_(p,l+ml) .......................................... (8)

p,2211,2+zd2+42 ................................. RIXTEPITTPPPEITRRPPPRRPPPPN (9)

P, =he + ﬁdl el R e rsrrrrrer o iy, (10

4, =0.025 gz, /—142 .................................................................. an
L

4, =O‘025T"h"; .................................................................. (12)

(a) 1If a pitot tube is used(8),

Tia = —,11_ (hy + hg + hyeeee + hw)

Note (8) It is theoretically correct that, in order to obtain average air
speed 4 in the measuring duct, an average value of wind speed
calculated from the dynamic pressure measured at every calculating
point is to be taken. Since the-method given in this standard is
a kind of simplified method, it is advisable to calculate by the use
of the equation below, when an accurate calculation is required.
The method of this standard, however, does not bring forth error over
+ 1 % when used for the tests of practical use.

e "y

(b) If an orifice plate is used,
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When the testing apparatus shown in Figs. 1 and 2 are used (in the case of
~Fig. 2, the pressure loss at the measuring duct of the suction side shall be
omitted.), that is to say, in the case where only the discharge pipe is provided
and the suction opening is opened to the atmosphere under the service conditions, -
the fan total pressure comes to the sum of the static pressure of discharge
opening and the dynamic pressure of discharge opening. Only in this case, the
fan static pressure shall be expressed by the discharge opening static pressure.

b, = 0
/)r = P".’ = p': + sz .............................................................. (7/)
Ps = /)‘z — sz = /}"2 ............................................................... (8/)

When the testing apparatus shown in Fig. 3 is used, that is to say, in the
case where a fan having a suction pipe only, and the discharge opening opened
to atmosphere under the service conditions is used, the fan total pressure at
that time shall be expressed by the static pressure of suction opening. In this
case, the fan static pressure can not be obtained without adding the dynamic
pressure of suction opening to the static pressure (negative) of suction opening.

P, = pu,
pr = p“z = /)‘1 = — P’l ............................................................ (7’/)
/’S e /)‘x = — P‘l + Pd. ...................................................... (8”)
U [T LRI i (el W JLLL LT 9 )
=27 (6011,’) L 20 (60flz’)f @
o AU\ Y O QEEEE )“1 .................................
/)’ll— 9 (()OA.,) l"‘ 20 (a)Al/ j (14)

For a fan having both a suction pipe and discharge pipe under the service
conditions and pressure ratio of 1.03 or less, the difference between the static
pressure of discharge opening and the static pressure of suction opening comes
to the fan total pressure on the assumption that the dynamic pressures at the
suction opening and the discharge opening are equal. In this case, the fan
Static pressure can not be obtained without further subtracting the dynamic
pressure of suction opening from the difference between the static pressures at

the discharge opening and suction opening.
When the testing apparatus specified in Fig. 4 is used:
In the Case of (A): fan static pressure p: is éqﬁivalent to A -
In the Case of (B): fan static pressure p. is equivalent to — A,

5.3.3 Calculation of Air Volume

(1) When a pitot tube is used, calculation shall be made as follows:

Q, = 6010, = (0.1, ] Zhar.
o,




(2)

(a)
(b)
(c)

Conversion of the discharge volume Q: of air the suction volume
Q. of air shall be made by the use of the following equation:

60:1, i 0 e, i s e 7
Q = 0, \/2402’142 'l:' 7 \/207‘2/1421 A7
Pa, T [ Loy TN (18)

Py = P "1;;1- * K lT: = Tz'j;;l— |

If pressure ratio is not more than 1.03, it shall be assumed that

Py=p, .

When an orifice plate is used, calculation shall be made as follows:

— 2ha I_ ;‘thn 1 ........................... 19)
Ql_f)Oa,,eA,.\/_El_()OansAn\/ s I (

— 2ha | _ / Eﬁg_l ........................... (20)
Qz_()OaneAn,\/_E.l—a)a’ne 1,;\/ e J

Conversion of the discharge colume @, of air the suction volume

Q, of air shall be made by the use of the following equation:

f = 60 aneitn iy, B { = Oanedn \/20;;'},"'} ............... )

1 1

The relation between p, and p, shall follow the equation (18).

Fig. 16 shows the values of the flow coefficient an of the orifice
‘1)’ » provided that the range

plate relative to the areal ratio g2 = %
of application is as given below.

