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Abstract

Turbulent flow behavior and heat transfer characteristics in a tube heat exchanger under

isothermal-flux condition inserted with diamond-oval rings baffles is investigated experimentally. Air is

the working fluid with the air flow velocity in terms of Reynolds numbers (Re) rangingfrom 4,000 to
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20,000. The diamond-oval rinss elements with a sinsle inclination ansle of 45° were inserted

periodically into the test tube at a two different flow blockage ratio (BR=e/O) of 0.30 and 0.35 and

seven different baffle-pitch ratios (PR=P/O) of 1.0, 125, 1.5 and 2.0. It is observed that that both heat

transfer (Nu) rate and friction loss Cf) decreases with increment of pitch length and decreasing of flow

blockage ratio. All thermal performance enhancement factor value for this work are over than 1.

Keywords: diamond-oval ring, heat transfer, flow behavior, Nusselt number, friction factor

1. 'U'Vl'tJ1
cd d II ~ <5"dd

Lfl I eJ 'I LL~ n L'll ~ 1J'Wfll1:lJ I eJ 'WL'[J 'U ~ 'll n I ru 'VIl.J

fll1l.J 1:11A t1J1\.1m~'U1'Wnll~1'111 Wllf1~ ~ ~1V1 nlll.J

LL~~ 1 'U~l\PI'llI~'\l'1l'U rn li'l n'ljl L~eJVllLI 'U1'V1l'l1 'Wml

'll~U'll1 'I~mlbl'U~'VI1-:Jfl11:lJ~fl'U'1JeJ-:Jfl'll n lru uaru 'll~ 1J'U, .
, ~

fll1:lJ ~fl'UVii1~:JJ II m.J~'VI1-:J fll1:lJ ~ eJ'U~-:J'tJ'U~eJ:lJ ILMl 'I
v

v d""1 0 Id "d q
flnWl1'i'1'V11'l 'Umeinun l'~LLi,lm u i;W'Ufll1:lJ'ifl'U'VI Lnl'l

uae ~eJ:lJ61'1 c.Ji,ln-:J'll~m runl'i 1.v'i'l~-:J-:Jl'U tl'ltJ~'ll mru~i1

" old~l.J'i'ibl'W~'VI1-:Jfl11:lJ'ieJ'W~-:J~~~1l.J1'ibl~i.lnLu~1J'Ufl11l.J~

C>, (/.cd!) d Q

'i'I~l'iru 1~1 neJ'll n 'iru LL~ru 'll~ CJ'U A11l.JdeJ'U 'VI:JJ'1J'W1Vl,
I V ~ d D I c "Id !U

L'VIln'W 'UeJn~ln'W'U nl'iVl~ umruLLi.lflbui.lCJ'Ufll1:lJ'ifl'U

i1~:!J'i'it:1'U~~-:J\)~~1:lJ1 'ibli.l Vl'IJ'U11'l1 'U m'i~ I'l ~-:J1~ ~1 tJ
'\J

J'd d d c:o, <v d III

LVI~'U \) -:J:JJm 'if'1 m~11 \) CJb'i'I eJ~m'ibl'W~'VI1-:Jfl11:JJ'ieJ'U'IJ fl-:J

~'llmruLLi,lflb'll~tJ'Ufll1:lJ~fl'U [lJ ~-:l15~1~~Urm:lJ,JtJ:lJ

15V1 ii-:J A fl n l'i~ I'l ~-:lVI~eJ~ eJ 1'l1~ ~ 'll n 'iru 6i'lV1~U 'Ii 1 tJ

~\llJ'Ul'i'll LL'UU nl'i 1 Vli,l1 Vii1'i'1[]~m'i:lJm'il Vim tJ'WLL'U'U~
VI:lJ'Ul'U VI~eJ VI:lJ'Wrl1'l~'1 i1 c.Ji.l m~ 'VIU ~ fl nl'i ua m'll ~ CJ'U, .
fll1:JJ ~fl'U tVl CJ15ddJ 'U15~1:iJ (;]fl-:JeJ1 f(CJ'i'I~-:J-:J1 'U \) 1 n

i11CJ'UBm~m~l:lJ1 (passive method) LL~B~l'1hn

\PIll.J nl'i~Vl~'1 ~'lln'iruL ~ B'lJl1-:J~'Wnl'i 1 Vli.l'IJB'I'lJeJ-:J1 Vli,l

\)~v111 ViLiil'lm'i~ru L~m~B~\)lnm'i 1 Vli,l L~:JJ~'U ~'1(;]fl'l~~
~~l'iru 1~:lJ 'i'ibl'W~'1JB-:lLfI~fl-:JUi.l fib 'll~tJ'Ufll1:JJ ~eJ'Wtl'l tJ

LVitJ'U 5 \PI'il m 'i~ 1 CJL'VIfill :lJ~fl 'U~ L~:lJ~'U fl'U n 1 'i~f1j L~ tJ

l~fl'l\)lnnT~lV1i,l~I~:lJ~'UL'Ii'Wfl'U vl'lSU ~'1i1,rnl:D1Jvfl~

v11fl1 'if1 mil n 1 'il ~l.J6'I:lJ 'i'ifl'U~ f1l 'i~1 tJ 1'VIfll1:JJ 1eJ'U'lJfl'l

