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�O=DU=� �|Q}qt =[QOtLt
R=Q}W x=oWv=O 'R=o w Civ '|t}W |UOvyt xOmWv=O

u} QDsyt '=t= OvQ=O u=w=Qi xwkr=@ |=yC} Rt |Rri GviU= Q=DN=U =@ |DQ=QL |=ypO@t
�T}UQwiwtQD� |}=tQo CQH=yt Q=mwR=U QF= Q@ |}xQP ?wUQ p}mWD =ypO@t xvwou}= Vr=J
CLD 'R}tD Cr=L QO |HviU= |DQ=QL pO@t |m}rwQO}ywtQD OQmrta xar=]t u}= QO "CU=
=} OwHw |UQQ@ Qw_vtx@ 'uwo =vwo |=yCaQU w |}=tO u=}O=Qo '|Q=@H= |}=Hx@=H \}=QW
|=yxO=O =@ w |R=Ux}@W |OOa |R=UpOt ltm =@ '|}=tQo CQH=yt Q=mwR=U OwHw sOa
hqDN= xm OyO|t u=Wv |OOa |R=Ux}@W G}=Dv "CU= xOW |HvUQ=@Da= |y=oW}=tR;

xHwD =@ w =v@t u}= Q@ "CU= R}J=v GviU= hrDNt |=yCt=N[ QO Ot=H w p=}U R=i |=tO
'OQ=O OwHw pO@t R}tD Cr=L QO |}=tQo CQH=yt Q=mwR=U |xmQLt |wQ}v xv}W}@ xm u}= x@
R}J=v R=i wO u}@ =tO hqDN= 'Ot=H w p=}U R=i u}@ |}=tQo pO=aD p}rO x@ xm Cio u=wD|t
|Wkv |}=tQo CQH=yt Q=mwR=U '|tw}v}twr; GviU= Q=DN=U |=Q=O pO@t QO xH}Dv QO w xOw@
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CQH=yt 'Cv�wri '|OOa |R=Ux}@W '|Rri GviU= '|DQ=QL pO@t %|O}rm u=oS=w
"?wUQ p}mWD '|}=tQo

xtOkt "1
u=} QH Q}Ut QDj}kO CQ=@a x@� GviU= |xO}J}B |xUOvy p}rO x@ xm �|rwrUuwQO
Ea=@ '�1 pmW� ODi=|t j=iD= h=}r= |O=} R O=OaD OwHw w �GviU= uwQO sNwI}B QB
p=kDv= ?} Q[ xH}Dv QO w xOW |}=tQo |RQt |x}q uDUmW w V=WDe= V}=Ri=
QO |D}=Oy ?wr]t=v Q=mwR=U u}vJty [4]"O@=}|t V}=Ri= COW x@ |}=Hx@=H CQ=QL
'q=@ ,=D@Uv |D}=Oy CQ=QL p=kDv= QF-wt ?} Q[ uOw@ =Q=O p}rO x@ |DQ=QL |=ypO@t
CN=U |=Q@ |QDW}@ C}@=PH R=@pwrU |Rri |=yGviU= wQ u}= R= [5]"O@=}|t Ow@y@
pUv VN@O} wv w OvQ=O G}=Q |=yxQB x@ C@Uv q=@ |}=Q=m =@ xOQWi |DQ=QL |=ypO@t

[6]"OvDUy |UOvyt hrDNt |=yOQ@ Q=m |=Q@ |DQ=QL |=ypO@t O}OH
VwQ u}= 'K]U V}=Ri= Q@ |vD@t CQ=QL p=kDv= V}=Ri= |=yVwQ Qo}O Ovv=ty
=@ xm CU= |QwQ[ u}=Q@=v@ "OwW|t pO@t pw] QO Q=Wi Ci= V}=Ri= x@ QHvt R}v
QO Q=Wi Ci= 'CQ=QL p=kDv= MQv V}=Ri= w pO@t |DQ=QL |}=Q=m |xv}W}@ V}=Ri=
CQwYx@ pO@t p=v=m j}kLD u}= QO wQ u}= R= "OW=@ umtt Q=Okt pk=OL pO@t pw]
?} Q[ V}=Ri= xH}Dv QO w V=WDe= V}=Ri= |=}=Rt R= sy =D CU= xOW QB |�RH