10° < Rp £ 2 x 10¢
0.05< 8*<0.64
50 £ D < 1000 mm
Fig. 16. Flow Coefficient of Orifice Plate
0.82 T 1
080 /}1 an
0.78— 0.05 {0.598
0.10 | 0.603
0.76— 0.5 10608 /
0.20 (0,616 ) /
074— 0250624
0.30 [0.635 /
0.72— 035 |0.647
0.40 | 0662 /
0.70—— 0450679 L
as 050 |0.697
0.68— 0550719
0.60 {0.744
0.66—1 0640768 P
0.64 L <
P
0.62 ]
//
0.60
! J
3050.10,0.15 0.20.0.25 0.30 0.35 0.40 0.45.0 50.0 55 057 0 65
gr=( L)

N/
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Fig. 17 shows the values of the correction coefficient ¢ due to

; > .
expansion of air relative to the pressure ratio Ly directly before and

after of the orifice plate. !

Fig. 17. Correction Coefficient of Orifice Plate

(x =1.40)
1.00
J3.99
0.98 For T==09  —
c '
A _ 0.9679
; i 0.9670
v S ) ; - 0.9657
0.97 g 0.9633
/ , 09613
: 0.9583
. 0.9547
The letters P} and }’ indicate the
absolute static pressures directly
0.96/ before and after orifice plate.
0.95
0.90 0.92 0.94 0.96 0.98 1.00

(3) When a suction nozzle is used, calculation shall be made as follows:

This equation applies when K5 =5.5x10".
Reference: The error of this case ranges + 1%.

5.3.4 Calculation of Total Pressure Efficiency(g) The calculation of
the total pressure efficiency shall be made as follows:

Total pressure efficiency 7r

_ Toul pressure air power(10)L-(k) YA 5
- Shaft power L (kW) x 100 (%) (23)

B 8330-1981

m——




For static pressure efficiency 7 , refer to Reference below.

The total pressure air power shall be calculated by the use of
the following equation:

“h

Total pressure air power L. =

K I)T[Ql P 3 Y— L
e L) T e e

(- 2 (32 1 Jow)

Pg,
When pressure ratio Pz, is not more than 1.03, it shall be

calculated by the use of the following equation:

Total pressure air power Ly = G 107 ((Ps, = Ps)) + (pa, — 24,01 (kW) - (25)
Q.
(o g U, — Pa) ot (e, — )] o &

Remark: If the test number of revolutions differs from the specified
number of revolutions, conversion shall be made in accordance
with 6.2.

Reference

Static pressure air power f.— %~ . I=Q, (PS’>L:—L_ ......
ic p P e e S 1 | (W) voeen26)

R { L)l - 1ow))

2

; 2,
When pressure ratio _P": £1.03, the following equation applies:

9,

Static pressure air power L, = —({_x'QI]O-‘ (Pay=Pa) = pa JCW) oo 20
f Q' Pl B @
L= 612 100 [P = L9 = p“'J} Gl

Static pressure air power Ls (kW)
Shaft power L (kW)

Static pressure efficiency 7«

x 100 (%) oo, (28)

6. Conversions when Different Density, Number of Revolutions, -and Air
Temperature and Air Pressure Are Used

6.1 For Different Density = When the density of gas to be handled is different
from that of the test air, the test results shall be converted by the following
equations:

Volume of gas to be handled = Test air volume
Fan total pressure or fan static pressure of gas to be handled

(fan total pressure or fan static pressure of test air) @
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©Air power of gas to be handled = <‘£~°-> x (air power of test air)

Shaft power of gas to be handled = <~Z—°—> X (shaft power of test air)

Efficiency of gas to be handled = Efficiency of test air
where . : density of gas to be handled (kg/m?3)
o, : density of test air (kg/m>-) ;

6.2 For Different Number of Revolutions When a fan is tested at the number
of revolutions (x:) other than the specified number of revolutions (1), the results

shall be converted by the following equations:

Air volume at specified number of revolutions
= (Air volume for test number of revolutions) X <*:L—)
Fan total pressure or fan static pfessure at specified number of rev‘olutions
= (Fan total pressure or fan static pressure at test number of revolutions)

no\*
x ( f
e

Air power at specified number of revolutions = (Air power at test number

] no N3
of revolutions) x ( —)

Shaft power at test ) x < n )3

Shaft power at specified number of revolutions = ( L
number of revolutions

Efficiency at specified number of revolutions = Efficiency at test number of
revolutions

Noise level at specified number of revolutions (dB(A)) =

= Noise level at test number of revolutions (dB(A)) + 50log,, (—”—~>
N

Reference: The conversion formula for the noise level is an empilical
formula, and this formula is not always applicable to all cases.

7. Test Result Sheet

The test result sheet shall be made as described below.