, "
~'ll mruLLi,l ru 'll~CJ'Ufll1:lJ~B'U~11J15{jfl'W eJ~l'1 IL'i'I~Vli,ll CJ

~'1~eJ1'lld

Promvonse LLa ~ Eiamsa-ard [2J 1~'I'll n 1 'i

i'in'lj1nl'i~lCJL'VIfl11l.J~el'U1'WvlBni,l:lJ~i1m'i1~~16'1~1-:1

A11:lJ~'Uth'ULL'UULLVll'Un'il1J (conical-ring) 1'Unl'i

'VIVli,lfl-:ll~bbti'lLtJ'W 2 bL'U'UAB H'~16'111-:1f111:lJ~'UtJl'U

d v , ( lLL'U 'U u Vll 'U n '11 CJ 'VI\) 1'l11 'I u 'U 'U ~ B fl n O-nozz e

arrangement) ua~LL'U'U II wiu ml tJVi:D1'l11'1 LL'U'U~ 1~1

(Cvnozzle arrangement) 1.•l1m16'11'Uvlfl'VIl'li,lfl'l ~'lfi1'i

'VI1'l~eJ'lJ\)~B1J1'U'1l1'lLi,l'IJmTI'Ui,l~ 8,000 n-:J 18,00011'1
'\J

dd Q.J I . -=0. i( I IV d

bbVll'UmlCJ'VI:JJeJml~1'Ud~CJ~'i'I\PI'1J'\PI1-:J 1nu fiB 2, 4

uae 7 'i'I'\.rhl~mi.l'1JI'iCJ1'LJi.l~I~l.J~'LJ'l~I~:lJm'i~11Jb'VI

fIl1dJ~eJ'W 1~ uVll'Uml au uuaean \)~~~1'1 f111:lJ~'U1Jl'U
'\J

1~:lJ 1 n nl1 uwiu n'il tJ uu 'U ~ l.u 1 ItJ 'Uc.Ja 1 Vii15\il 'i1 n 1 'i~
~lCJb'VI fll1:JJ~fl'U~ ~'1 nl1 1 'U'1Jru~ b~ 1Jln'U n btJ'Uc.J i,l1 Vi~

I Q.oI d I I Q.) I::: ~

fl1 \PIl'lld~ nB'UI~tJ 1'l'VI1'Um n rrn I 'IJ'Un'U 11\PI'VI'l~fl'lll 'U'U n

tJ'l1 Vimdb~l.J f1ld~l1Jb 'VIfI11:lJ~fl'U~:lJ1nnl1v1 fl~ll~EJ'U

1'W'lil-:J 236 - 344% ~'UeJ~n'Ubi,l'1JL'iEJ1'Ui,lIilLbi,l~fll'i:D1'l
v

11'1~1~h:JfI11lJ~'Wth'W

Kongkaitpaiboon ll~~flru~ [3J li1v11fl1'iPifl't~11'1~

'1Jfl'l n 1 'i'V'llfll1:JJ 1mJlli,l en 1'161ru IB EJfll1:JJ \'l'U1'tJvI eJnmJ l~ eJ~~~
m'i~~~'11'1IIVll'U1>'l{1'1fll1lJ~'tJtJl'tJ ~~15'U~lU'1JeJ'I't1eJ~1'1

IIVll'U 0.5, 0.6 uae 0.7 bb~~5\i1'll;:il'U'i~EJ~Vl~'1i 6, 8 uae
, "

12 L'tJ 't11'I 1"11Re = 4,000 - 20,000 'V'I'U'hneJ~nl'~~~~~l~

bbVll'tJn~l~ 1'l11lJ~'tJth'tJ'Il ~v'h 1~5 ~'i1 n 1'i~ 1 m 'VIfllllJ ~eJ'tJ

lYilJ:rr'tJ 57-195% l~eJb~tJUflUvieJ~hl~tJU bb~:O'V'lU'il~

51>l'i1kI'tJ'l~tJ~Vl~-6tl eJtJ bb;;1~'1J'tJ1~'1JeJ~'1iB~l'lbl Vll'tJiJA1tl eJtJ
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Prornvonge 1,1,61:;flru:; [4] lv1Vhn1'JPim~lfll'lI,~:W

'lld:; ihJ15JllYi fll 'l ~18 I,111f'llllJ ~e)'WtVl tJHh~u 'iIlllJ ll~

l,~u~l 'U1I1mf'l~eml,61flb U~ tJ'Ufnl:W~eJlJ l(iwAmn fll'lll~

1,~8~~~:W 30° ~eJt9l'll,h'U~llJfll'll'i1l61 0.1, 0.15 uae

0.2 1I1Vl61eJ~llJ'lh~ril Re = 5,000 - 26,000 'W'Ull~

eJIi]'J1 ~l 'Ufil'l~ l'W fil'l 1 'ill61~?! ~~ :;1'h 1 ~ lnVllel'i'l1l1 fl ~~
ruu 'J'l ltJW:.J611~nfll'J~lm1l1f'1l1:W~eJlJ?!'l~'U 1,1,~~:;1'h1 ~, ~
di Vlf'l11:W l~ 8 Vl1l11lJ~?! 'I ~ u I,'liWl'U 1(i) 8~ eJ(;l'J 1 ;:11lJ

v

Chingtuaythcng ll~:;flru:; [5] lv1v11f11'Ji'lfl't~1

fll'll vilJ'lb~~Y! Bm'WfIl'J~l en Y!f'lll:W~eJlJ 1Vl81-ifl'l 1,1,'iIlllJ

'l tll'll i1 'Wfll 'l l vi lJ fll 'J ~ 1 (J l1l11'111 :w ~ eJ'W1 'U l 1'1~ eJ~~
ll~ m U ~ (J'Uflll:W~eJ'U tVl (JAm~l ~1I1B'V'I~'U eJ'l eJm1 ~llJ

'J:;8:;-wt9l'11 0.5, 1.0, 1.5 uae 2.0 ll~:;eJml~llJfll'J~l'W

fll'll'i1l~~ 0.1, 0.15 uae 0.2 'W'Ull1~l,lVll'U(i]'1n~11

?!llJ l'Hll vilJ eJli]'il fll'i~l (J lY!AlllJ~m.l1~Vl8f11'ivl11 ~

I,n(i) fll'll 'iIl~ u 'UUl eJ1 l1l1f'l v11lJ'iIl~.:I'U eJ'Il,Hl 'iIlllJ ;'1

?il:WTHl lvi lJ I'll U 'i:; n eJ'UfIl 'i lvi lJ fll 'l~ 1 (JlY!All lJ ~eJ'Ulli1

n'l 1.63 l'U'lil.:l~nAll~'UI,'Jc.J1'U~<il~1

'UElnsn n flld 1-&1'U-U(i)ll,~:;'UVl~lVldU II'U'U~1.:1 1 ;'1
.' ~

ltJ'U ~tl fI dru ?!~1~f'1l1lJ~'W'\JllJ?l1'ill~'U fild 1 'iIl~.fI1(J 1Vl61

vi eJfI~lJ~11i1~'U All1,!'U(J:W ll~l tJ.:In.:ll'Wi~8~ Plmnn'l

eJU fI 'i ru ?i ~ 1 .:I1'111 lJ ~ lJ '\J 1 'U1 'U dUll 'U 'U ~ 'U 1 (i]'I -d, ~
Yu Wang u,~~f'lru~. [6J lli1v11n1dAfl'tof1fildlvilJf11'l