"O@=} p}rkD p=v=m QO Q=Wi Ci= <wU C=QF= sy w s} wW Ovt xQy@ |DQ=QL p=kDv=
"1 [8]%OQ=O OwHwpNrNDt\}Lt|}=tQo OQmrtap}rLD |=Q@ pOt wO|rm Qw]x@
2"(LTNE)|v=mt|}=tQo pO=aD sOa pOt "2 1&(LTE)|v=mt|}=tQo pO=aD pOt
pO=aD x@ |HviU= \}Lt Ot=H w p=}U R=i xm CU= u; Q@ ZQi u}DUNv pOt QO

|=ypO@t x@ =yxQB 'CQ=QL p=kDv= K]U V}=Ri= ltm x@ CQ=QL p=kDv= Ow@y@ Qw_vtx@
OQmrta Ow@y@ R= |m =L O}OH C=k}kLD '=DU=Q u}ty QO "OvOW xi=[= xrwr xDUO
|=yGviU= =Pr w [1]CU=yxQB |=Hx@ |Rri |=yGviU= |v} Ro}=H =@ |DQ=QL pO@t
Ovv=t h=}r= |O=wt |Rri |=yGviU= [3w2]"OvDUy =yxQB |v} Ro}=H |rY= ORt=v |Rri
"Ov=xOW xO}vD sy QO |yHw 14 w 12 |=yOL=w � pwrU CQwYx@ xm OvDUy
Cq=}U l}v=mt w CQ=QL p=kDv= |xv}tR QO |Rri |=yGviU= uwRi=RwQ C}@ w@Lt
K]U CL=Ut xm CU=yv; OQix@ QYLvt |m} R}i w |m}v=mt |=y|oS} w p}rO x@
|Q}PBPwiv w �=wy �90 OwOL R= pmWDt� sm |r=oJ 'q=@ Q=}U@ =D q=@ XwYNt
s=mLDU= u}vJty "OQm xQ=W= R=@pwrU |=yGviU= |=Q@ q=@ |}=tQo C}=Oy w q=@ R=o
'|DQ=QL lW 'q=@ Q=Wi w =tO Q@=Q@ QO =Q pO@t Ctw=kt 'q=@ |m}v=mt Ctw=kt w
R�=L xDmv "OyO|t V}=Ri= |Q}osWJ Qw] x@ C@ w]Q w |oOvQwN 'V}=UQi w V}=U
CQ=QL p=kDv= ?} Q[ '|DQ=QL |=ypO@t QO |Rri |=yGviU= R= xO=iDU= QO C}ty=
|}=Hx@=H Q=mwR=U |DQ=QL |=ypO@t QO CQ=QL p=kDv= QO ?r=e Q=mwR=U "CUq=@
|oDN}t;� |}=tQo VNB w V=WDe= V}=Ri= =@ |Rri |=yGviU= wQ u}= R= "CU=

pw�Ut xOvU} wv �
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|x}L=v lQDWt K]U |RQt \}=QW 'T=U= u}= Q@ "Ov=xOQm O}}-=D =Q lQDWt K]U
|Ov@s}UkD |WRerQ}e w |WRer |rm |xDUO wO x@ |HviU=Q}e |x}L=v w |HviU=
QO =Q |m}t=v}OwQO}y lQDWt Kw]U |RQt \}=QW [13]|�=iw w |t_ar= "OwW|t
|rY= |xDUO Q=yJ QO =Q |}=tQo lQDWt Kw]U |RQt \}=QW w |rY= |xDUO GvB
|R=Ux}@W '|Q_v p}rLD R= |at=H |xU}=kt [15]u=Q=mty w CQwU "Ov=xO=O x�=Q=
xO=iDU= =yv; G}=Dv R= Q[=L Q=DWwv QO xm Ov=xO=O s=Hv= |y=oW}=tR; G}=Dv w |OOa