(1) The test results shall be written in the fan test result sheet and fan
performance curve diagram.

(2) The test result sheet shall state clearly the fan manufacturer's name,
type, product number, test number, orderer's name, specified items
and test results thercon, test methods and apparatus, power transmission
system, dimensions of measuring duct, date of test, name of person in
charge of test, dynamometer used for test or matters regarding to prime
mover, etc. (sec Attached Tables 1 and 2).




b) The performance curve diagram in which air volume is taken as abscissa
and fan total pressures or fan static pressure, shaft power, efficiency,
number of revolutions, etc. are taken as ordinate, shall show various test

results which have been converted to the specified conditions, and shall
indicate the specified essential points with shadowed corners like 7777@

(

see Attached Table 1).

(4) If the running conditions fall-under the following, the results sheet and
curve diagram shall note the condition in their remark columns.

If the bearing temperature is higher than the specified temperature, or
it is 40°C or more higher than the ambient air temperature when the
temperature is unspecified.

If the fan vibrates violently and the running is not smooth.

If any other matter than the above which is considered as abnormal is
found, on the prime mover, transmission apparatus, etc.

8. Methods of Inspection

8.1

Inspection Items The inspection items shall be as enumerated below.

Fan total pressure or fan static pressure, air volume, shaft power, total
pressure efficiency, noise and running conditions

8.2 Fan Total Pressure or Fan Static Pressure and Air Volume = The fan
total pressure or fan static pressure and air volume Shall be tested in accordance
with 5., and the results shall be judged in accordance with the following:

(1)

The fan total pressure or fan static pressure and the air volume
shall be judged at the specified points from the view point of the
Acceptance Criterion I or Il below.

Acceptance Criterion I ....For the general fan of which permissible
range of the fan total pressure or fan
static pressure, or air volume is not limited
particularly, the air volume at the specified
fan total pressure or fan static pressure, if
it is over the specified air volume, is
justifiable.

Acceptance Criterion I - - - For the permissible range of the fan total
pressure or fan static pressure, or air
volume is limited particularly, the per-
formance curves shall satisfy any one of the
following requirements:

The air volume at the specified fan total pressure or fan static pressure
shall be 100 % up to and including 110 % of the specified air volume.

The total pressure or static pressure at the specified air volume shall
be 100 % up to and including 106 % of the specified fan total pressure
or fan static pressure.
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If no agreement is made in advance, the difference between the air volume
at the surging point and that at the assumed surging point shall be 25 %

or less of the difference between the specified air volume and that at

the assumed surging point.

Remark: If the test number of revolutions differs from the specified
number of revolutions, conversion shall be made in accordance
with 6.2.

8.3 Shaft Power When the test is carried out in accordance with 5.2.5,
the required power shall not exceed the specified power of the prime mover at
the specified air volume.

Moreover, also the air volume at an intersection of the resistance curve (or
specified or assumed resistance curve, if any) of the apparatus used and the
performance curve of the fan, shall not exceed the specified power. However,
in the case where it is clear that an adjusting running can be made so that the
_ air volume may not exceed the specified air volume during the use, it is
Q justifiable that the shaft power exceeds the specified one at the air volume

exceeding the specified air volume.

Remark: If the test number of revolutions differs from the specified number
of revolutions, conversion shall be made in accordance with 6.2.

8.4 Total Pressure Efficiency  When the total pressure efficiency is
specified, the specified value 7» shall be satisfied. Even when the total pressure
efficiency 7r (%) obtained by a test is lower than the guaranteed total pressure
efficiency 7. (%), it is justifiable if it can satisfy the equation 7r Z 7, — (6 —0.057.) -

8.5 Noise The noise shall be tested in accordance with 5.2.6, and any
abnormal noise shall not be heard. Figs. 18 to 22 give noise value for
reference. The values, however, do not apply to a fan built in a machine or
a fan contained in a package.



. 18. Noise Level of Backward Vaned Fan (Given for Reference) e
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Fig. 19. Noise Level of Airfoil Fan (Given for Reference)
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Fig. 20.
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Noise Level of Radial Fan (Given for Reference)

(Maximum efficiency point)
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Fig. 21. Noise Level of Multiblade Fan (Given for Reference)
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Fig. 22. Noise Level of Axial Fan (Given for Reference)

(Maximum efficiency point)
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8.6 Running Conditions = The running conditions shall be tested in
accordance with 5.2.7, and the results shall satisfy the following requirements:

(1)

(2)

When bearing temperature is unspecified, it shall not rise higher than
the ambient air temperature by 40 °C or over.