~1 tJ l1l1fllllJ ~EllJ tVl81.;{vi El~ n dEl8U:W ltJ'U'lU l'l~, ~
Tandiroglu [7J lli1v11flldPifl'toflflldlvilJfll'l~lm1l1fllllJ

~El'W1(i)(Jl-ifll~'U~lJf'l~n~fl~:W~Vlll.:1 l'U~fl'tofru:;~1'l1 ltJ'U

(i]l 'Ii1 mhVI-r'U flldl, ~Elflldt11 m1l1fll1lJ~El'U BiLen ll,61:;

f'lru:! [8J lli1'111l?!lJ eJflld 1-ifvieJ~il fIl dl'IJ1 :;~El,ri~'lJ~11i11lJ

llJ d tl I,l'U 'U ~ 1.:1U, Y!'U fll d 1.;{ vi eJ~ 1 l~ EJ'U lb ~ :! l~ El
"

v11fl1'lAfl'tof1 f'll'UA fl'U fll'l 1-ifElUfldru?!~l'l fll1lJ~'W'l'h'U" ,
1'Uviml~ fibu~EJ'Uf'llllJ~EllJ'iIlU 1 (i](i)t'U 1 l 'Ii'U viElVlU11'l1il

dtlV1'H~I,'iIl~EJlJ~(;l-r?i [9,10J 1,1,~~viElm:hl'l(i)dU1I1d'l
", "

~l'ill~8lJ~lJ~1 [11] 'W'Ul1~umru?!h~AlllJ~'U'\JllJ~

M-r'U f'llllJ-umJ uae 1~t:.JG1~'V'I5~~J'WAeJfll'J Hfl~'U, tJ n

l~61~ll~'U~'W l(i)EJAfl'toflil~~fl~ru~~Ull'U'U~l-11 d:!8:!fI1d

~Vll1~ l tJ'U ~ 'W I,I,~flld Pin~l 1,:S.:l1l11ilG1eJ'1~1.;{ll~'U ~'W

?ll 'iIl-r'UltJ'W~ U n 'j ru?! h~f'1l1lJ~'U'\Jl'W.fI1 EJ1 'WvlEl'illU1(i](i)

nG1lJiJ'ln.:l1'Ul ~ EJeW1'Wu~lJlru~u eJtJlJl n 'll'Wl ~ c.J'Q'5.:1lli1
"

'1111,1,'Ul iiiVlm 'lU 'J:; ~ fI tfi&llil ~'11'l 1,1,'iIll'W~ ll'illG11lJ I'l(i)-1'1~

11'H~EJ'I 45° lJ1l,tJ'U~Umf)b~l.:lfll1lJ~'UtJl'U'1JeJ'Ifll'J

1'iIlG1.f11EJ1'WvleJ'iIlU 1l'lVl n?lJ I,~ ElG1Vlf'l11:W l~tJ (i)1I11'U

v11'W~1'1'UeJ'll'll,l, Vll'W t(i)tJ~I'l1,1, Vll'W~:;'lilEJvll1 ~bil(i)fI1'l

1wau 'U'UVl~'Wl'Wmml, 'WltJ 11 1VltJY!(i)G1eJ'l~eJmlf1ld

'Ull'lflldl'i1lG1 (BR = e/D ) btJ'U 0.30 bb61:!0.35 ~nfll'l

U~'UbU~tJ'WeJ(;ld1~1'W'j~EJ~-WIi](l\' (PR = P/o) btJ'W 1.0,

1.25, 1.5 use 2.0 y!(i)?El'leJt9ld1flldlVl~'UEl'lEl1fl1f'1;.:I

ua (i)'11'WdU u 'U'U'UeJ.:Il~'1Jl'JtJ'1'W~ <il(Re) eJtJ1'W'lil'l 'j:;V!'-J1.:l
" "

4,000-20,000 ill tJ1~ b1eJ'W1'U'UEl'lvJ ~ n '11 fll1lJ ~ eJ'U~

1~ fl'U t:.JU.:I'UEl'lvl eJY!(i)~ eJ'l f'l.:l~ 1 'W~1'U 'UeJ.:It:.Ja fl1d1l11ilG1eJ.:I

lli1'1111,?!'UEll'Udull,'U'U'UeJ.:Il~'UU?!l'B~vl (Nu) 1,1,~:;vi'1~
U 'j:! n El'Ufll1lJb~ tJ Vl1111'W Ij) ~1 Vl~'U ~ n 'tofru:!'U eJ'I fIl 'l

~1 EJ1,111f'l11:W~ eJ'U1,1,6'1:!~ n'tofru :;'1JEl.:lfllllJ vi''WIi]n fl~BlJ

Ii]llJr;11vi''U

d .<::It, 'II

2. 'Vlq~~l,b6'l:!fI1'a1bf1dl~Vl"tleJ\l6'l

'11'Wl~miVl1 ?!lJd'lfl'W:! fI1'j~l EJb'VlAlllJ~m.Jm EJ1'U

vieJVlU1~(i)l'lfl~lJ 1 'Udtl'lJEl'llG1'1JU?1l~?vl '(mJb~'1Jl dEJ'1'W~<il~

Re = UDlv (1)

.d . d d d c.I Q.