"CU= xOW
Q=WDv= Vy=m QO QF-wt |WwQ (EGR) wQOwN |HwQN R=o |v=NQJR=@ sDU}U
x@ |HwQN R=o R= |DtUk uOv=OQoR=@ Ov}=Qi u}= QO [16]"CU= uSwQD}v |=yO}Um =
|x_iLt QO xraW |=tO xH}Dv QO w uS}Um = |=wDLt =D OwW|t Ea=@ QwDwt |OwQw
C=ar=]t j@=]t "O@=} Vy=m uSwQD}v |=yO}Um = p}mWD CaQU w O}=}@ u}}=B j=QDL=
GviU= R= xO=iDU= |=yVr=J w =yCYQi [17]'2019 p=U QO u=Q=mty w |�=[QQwB
CLD '|@ QHD |=yV}=tR; CQwYx@ EGR sDU}U |DQ=QL pO@t u=wvax@ |Rri
|DQ=QL pO@t|L=Q] |xr�Ut 'Qo}O hQ] R= "CU= xOW|UQQ@ wQOwN|ak=w\}=QW
=Q |Dtw=kt '?wUQ p}mWD "CU= xOQwN xQo Qo}Om} =@ ?wUQ p}mWD |xO}OB w
|oOvv=UQ p}rO x@ ,=@r=e u; Q=Okt xm Ovm|t O=H}= p=}U w CQ=QL p=kDv= K]U u}@
'X=N |DQ=QL |xr}Uw |}=Q=m xH}Dv QO w xOw@ |oQR@ Q=Okt ?wUQ u}}=B |}=tQo
x@ Q=Wi Ci= V}=Ri= ?Hwt w xOQw; u}}=B =Q 'EGR |xOvvmlvN =Hu}= QO
?wUQ |=yQ=mwR=U |rm Cr=L QO "OwW|t pO@t |m}t=v}OwQO}y Q]k Vy=m p}rO
'Vv=Qo |wQ}v 5'OQwNQ@ 4'Pwiv pt=W EGR G}=Q |=yxOvvmlvN QO C=QPR} Q
xHwD =@ xm [18]CU= �|}=tQo CQH=yt� 6T}UQwiwtQD w l}D=DU=wQDmr= |=ywQ}v
sDU}U \}=QW CLD ?r=e Q=mwR=U 'xv}tR u}= QO xDiQo CQwY |=yVywSB x@
w u=} QH u}@ |}=tO hqDN= xm |t=ovy [20w19]"CU= |}=tQo CQH=yt 'EGR

xm Ovm|t CmQL QDOQU |x}L=v CtU x@ xQP 'OQ=O OwHw CQ=QL p=kDv= Kw]U
xR=Ov= x@ |oDU@ w OwW|t xDN=vW �T}UQwiwtQD� |}=tQo CQH=yt |xO}OB u=wvax@
xm OwW|t |W=v C}ak=w u}= R= wQ}v u}= "OQ=O |m} R}i X=wN w xQP |xUOvy w
C@Uv |QDnQR@ CmQL xR=Ov= xH}Dv QO w QDW}@ CaQU d=O |L=wv R=o |=ypwmrwt
|x}L=v CtU x@ Xr=N |} wQ}v u}=Q@=v@ w OvQ=O OQU |L=wv R=o |=ypwmrwt x@
|}=tQo CQH=yt Q=mwR=U C}ty= |UQQ@ wQ u}= R= [18]"O};|t OwHw x@ QDlvN
=D w CU= |QwQ[ |HviU= pO@t QO h=}r= Kw]U x@ xOwO C=QPR} Q p=kDv= QO
hqDN= |xv}W}@ xm u}= x@ sra =@ "CU= xOWv s=Hv= xv}tR u}= QO |WywSB uwvm
R}tD Cr=L QO �|}=tQo CQH=yt Q=mwR=U |xmQLt |wQ}v� Ot=H w p=}U R=i |=tO
Q=DN=U =@ |DQ=QL pO@t |}=tQo OQmrta =D OQ=O OYk VywSB u}= 'OQ=O OwHw
C=QPR} Q Ok=i Cr=L QO wQOwN EGR sDU}U |D=}rta \}=QW CLD |Rri GviU=
p=}U R=i |=tO hqDN= |xv}W}@ =D Ovm |UQQ@ =Q |v=mt |}=tQo pO=aD sOa w
QDxO=U CQ=@a x@ "OwW x@U=Lt �GviU= h=}r=� Ot=H R=i w �|Qw@a d=O |=wy�
|}=tQo Ctw=kt w CU= R}tD pO@t xm CU= |}x_Lr 't = 0 |x_Lr R= Qw_vt
h} QaD u}vJ w CU= u=tR R= |a@=D ?wUQ |DQ=QL Ctw=kt =Q} R &CU= xv}tm pO@t