The vibration shall be slight at any part, and the running shall be
smooth. Fig. 23 gives the permissible value of vibrations for reference.
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Fig. 23. Permissible Values of Vibrations (Given for Reference)

(On bearing hous'mg)
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Remark: Since sometimes the prime mover side vibration affect the fan,
it is required to pay sufficient attention to the shaft coupling.

Reference: The relation between the total amplitude @ (tm) and velocity
K of vibration v (mm/s) is as given below.

e R
V= 9%10" T 6% 10*

where w : angular velocity = —Zg—on—

(rad/s)
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Attached Table 1. Fan Test Results Sheet

Orderer's name Product number Date of test

Test number -
(reference number)

Size and type Use Attendants
2 —_ Air volume | Fan total (static) Number of Power Density 3 Humidity | Total pressure '
:p_etz:'il:d m~ - min pressure Pa(mmr\q} revolutions min~' kW of gas kg/m Temperature | gas efficiency
i )
Measured items ! s ) ! : 0 Essentials of motor
Reading of meters Pa{mmAq) (Atlachedi For Lest)
i Flow cocfficient -
Air volume
Air temperature °C T_ype
Air volume m) min
Suction static pressure 'a {mmAq) OUtpu" kW
Discharge static pressure Pa{mmaq} Frequency Hz
Dynamic pressure I'a {mmAq}
Pressure Fan dynamic pressure Pa{mmiq) Vollage \%
Pressure loss in measuring duct I'a[mmaq}
}. - - Current A
an static pressure P'u{mmiq}
Fan total pressure I'a {mmAq) Number of revo-
Theoretical air power kW lutions min" '
Number of revolutions min=!
Voltage v Manufacturing
Motor Current A number
Power factor -4
Out put KW Manufacturer's
Efficiency of transmission % name
Number of revolutions of fan min=!
Shaft power kW
Total (static) pressure efficiency % Measuring instru-
N ) Air volune m Y min ment for air volume
onverted values '
oy s fiee Pressure I'a fmmaAg . . -
avspeifind = E ! : Dimensions thereofl
o Shaft power kW o .
condition
Number of revolutions min=! Testi ng apparatus
On shaft coupling sube b
Bearing
temperature On vpposite side X
CibeiiiTon On shuft coupling side um
On opposite side um ¥ )
e Wi's [tz Magnification of
Atmosphere Temperature @- voltmeter
Relative humidit % [ ;
! — Magnification of
ammeter
1800 . .
I Magnification of
—— n
1700 | wattmeter
N Performance curve diagram
o. of (for example)
2000f 200t Pr wh L tterion I TS
. — d sk o
revolutions \\ en acceplance criterion Il adopte: TFime of start
min~! 70 AN Time of stop
Pk N
: \Z‘ Time of continuous
1500 150 15) 60 < .
// \ running
50 7 - Yo
| \ : Noise
1000f- 100F 10 40 B i
emarkKs
/ bs ] »
W = \
L ml Al ] \
500 50 5 20/’ \ Statement:
10 A The curve diagram
\ obtained by conver-
o0- ,0~_0o%- 0 si ifi
M ion at the speciflied
L 30 160 240 320 400 = B
93 g x b conditions.
ca < g, R —_—
4 9 E o - Air volume m?/min
- E Ok o
94— o c
° Lo )
Sy I 2 Manufacturer's name
SE P &
o 7 6 5] Name of tester

Remarks t. 0Bitheriofitwao,1a land [mrm\q }. shall be used~

2. For the conversion, ! Pa = 0.102 mmAgq.
For example, 150 Pa = 15.3 mmAq.
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Attached Table 2. IFan Test Results Sheet

Product number

Test number

Manufacturer's
name

Date of test

Attendants

Name of tester

Specif

Fan total (static) pressure Pu{mmAq}

ied items Type Bore
Air volume " Temperature Humidity
m>/min % %
Number of Motor Total (static)

pressure efficiency

revolutions
min~ kW 0
:‘_:‘, & Measured values
E E Ve i .
;; o Pressure
= b - Number of measuring positions reckoning from windward _ofloss
Hholo ¥ . « < 3
SE|ES ST ZH: et Lol 2 D9 ' Don™ (PSRN [0 EEIRS
z el E . {mmAq}
;::‘,‘:‘unl’:l {mmAq} )
1 o |
Dyvem: Pa{mm Aq}
Stat
are {mmAq}
) ' 3
t e 4 3
proam, Pa {mmAq} ‘.
(Hereinafter describe after the pattern above)
LS <o = 3 &Y/ Y sl
Statement
I DS~ A [
Remark
e ——

Reference ligure
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