I,lJB U 1,1,6'1~v dJ'Ufl·l1lJl,'Jll,u6'1EJI,I,G1:!f'llllJVl'W(i)I,'IJ'.,'j

~~~'1JEl.:leJ1nlf'1(;lllJr;11vi''U

~lJU'J:!~V1~f11d'W1fll1lJ~eJ'Ubtl~tJ (h) Vl11'11

lli1 ~ 1 n n wi'(i)Elru Vl.flijbl~:; f'lllll ~El'W~,j eJ'Ul~ 1 d~ 'U'U, ~
f'llllJ~eJ'W~l~fl'UEllfllf'1 (Qair) 1,1,~:;mllJl,l,(;ln~l'1'1JeJ'I



TSF - 015
m~t1~~"l)J~'i11m'Hfl~8'1[J~l'I1n''l)JLfI~8~flmLvi,t1'l:;Ll''l'(ll'l fl'i',i/i 32

3 - 6 tl1fl!]lfllJ 2561 ~~"l'ril1l!flil11j,j11

~ruVlJJiJeJl1~nLJ~ruV!t;]:we:llnlY'! (Tw - T6)' ~&Jt!'l~~Vli

nld'V'llrl1l&J1e:),!'!W~tJVlll~'lJlniJm;J~VlI1161eml':)GWnl'l

T,=I ~/21 (5)
~ ,

biJeJ A AeJ V1'l.rV1nl'J~lmVlml&J1m.Jbb'U'lJnl'l

'V'll'lleJ':)c.Jl1'l~l:ln 1,xA1l~1eJ'ij'lJmvieJVlthtl)~n~&J I: AeJv

~ru Vlt;]:iJi:J1 bU~ tJ~1~\lln~ruVliJ:iJi:J11 'lHb(9]l:1~~~ (TJ

IilllJbb'\.ntJl1'lJeJ.:JvieJVl111tl)~n~lJ,'0 , To AeJ ~ruVliJ:iJ

Vll':)b-ii'lbbG1~'V11~eJeJfllilllJi:11tl)'U m uae CpAD ellil'llfl1'l

1Vl~ b:U~m61'lJeJ':)eJl rn Y'!uae ~1 fIll&J~ Ad 1&J1€l'!.I.J1 b'V'l1~

'lJeJ.:JeJ1fl1f"1 t9l1&J~1tl)'U b61'lJl1~b"8m/lbU~CJ (Nu) b~CJ'l.ll~

btl '\.I

Nu= hD
k

b~eJ I'!.P AeJ ~lml&Jtl)WllnA~eJ&J uae p AeJ All&J

Vl'\.l1u tl '\.I'lleJ.:J'11 eJ.:J1Vl61 ~ ruG'f&JU&1'V11'lm CJi11'V'l'lleJ'leJl m Y'!

l:lf1fhVl'\.l~~eJruVl[l:iJ'lIeJ.:Jl Vlmu~CJ t, \llflG'f&Jfl1'l (4)~ ,~

A ltJ 'l~ ~'V15[11'V'l'V11':) All:W 1eJ '\.I'lleJ'l n 1 'l1~1.:J

u Vll '\.I[I1 CJ1 '\.Ivi eJbbG'f~.:J1 '\.I~u '11 B'l tl)1t! 'l~ nuu fll 'lb vllJ ms

~lCJb'V1AlllJ~eJ'\.I (ThermaL Enhancement Factor,

TEF) i1 CJllJ l(i) t/ A1 elt9l'll?fl'\.l'lJB.:J b61'lJtJG'fb"8m1'(9]eJA1 ellil 'l1

~l'\.ltl)d'l.h~flB'lJb~CJ(i)Vll'\.1 ~M\llflf11'lVl~61eJ.:J~fhr'liJ'U

b~CJl11'\.1 G'fllJl1TlVlll~\llfliJmG'f'\.lmb'\.l~'lIeJ'l Webb [12)

(2)
h I Nu I (NU J(f J-1/3

TEF = ho pp = Nuo pp = Nuo fo (8)

(3)
. 3. 'ltlmruUG1~:.i5fl1'l'Vl\9lm)'1

€ltJ fl ':iru ~lVl~'U fll 'lVi ~ G'f€l'Ufll'lb vl&JA1 fl1'l ~lCJ bVl,

(4) mllJ1eJ'\.ItJ'l~flB'lJ!il1CJ~t!fl'lru~1'l1 tl).:J~tJ~ 11~CJ1iJ

vi eJVl~ aau dJ'\.I vi eJVleJ-l bb~'l'lJ'\.Il(i) b~'\.I ~ 1'\.1f'1'\.18fl ~1'l
v

i11CJ1'\.1 (0) = 50 :iJ~~blJlil':i Vl'\.l1 (t) = 1 :W61~blJlil'l CJ11

(L) = 4,000 :iJ61~blJm bb~~1'\.1'1h:)f11'lVl~~eJ'lJAlllJCJ11
~

2,000 :iJ61~ b&JIil'l vll fll 'l &1~ tl).:)'11 ~ 611 (i)vh A 11 lJ 1 B '\.I

(Heater) 'lI'\.11(i) 3,000 llil~ H~~hviBVl\9l~eJ'U'V'l~eJlJvr.:)iJ

fl1':i,x:w U '\.11'\.I11'\.1A1llJ ~eJ'\.I~ 1 m'V1eJeJfl ~'U':i'lCJ lf11 f'1 vll, ~

fl1'l ~ ~ vr.:)~tJ n 'lru l'(i)~ ru VliJ:iJ i:J1vi eJl(i) CJH',x1l (i)bb'U'U

bVleJfl:w~tJbtJi:l'lJi1(i) K 'ill'\.11'\.l 21 \I(i)Iill:1eJ~A1l:WCJ11vieJ,
Vl~~eJ'lJ 1~CJ(1\'lbbVltl.:Jf11'l~\i1vr.:)iJ'l~CJ~iAl.:J 10 b'll'\.l&1b&J1il':i

'llm~'l &1(i)~.:)eJu fl'lrul~ eJru VlJl:Wu 'U'lJ RTD Pt100 b~ eJ, ,~

(6)
'il1'\.l1'\.l 2 \I(i)l(i) u'\.IViniJeJ:W61eJruVl[liJ1'\.1AeJ~vhbIilB1

, \J 'I \J

'V'l~B&Jvr.:J~(i)~.:J'lJ\i11(i)A1l:wtl)'\.Ii:l~'l~Vl'iWlh-lVl(i)G'feJ'U 1(i)t/,

(7)

H'bA~B.:JiJB1(i)bA~B.:Jl(i)Al1~tl)'\.IlilflA~BlJ i'\.l Dvvyer