%OwW|t
Rf = Rth (t)�Rth (t = 0) (1)

wO u}@ |}=tQo pO=aD 'Ot=H w p=}U R=i |=tO hqDN= uOw@ R}J=v CQwY QO
|HviU= pO@t QO |}=tQo CQH=yt Q=mwR=U xm CiQo xH}Dv u=wD|t w CU= Q=QkQ@ R=i
|wQ Q@ C=QPR} Q ?wUQ QO |Wkv 'wQOwN EGR sDU}U |D=}rta \}=QW CLD

"OQ=Ov GviU= h=}r= Kw]U

pNrND =@ R=@pwrU |tw}v}twr; GviU= |}xv=wDU= |xa]k l} R= |Q}wYD "1 pmW
[7]"GviU= u=ty l}ORv R= Q}wYD w �CU=Q CtU� q=@

\}Lt Ot=H R=i w p=}U R=i u}@ Qo}O CQ=@a x@ 'OvW=@ =tOsy w xO}UQ |}=tQo
R= uoty |k}irD CQwYx@ \}Lt w OW=@ xDW=Ov OwHw |}=tO hqDN= |HviU=
\}Lt (keff ) |}=tQo QF-wt Vv=UQ pOt u}= QO "OwW pOt Ot=H w p=}U R=i
QO GviU= h=}r= Ot=H w p=}U R=i |}=tQo |}=v=UQ R= |@}mQD CQwYx@ |HviU=
=tQo pNrNDt \}Lt pN=O xm |Dr=L Ovv=t 'X=N \}=QW QO "OwW|t xDiQo Q_v
'OW=@ sm |HviU= \}Lt pN=O R= |Qw@a p=}U CaQU xm |Dr=L =} OwW O}rwD
Q=QkQ@ pNrNDt \}Lt Ot=H w p=}U R=i u}@ (LTE) |v=mt |}=tQo pO=aD \}=QW
CQwYx@ Ot=H w p=}U R=i |}=tO p}=iwQB '|}=tQo pO=aD sOa pOt QO [9]"CU}v
p=}U R=i u}@ xm CU= u; Q@ ZQi pOt u}= QO |va} &O};|t CUO x@ xv=o =OH
|=Q@ "Ov=xO}UQv |}=tQo pO=aD x@ OwHwt R=i wO w OQ=O OwHw =tO hqDN= Ot=H w
p=kDv= ?} Q[ s=vx@ |QDt=Q=B 'Ot=H w p=}U R=i |SQv= CqO=at u}@ \=@DQ= |Q=QkQ@
\}Lt QO u; Q=Okt |x@U=Lt |=Q@ xm OwW|t h} QaD (hsf ) 3|R=i u}@ CQ=QL
[11w10]"CU= xOW x�=Q= |OOaDt \@=wQ 'q=@ pNrND =@ \}Lt u=wva x@ |Rri GviU=
|R=i u}@ CQ=QL p=kDv= ?} Q[ w XwYNt K]U uOw@ q=@ p}rO x@ u}vJty
pO=aD Cr=L QO ,=@} QkD Ot=H w p=}U R=i 'q=@ |=yCaQU QO xS} wx@ '|Rri |=yGviU=
|tw}v}twr; GviU= pO@t |DQ=QL OQmrta [10]u=Q=mty w |D} Qo "OvQ=O Q=Qk |}=tQo
u=wvax@ =wy '3 m=s R= QDq=@ \UwDt CaQU QO xm OvO=O u=Wv w xOQm xar=]t =Q
hQ] R= "OvQ@|t QU x@ |}=tQo pO=aD QO Ot=H R=i u=wvax@ sw}v}twr; w p=}U R=i
|=Q@ |}=tQo |xm@W s}y=it |=v@tQ@ |rOt |x�=Q= =@ [12]u=Q=mty w nvS Qo}O
|}=tQo pO=aD xm OvO=O u=Wv 'pNrNDt \}Lt |DQ=QL lv}U |=tQo p=kDv= |UQQ@
ROrwv} Q w pNrNDt |DQ=QL lv}U O=} R `=iDQ= QO 'Ot=H w p=}U R=i u}@ |v=mt
|DQ=QL OQmrta [7]u=Q=mty w u}r u}vJty "ODi=|t j=iD= �q=@ |=yCaQU� q=@
LTNE w LTE |=ypOt ltm x@ =Q |tw}v}twr; GviU= =@ xOW QB |DQ=QL pO@t
Cr=L wO QO |R=Ux}@W R= pY=L G}=Dv |xU}=kt =@ =yv; "OvO=O Q=Qk |@=} RQ= OQwt
'p=}U |q=@ |=yCaQU QO xm OvOQm Q=y_= '|y=oW}=tR; Q}O=kt =@ LTNE w LTE

p=}U R=i u}@ |}=tQo pO=aD R= |m =L xm OvyO|t x�=Q= |v=Um} G}=Dv pOt wO Qy
sOa '|Rri GviU= \}Lt |R=Ux}@W QO C}ty= R�=L ẁ[wt Qo}O "CU= Ot=H w
K]U uwt=Q}B p=}U Q=DiQ =@ \=@DQ= QO uwOt Vv=O w j}kO w ?U=vt C=k}kLD OwHw
u}= QO xm u}= x@ xHwD =@ [13]"CU= GviU= uwO@ x}L=v w |HviU= x}L=v lQDWt
|tw}v}twr; GviU= R= |�RH CQwYx@ p=v=m Q=Wi Ci= CQ=UN u=Q@H |=Q@ j}kLD
u}= |UQQ@ 'xDiQo CQwY =v@t u}ty Q@ R}v |@ QHD |=yV}=tR; w CU= xOW QB
CaQU |m} R}i CQwYx@ OwQ|t Q=_Dv= xm |r=L QO "OQ=O Q=}U@ C}ty= xr�Ut
OwHw 'OW=@ QDtm |r}N GviU= uwO@ |x}L=v x@ C@Uv GviU= |=yxQiL uwQO p=}U
KQ]t |OOa |R=Ux}@W CqmWt R= |m} u=wvax@ lQDWt K]U QO OvD u=}O=Qo
u=}O=Qo u}vJ OvO=O u=Wv xm OvOw@ |v=kkLt u}rw= wRH [14]hRwH w RQw}@ "CU=
QO |WRer CaQU OwHw xH}Dv QO w OQ=O OwHw x}L=v wO u}= QO |OvD CaQU

52



2|
xQ=t

W'
36

�3
|xQ

wO'
�13

99
R}}=B

�h
}QW

l}
v=mt

|U
Ovyt "|Rri GviU= |m}rwQO}y |=yxYN=W "1 pwOH

PPI
� K � 107 CF L W Hf Ht

[��] [m2] [��] [mm] [mm] [mm] [mm]

20 0 925 1 1 0 1 195 30 4 8 5

"v = 10m=s w 20 PPICr=L QO|R=Ux}@WG}=Dv|wQ|Ov@xm@W QF= "2 pwOH
swU |xm@W swO |xm@W pw= |xm@W Q_vOQwt QDt=Q=B

68422 59267 51098 xQo O=OaD
980 970 850 �P (pa)

�5 �6 �17 �P deviation

"l}D=tW "3 pmW

"|D=@U=Lt |xvt=O |Ov@xm@W "4 pmW

pw] 'OwW|t xOy=Wt xmu=vJ "CU= xOW xOQw; 4 w 3 |=ypmW QO |D=@U=Lt
|xOvvmlvN R= p=}U GwQN R= TB |D=@U=Lt |xOwOLt w 50 mm Q@=Q@ |}=OD@=
=yvD |rY= pO@t xm |r=L QO &CU= xOW xDiQo Q_v QO 200 mm pO=at EGR

"OQ=O pw]195 mm

w C=@U=Lt |xv} Ry 'pL u=tR xm |tyt pt=wa R= |m} |OOa C=@U=Lt QO
|=Q@ "CU= x}L=v |Ov@xm@W |xwLv 'CU= xDU@=w u=O@ COW x@ G}=Dv CkO u=R}t
VwQ w Q}O=kt CLY R= =D OW ?=NDv= xO=U |xm@W =OD@= R=}v OQwt |xm@W |UQQ@