Mark III '111.:Jfl1'lH''l1'\.1 0- 3.0 IN-H20 fl1'ltJ~'lJAl

ellil 'l1 f11'l1 Vl61'lIB'l eJ1 mf'11off fl1'ltJ~'U'JeJ'U~ eJblilB1'lJ eJ'l~ (i)

61~~1'\.1B'\.Ib1€l1bt9lB{ (inverter) ~,xeJ Omron Inverter,

3G3JX - A4037, 380-480V 3 bvJ~ 3.7 kW l~elt9l'll

msl VlG'l'11 B'i eJl fl1f'11~ tJ1iJbA~eJ'l1 ~ ellil'll fll'll Vl61uuu

eJB~VJG'f

~'\.I'l1'\.1~1 off1ci1'\.Ivi BVi~ ~ B'U v\' 1\11 n ueiu B~ fi~fl

Vl'\.ll 2 :W~~blJlil'l r:1fl~ru~dJ'\.Il'lbbVl1'\.liJ11Vl~llJtl)(i)!ill'\.1

'WeJmb6'l~~1'W 1'Ub th..! ~tll~ ~( l~ 66Vll'W-ii'11Vlm:W~\?I-1~~)

11'lvl1lJlJt1:::V1~fll'l 1Vl61'1JB'lmfllf'1~b-ii'lvl1lJlJ 450 l(i)t/, ,

'N u Vll'\.l-ii'11Vll:1 llJtl)~-l,:j~ iJellil 'l1?f1'\.l fl1'l~1'\.l m slVl~

VI ~eJ el \?I'll G'll '\.I'l ~Vlll'l A 11:W ~ '11'166 Vl1 '\.Ifl'U '1J'W1 (i)vi €l
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(Blockage ratio, BR) bviln'U 0.30 uae 0.35 bb0~:Wrh

eJml~l'U'J~ tJ~V1(i]liieJ'IJ'Ul(ilvieJ (Pitch ratio, PR) = 1.0,

1.25, 1.5 uae 2.0 (illlJG1ll'l'U l'l'lbbf.lVl.11tmJ~ 21tiltJvl'l..,

Settling Tank

II
II
II
II
II

=="'1

Data Logger

4,000 - 20,000

b~'U~l'UI'\'U~mll'l<deJ..'lvle),VI(ilnB..'l 50 mm..,

0.30 bbn:! 035

1.0, 1.25, 1.5 uae 2.0

Electrical Heater

. Thermocouple Sct
-e- ~-; '~-··9--~---Y-·-~--~- ~

" ,, ,, ,
'.Insulator

jf====.

II :~ .•••••• _ _ •••. _ •...• _.~
~: Test Section

~ '~.- ..- , .
Variac Transformer 8W Digital Manometer

o.

.

4. ~61m"a'VI\9HleJ'lbb6l~m'JeJ1hJ'J1!:J~61

4.1 fll'J'VI1t!61eJ'UvieJe:J1b~mj

fll,)'Vl(;1?l€J'U n1')cil m 'Vlrnl:iJ~€J'lJ Lb?\:;fll')~f\Jb~ CJ

1'I11:iJv11..1 'il:;bbMl'l1t1b'Vl€J:iJ'iI€J'lv11bb'LhHiJ~ A€J b?\'iI'I1?lb~m;;

bb?\:;v11t)1:;fl €J'lJ b~ 1J 111'Vl11..1 1>l1:iJ~ lv1lJ~'l n1,)'Vllt1i.'1€J'U'll111

'Vl111?\€J 'l6llVl-r'Uvi €I ~, b~ CJ'UJtI~fll 'l'Vl 111a €J'lJ ua ~ btJ~CJ 'U bVl CJ'U

1111m?\'iI'I1?lb~m~ btJ~CJ'U bViCJlJ n'U?lVl~:iJ~1..I5'i1fl'l Gnieli nski
cO o:::l <=I IV Q.) <V f'

uae ~ l'U '):; fl B'lJ b61CJ111'Vll1..1btl')CJ'lJb'VlCJ'lJ fl 'U 61VI6111V'l1..lLi'll eJ 'l

Petukhov 11..1-dl'lfll')lV1?\bl'lJ'U~1..I1.'hti [12]

(9)

f = (0.790 In Re -1.64r (10)
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3 - 6 mn!]ll'llJ 2561 ,y~"yrr~l!n~lvm

'illflfll'lVl \?l(I eJwi eJ~':H1 tJ'U b~ eJbU1 tJ'Ub Vi tJ'U n'U

61Vl~lJ,.v-',!lj~~n~ll Lb6l\?l~1vlLJ~ 3 fll1lJ~lJ~'Llih~w:h~L(I'U
v

L'lu1'U~iil 1'U'lh~ 4,000 - 20,000 nUL(l'Utl5b'ilm1 'illf1f1l";

VI\?l61eJUViUll L(l'UU5 Li£l a vl 'UeJ~vi eJVl1il6leJU:Wri11fl tlLAtJ~ nu

61Vl~lJ'.v'U5'illfl 5lJfl1'l~ (9) l\?ltJ:wrilmllJfl(lllilbfl~tl'U

bQ~tJ ±S% Lb(l~fnllJ~lJ~'U5'l:;Vlll~L(l·vL'ltJ11..m\il nu~id

th~fleJUb~CJIilVll'U Vitdl~Tlh~fleJUb~CJIil'Vll'UvieJVlIil6leJU:W

ril1fltlLACJ~nU5Vl~lJ~'U5'illfl6llJfll'l~ (10) :WAlfll1lJ

f'1(l1Iilbfl~tl'UlQ~CJ1'U'll1~ ±60/0

~~---------------------------.
70

.Uj

.06

.US

...
'-.

.03

.oz

,.J

0.00

UlOO

x _ubc

60

-c:c--- --~---~

ie

4000 seoo 12GOO 1GOOO 20000

Re