"OwW u=v}t]= Q=m
R} Q x@ s=Ok= xrLQt xU QO '|D=@U=Lt |xm@W R= pL pqkDU= R= u=v}t]= |=Q@
?} QkD =@ u=wD@ xm |}=H =D OW |Oa@ wO |R=Ux}@W |D=@U=Lt |xvt=O QO xm@W uOQm
'xQo 57267 %swO |xm@W 'xQo 51098 %pw= |xm@W� CiQ}PB =Q G}=Dv '?U=vt
|HwQN w |OwQw Q=Wi Ci= h=QLv= '2 pwOH j@=]t "�xQo 64522 %swU |xm@W

|tw}v}twr; GviU= \UwD u; R= |DtUk xm |DQ=QL pO@t R= u}O=tv pmW "2 pmW
"CU= xOW QB

|RQt \}=QW w |Ov@xm@W '|D=@U=Lt |xvt=O "2
xOW QB 20PPI |tw}v}twr; GviU= R= |�RH CQwYx@ pO@t p=v=m 2 pmW j@=]t
GviU= "OwW xv}tm p=v=m QO |Rri GviU= Qw[L QF= Q@ Q=Wi Ci= Q=F; =D CU=
p=}U x@ w xOQm ?PH =Q EGR xOvvmlvN x@ |OwQw d=O R=o |=tQo |tw}v}twr;
w q=@ |@O p}rO x@ "Ovm|t pkDvt OQ=O u=} QH xDUwB CtUk QO xm xOvvmlvN
"Ov=t|t C@=F p=v=m |xQ=w}O |=tO 'xOvvmlvN p=}U |q=@ |xS} w |}=tQo C}iQ_
u=} QH w 'xOW ZQi C@=F X=wN =@ w Q}PB=vsm =QD 'pO@t uwQO R= |Qw@a R}tD |=wy
xO=O u=Wv 1 pwOH QO |Rri GviU= |m}rwQO}y |=yxYN=W "OW xDiQo Q_v QO =}=B

"CU= xOW
|=wy hrDNt |=tO w �6 w 10 '30 m=s� xOvvm lvN x@ |OwQw CaQU QF=
QO 20 PPI |tw}v}twr; GviU= OQwt QO �u} wrm 673 w 523� p=v=m x@ |OwQw d=O
|}q=@ |xQ=w}O |=tO xm |r=L QO &CiQo Q=Qk |UQQ@ OQwt |Oa@ wO |=y|R=Ux}@W
\UwD xDiQo CQwY VywSB j@=]t "CU= xOW ZQi C@=F w u} wrm 298 |v}}=B w
[21]'u=tr; CQ=oDwDW= x=oWv=O CQ=QL |UOvyt w l}t=v}OwtQD |xUU-wt QO xr=m
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C=@F= GviU= hrDNt |=y`=iDQ= w pO@t pw] QO Ot=H w p=}U R=i |}=tO p}=iwQB
CQH=yt Q=mwR=U xH}Dv QO w Ov=xO}UQ |}=tQo pO=aD x@ |Qw@a R=o w h=}r= xm OwW|t

"CU= C}ty=|@ |tw}v}twr; GviU= Q=DN=U =@ EGR xOvvmlvN QO |}=tQo

|=yxO=O =@ xOW KqY=|}=tQo|}=v=UQ R= pY=L |R=Ux}@W G}=Dv xU}=kt "6 pwOH
|}=tO u=}O=Qo w 4 mm Ct=N[ w 20PPI |tw}v}twr; GviU= |=Q@|y=oW}=tR;

"2250

|OwQw CaQU |HwQN p=}U |=tO
[ ] |}=tQo sNwI}B Q=Okt

[K] |y=oW}=tR;
6=m 332 2 9
10=m 343 3 6
30=m 393 5 1

p=v=m |m}rwQO}y Q]k l} R= QDtm QO u=} QH |oDi=}xaUwD OyO|t u=Wv |R=Ux}@W
"Ov=t|t |k=@ C@=F Q}Ut pw] QO CaQU p}=iwQB w CU= xOW jkLt