LL(l~ l(l'U rs CJ1LJ(l iJ nu ~lU'l~ nau L~CJIilVllLJ 1 LJfI 'luhi eJ~1

l~CJU

4.2 flTHhm'VIfl11:U~el'U

'lU~ 4 LL6IIil~mllJ~lJ~'U5"j:;Vill~b(l'U L"jCJ1'L!(liJ
v

,. I d l.I dl'nUl(l'1JU6'fl'11(lVl 'UeJ~Vlml(lmU(lCJ'L!mllJ"jtl'L!VI 6'fl~llVil'L!

-iil1VimlJr;llil-l,:j~ LVitJunuvieJeJ1L~tJU 'illflfll'lVlIil~€l~fl1"j

1~1~lbV!lLJorrTlVlmlJ~~-1~~ b5tJ'll.jlJU~V1~l'Viln'U 45°, BR

= 0.30 LL{;1:;0.35 ~:WAl PR = 1.0, 1.25, 1.5 bli1:; 2.0 1'L!

Vlflfl'lru ViUll fl1'l1~l,m VllLJorrllVl(lllJ~~-1~16'fllJ l'lm ~lJ

Alfll'l~lmV1mllJ~el'l..!hl\~mViCJunu'VitleJ1L~tJU LliltJ'iJlf1
1.1 • Q.I Q 11"0:::>1 I .c:. .% J ...

~ fl1jru:;'U €l~ tau fI'llvJ l(l'U'L!6'fl'1l(lVllJ fill VilJ'1Iuumia '1Il'l tJ

LtJ(liJl ~l..I:IT'U LIilCJfl'lru~el\il'll~l'L!'l:;CJ:;Yl \il'lhJ€l tJ'il:; 1 ~ri 1

l(l'UU6'f L'11(lvl~61~fll1elIil'l1~1'L!"j:;CJ:;Yl \il'11lJ1fl b~€l~'illfliJ
v

.Jl'L!l'L!l~ LLVll'L!~bvilJ:IT'L! Llil tJl~ uVil'L!'iI:; 1 Uvll (lltJi'L!:SlileJl

f'111lJ-rm..!U~llrueJlvi€ll uw,J(l1 ~iJfl1"j bvilJ fl1"j~1 mVI f'111lJ

.;'<J'LlhllJlflfll1 bbCl:::'W'Ull'v1e)(i)'llfl1'l'1Jll:.1fl1"j 1'i'm:Wfh'J~

'\J~?ll:1Jl':itl b~:lJ rn 'lDl tJ bV1rnl:lJ~el'U MlJ 1 nflll b~en \11 fl

~1:lJ 1 'ltl?l~l'l nrsl Vi (IlL U'Ul tl ~ l'VIfI~iJ1'll1:lJ 1'W bb'l'l

:lJ1flflll 5\i1';l1~1'W1l1'l'1Jll'lfll'l1 Vi(l~~l flll ;;lTW~'U1'U

~U ~ 5 LL6IIil~elml~l'L! b(l'1lUm'llt1vllU'L! fll"j bU~ (rUb Vi tJ'U

fll"j~l tJ bV1fll1lJ~ €l'U'l:;Vdl.:ifl 'lrul~l'l LLVllLJ-ii 11Vi~ 1l.Jr;la-

1~~ nu n"jruvi€leJlb~tJU 'V'IU11~ rilel\il'll~l'L!L~'lJU?i b'11t1vl

61~61liliJA11-U'll1,:j 3.2 - 3.7 ~ril BR = 0.3 LLt1:;Al PR =v ,

1 0 bl(l:;:WAlel~'l1~lUL1;1'UU,;Ib~(lvl?i~61Iil€ltJ1 'U'lll~ 3.7-4.1
• OJ ~ '\I

~Al BR = 035 LL1;1:;Al PR = 1.0

e ea-c.ao. ?RR1.0

V UII.-O.:W, PR-I.lj
200 • BR-OJO, FR-U

<> BR-O.30.?Roo20
oe BR-G.3i,PiI.-l.O

V BR-O.3~, PR·I.2~
c V

0 BR-clJi,PR-U

V
Ii150 o BR-OJi.PR"2.0

ex R«omoaUI)",M,I 0 Q
5

G v ~ ..G .:i. ~ o e
100 e e s

G g e
o Il ig g

50
xx

5000 10000 15000 20000

Re

"jU~ 4 fllllJ~lJ~LJ5'l~Vll1~l(l'IJL'ltJ1'U~iinUl(l'1lU6IL~~V)v

5.0

'.5

'.0

~o
3.5

'"
3.0

2.5

2.0

e BR-o.JO,PR-l.O

V ua-ccc.sa-i.as• BR"'O.30,I'R"U
e BRooO.lO.?R-Z.O

e BR-QJ~, PR-I.O

V BR-O.JS,PR"].l$e
o C BRoo(I.3S,PR"U

Q <> BR"'().)',PR-2.0
V 0 c
e v e

0c 1] ve e e v~ " 0 •s 8 es l!< v
<> <> ~

" m •" <> <>
0 e

5000 10000

Re

15000 20000

~U~ 5 f'111lJ~lJ~'U5'l:;Vl'h~lt1'1jmnu{;1iinuel(i)'l1~1'L!

l(l'1lU6'fL'8(1v)

4.3 fll'~6HUL~fJR11:U~U

\J'i~~ 6 lb6l1il~ml~~lJ~LJ5'l:;Vll1~l~'1Il'ltJ1'U(lv1
v

bb~:! #i'1'll'J~ fl€l'UL?I E./\ilVll'U Vi'\.J111,1,m1UlJ #i'd'll 'l:;fl eJ'UL?itJ(;l

Yll'U:W Alt1Iil~~L~ nu €ltJl~ eJl~'1I mnu~iJ Lvi lJ:IT'L! 1(;ltJ

el(i)"jl~l'L!'i~tJ:;~\il'ilU€lE./ 'il:;iJAlr;llU"j:;nmJl~tJIilVll'L!mn
,1.1' ,

~'l(;l bb1;1~1;1(;l1;1~L~€liJel\il'il~l1..!"j:;E./:;~\il'11lYJlJ'V'U LU€l~'illnV1
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3 - 6 mfl~pAlJ 2561 ~~"'11'1"!nIi11'V111

ell'l'Jli'iTU':i::: tJ :::'W(il'llti€J tJ 'iI::::iJ'ii'1'L1TU1~ LL'vll 'LIlJ1 flvh 11X:iJ

fll':i~''L1fl1':i1'vlfllJlfl1vW~ PR = l.0 11XAlelml<'11'LI1il1

°J':j:::fl€l'UL~tJ(ilVll'L1~milil1i~ 85 LVIl LrimVitJ'un'Uvi€Ji:jlL~tJ'U
'U ,

~Alel(il'll<'ll'Ufl1':i'lJll~fl1':i 1 'vlfl 0.35 LL(l:::Ldm U~tJ'UL V1tJ'U

AleJml~·J'LIfll':i'lJll-:jfll':i 1 'vlGl'W'U111'LJmf~~el(il':il<'ll'LIm':i

'lJll-:j nrsl 'vl Gl?f.:J'iI::::iJ fll':i~HU L~ tJ AlllJ ~'L!lJ 1 ri fl1l~
'U 'U ~

eJm'~l'LIfl1':i'lJ11~fll':(l'vlfl~~'fl11 <'Il'L!1'LJ~U~ 7 LL;;;Iil~

el (il'l1 ~l'U Iill U'l::: fI€J'UL~ tJ IilVll'L1~ ~LtJ'L!fll 'l LVitJ'U Iil,U'l::: nsu

L~ tJlilVll'L1 m ru1<'11~ LL'vll'L!.ull'vlflllJ Iillil-l~1n'U f1':iru vi €Ji:j1

L1tJ'U 'W'U1l ilAl1'U'dl~ 38.2 - 58.0 ~Al BR = 0.3 LLGl:::

Ai PR = l.0 LLfI:::Alelml~I'UlillU'l:::fl€J'UL~tJ!ilVll'L!€J~

1'L1'lh~ 57.7 - 85.6 ~Al BR = 0.35 LLfI:::rll PR = 1.0

.. BR-O.3(I,PR-1.0

V BR-O.JO.PR"L.2S

C BR..o.)O,PR-U• BR-O.JO,PR-2.0

e BR"()')S,PR-I.O
V BR-O.Jl, PR·l.~
0 BR-O.3S.pR .. U
e BR-O.3',PR-2.0

x .moolhlll.bc

e e '" e e e
'--. 2 v v v v v v

e III 1) ~ e e
o e o <> e e
e m • • a a.. ¢ <> <> .. ..

5000 15000 2000010000

Re

'lU~ 6 AlllJ~lJ~'LIth:::'vl11'lLfI'lJ L'w1'LIflii tl'U Iill'lJ'i:::fl€J'U
'U

120

G BR"(l.Jo.PR-1.0
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Re

15000 20000

~'tJ~ 7 f1l1lJ~lJ~'Uth:::'vl1l'lLG1'lJL':itJ1'UGl\iltliJel(il':il~TW~'

U'l:::fl€J'UL~tJ(ilVll'U

tl'UlillU 'l::: nnu fll'lL~lJ fll'lQltJb VIf111lJ1€J'L! ~'l'W'ill'HU 1

LVitJ'\Jtl1Jvi€J~hL1tJ'U (fl'lruhHjfll':im!il~~1'lbL1II1'U) l!iltJ

'W'ill 'l ru lfll'lLLGl fl LU~ tJ'L!fld llJ 1 €J'LI~ nl« ~-iI'U~!il GllJvl 1 tl'L!

l(i) tJL"<11tJ'lJbVitJ'Ufll':iQl m VlAlllJ 1 €J'U~ L~lJ~'UL Vi tJ'U n'Ufl11

aru L~tJ AlllJ~'LJ~l ~lJ~'U 'W'U11Ld€J 151'l LL1IIl'LIJlltJ 1uvi €J~~
, , ,

ua fl LU~tJ'L!f111lJ~€J'LI'li~i.'lllJl'lm 'WlJAlfl11Qlm Vlf1l1lJ1€J'LI

1~~~~'L!LL~'J:::<'I'lr..Ji:l1 ~~8~1.;nin1B~-iI'U~(;)i:llJL~lJ;ff'L! LliltJ
'U

do.::. .r -=i4 .c1 0 QJ CJ ! Q..I I Q d

blJ €J'LIllJ11 LA'l1:::1IIfl'lru PIfl'l!fl VIfllGl~'lJ1J LVIi fl'UVl8eJl L'l tJ'U

ua :;~Al rnslna L~tJltl'lJ 'W'U11Al IillU'l::: fl€J'Ufll'lL~lJ fl'l'l

QlmVlf1l1lJ1€J'LIill'ilGlMi:l~brimfl'lJL 'ltJ1 'L!G'l(jh~lJ~'LI L!ilc/l'L!

'1 fl fl 'lru ~1~1~ LLVll'LI.u 111llflllJ IilIil-l 'l1 a llJ l':im ~lJ Iil1

U1::: nau fll':i L~lJfll':i~l tJL VIf111lJ~eJ'LI~'il'U hi' (1'U'Vlfl mrulJ

~'lJ1f1fl1' 1) 1'U'1il'l~:iJA'LfI'lJL'ltJ1'L1G'lii~, ~l'U~A1LfI'lJL'lcl

1'LIG'l1il~'l'il::::iJAllill'lJ'i::: nuu fll'lL ~lJ fll1QltJLVI mllJ-r€J'LI
'U

~ Q~Q~' 1 ~
GlIilG'l~ bliltJfl'lruVllJ€J(il'll~l'L!fll'l'lJll'lfll'l 111" 0.3 Vl

el(il'll<'11'L!'l:::tJ:::'W(il'1l PR = 1.0 'iI::::iJA1~lU'l:::fl€J'Ufll'lL~lJ

fll'lQltJL Vlf1l1lJf€J'UlJlf1~~!il~~ 1.09 ~~lLfI'1J L'ltJ1 'L!fI ii,
L'Ylltl'U 4000 .x~-dL~€J~'illfl~el(il'Jl~l'LI'l:::tJ:::'W(il'lltieW

~llJl'lm ~lJfll':iQlm VII'll llJf€J'L! 1~lJ1f1 fl1l fll'l L~lJ'IJ€J~lill

U'l:; fl€J'UL~tJIilVll'L1 L(i)mri €JLU~tJ'U LVitJ'Uel (;J'll~TL.lfll'l'lJll~

fll'l1111f1 'W'U1l~elml<'1l'U fll'l'lJll'lfl1'l1111f1~ti€JtJ fl11'i1:;

?fllJl 'WL ~lJ ~ 1 #1,U ':i:::nau f11 'iL~lJ fll':iQl tJ LVlm llJ1€J'LI1~

~'lfl11 1i~LLii1l~eJml<'11'Ufl1'l'lJll'lfl'l11111G1~:iJAllJlf1'iJ:::
v

~ llJ 1 ':i1:1L~lJ fll 'iQ 1 tJ LVIAlllJ f €J'U1~ Lb~nv111 ~ Ln Iilfll 'l

aru L~tJf111lJlil'LJ~~~~'L!L'1i'LItl'L! lU~ 9 1.hL~'LI€Jfll'l
" ~ " \J

LU1tJ'ULVltJUr..JG1fll'iPifl'l!fl'illfll'lVl(i)Gl€J~LLGl:::fll'l'ii'lfl€J~L;a'l

IillLfI'1J1 'LI51'U'lJ€J~ rn ':ici1 m VIf1l1lJ1 €J'ULLGl:::IilIU 'l::: nsu L~tJ (;)

Vll'L!~mruPifllAl BR = 0.35 LLGl:::PR = 1.0
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o 9R"(I.3~, PR""2.0

15000 20000

Re
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S.O ,---------------, 120

o t:xpaim.:.."1I(al· NtL~ I'.l ~imcnl4i./14
______ KWoeOt"Jl ~ ~u;1\u1~ _ ...._ Nu:nc:C~ A /iJ;
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o 4000 SOOO llOOO 16000 lOOOO UOOO
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'JtJ~ 9 fllj~jJCiJ"eJUf111lJ(lfl#leJ~~eJ~fll'5~1~e).:JL:a~~'Jb~~v ,

nu f11'iV](ili'! 'il~f11'ilh m 'VIfll1:lJ-r'il'Ubbi'!~!illU'i~f1'ilU b~ tJVl

'VIl'U~ri1 BR = 0.35 uae PR = 1.0

5. a~tJe.j61nl':i'VIVl61B.:I

'11 f1f11'i~f1'l'1.11:D 1J'\~Ul1 f11'i t.;h~u Vll'UoUllVli'!l:lJ

!ilVl-l~~ 11~bBtJ~ boUl1u1'Uvimfl~B~\\i'! m u~tJ'Ufll1J..1-rB'U

~lJ..11'if1 b~:lJU 'i~ ~'VI15.f11~ f11'i~ltJ b'VIfI11:lJ -rB'U1~~~~'U 1~

'Ii~l~ u Vll'U-d' '1iltJ1 ~bfiVl f11'i 1 Vii'! u U'UVll.j'Ul'U 1 uu 'UltJ II

(longitudinal vortex) ~ltlVlii'~'lJB~l~bbVll'U ;~'iI:!LtJtlf11'i

'i1Jm'Uitl:aVl~lflllJ..1-rBtl'lJB~ f11'i 1VI61 ~~t:-J611~ m'lJ1Y~L'Bm{

:iJf'h~~~tllVltJl~LLVlltl.rr11'Vml:lJ!ilVl~jj:lJ:lJU~'VI:!, a = 45°v ,

LLm&el{;1';il~ltliilltlf11'ilV1i'!, BR = 0.35 ~'i:!tJ:!Y1ti1'11UBCJ

'1~ L~:lJrilf11'i~ 1m 'VIfI11:lJ-r'il'U l~~~~'U:lJ1f1U 'i~J..I1 ru 4.1
.d =I c::oI cv I oQ, c:i Ie; I 1"d ~

bvi 1 LmH'l.J '.i!'J'lH 'VI!'J'lJf11JVl8e.Jl b'HJ1J LLti1fl 'iI~ <l~e.J<1 VllIlill

U 'i~ fl BU b~ !'J~'VI1'Ub ~ J..I~'UiillCJ b'1i'Un'U \\(1 ~bd ElY)'11'.iru 1

U 'i~ ~'VI15.f11~ 'lJEl~f11 'l~1 CJb'VIfI1111 f El'UtVl CJY1'11 'i ru 11 'U~u
'lJB~!illU'.i~ nuu f11'lb ~J..I rnsrhu b'VIfll1l..!fB'U ~Ul11~ u wru

oii11V1i'11:lJ!ilVl-l~1 i:l1:lJ1'i11 b~:lJf11'ici1 m 'VIflll:lJ -reltl liilbLl,i

~eH1m'Umru~jjf11'l lVli'l~~l~'lJB~L"''lJL 'ltJ1 'Ui'lv1~1 hJbf1'U

5 000 ;~~1:lJ1'l~Ul1UU'l~C;fl~Hn'Ubfl~B~bL~flbU~EI'L!' ,
fI11:lJ-reltlt~

6 .. fi(;}~m'.i:lJtJ':i:!f11l'l

'lJeJ'lJBU f) ru :lJVI11 'VItJ lii' tJ'i 1'1.f.nfl '.i1'1.f'Uf11'U'VI1 ua ~

:lJVll1'VItJ1~ tJ ';il·V.n!)b 'VI~?lti1~ ~~..r'Ui:I~'L!'i1JU';i~l..!lru 1'L!n11

~ 1L'U 'L!f11 'I 'il'L!l -;]CJ1i 'ill..! ~ ~'VJ 'L!1 'U n 1 'lU1 b~'L! B bbi'!~

'lJtJ'lJel'Uf)ru.f11f11'1J11mflJ'll..!bfl~B~f1i'! ~mU'Ub 'VIf1bti'! tJ
11 11 CJ """ 4' d

~'l:!'1 B:lJLfli'!l L\11 ~ru'VIVl1'i"'1\j1flJ:;1J'i'VI el'{LfI'jl~VI ?!f11tl'VI

1tJfl1'i'VIVli'!tJ~~ltl1:D tJ-d'
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