|=tO |v}@V}B 'CU= GviU= R= |r=N p=v=m R= |t}v xmu}= x@ xHwD =@ u}vJty
'5 pwOH j@=]t "O@=}|t C}ty= hrDNt |=yCaQU |=Q@ p=v=m |HwQN QO R=o
u=Wv [26]QDrw@ � TwD}O\@=wQ =@ |R=Ux}@W R= pY=L p=v=m |HwQN |=tO |xU}=kt
standard k� " VwWet pOt w xOw@ �6 R= QDtm |R=Ux}@W |=]N xm OyO|t
hOy xm =Hu; R= "CU= Q=OQwNQ@ |i=m CkO R= j}kLD u}= |D=}rta \}=QW CLD
C=@U=Lt 'CU= pO@t R}tD Cr=L QO Ot=H w p=}U R=i |=tO hqDN= |x@U=Lt
pNrNDt \}Lt QO keff QF-wt |}=tQo Vv=UQ "OQ=O |}q=@ C}ty= |SQv= |xrO=at
%u}=Q@=v@ 'OwW|t xDiQo Q_v QO Ot=H w p=}U R=i QF-wt |oOvv=UQ ẁtHt CQwYx@
keff = kse + kfe (19)

p}rO x@ `k=w QO "CU= xOW h} QaD 16 |x]@=Q j@=]t kfe w kse Q}O=kt u; QO xm
|xr}Uw x@ O}=@ \}Lt u}= QO |}=tQo pw] '|Rri GviU= \}Lt sNwI}B QB Q=DN=U
(Le) |ak=w \UwDt |}=tQo Q}Ut pw] C@Uv CQwYx@ xm �th 'GviU= sN w I}B
|va} "OwW|t xO=O C@Uv (L) u=} QH CyH QO s}kDUt |}=tQo Q}Ut pw] x@
16 0 ANSYS Fluent Q=Ri=sQv ZQiV}B |x]@=Q xm|r=L QO "�th = Le=L

%R= CU= CQ=@a pNrNDt \}Lt QF-wt |}=tQo C}=Oy |x@U=Lt |=Q@
keff = �kf + (1� �) ks (20)

=Hu}= QO [7]"O};|t OwHw x@ =tO `} RwD |x@U=Lt QO |O=} R |=]N CQwY u}= QO
K}HQD xQ=wty p=}U 'CU= xOW QB GviU= R= |�RH CQwYx@ p=v=m xm u}= x@ xHwD =@
=@ u}=Q@=v@ "Ovm ?=NDv= p=v=m pN=O R= OwN Qw@a |=Q@ =Q QDCL=Q Q}Ut xm OyO|t
sNwI}B Q=Okt R= `q]= sOa w =Hu}= QO |L]U VRer |xO}OB Qw[L x@ xHwD
Q@ Cv�wri Q=Ri=sQv QO kse Q=Okt '�th Q=Okt |x@U=Lt Qw_vt x@ 'xr�Ut |ak=w

"OW s}_vD 5 pwOH j@=]t 'pO@t R= |HwQN |=tO T=U=
w xOW C} wkD |L]U VRer |xO}OB R=o CaQU V}=Ri= =@ 6 pwOH j@=]t
w |HviU= |x}L=v lQDWt xHw QO CaQU p}=iwQB |x@U=Lt QO Q=Ri=sQv CkO
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"hrDNt |OwQw R=o |=yCaQU QO 375 K |}=tO u=}O=Qo |=Q@ u}wrm ?UL Q@ |}=tO R=QD "6 pmW

R= GviU= hrDNt |=yCt=N[ QO Ot=H w p=}U R=i |}=tO hqDN= Q=Owtv "7 pmW
375 K |}=tO u=}O=Qo |=Q@ pO@t pw] p@=kt QO �QDt|r}t 4 w 3 '2 '1� xrwr K]U

"6 m=s |OwQw R=o CaQU w

GviU= CtUk OvyO|t K}HQD u; x=Qty C=QP w p=}U u}=Q@=v@ "Ovm|t ?=NDv= p=v=m
lJwm =@ xm xO}OBu}= "=QGviU= uwQO sNwI}B QB Q}Ut =D Ovv} RoQ@ OwN Qw@a|=Q@ =Q O=R;
OwW|t C} wkD p=}U CaQU V}=Ri= w �PPI V}=Ri=� GviU= |=yxQiL Q]k uOW
Ot=H w p=}U R=i |=tO hqDN= xQ=OHl}ORv |=yCt=N[ QO xJQo = OwW|tEa=@
QF= QO C=QP ?PH QO u; Vkv =t= 'OW=@ QDW}@ GviU= |}q=@ |=yCt=N[ x@ C@Uv
\}=QW CLD PPI V}=Ri= =@ u}vJty "OwW R}v QDnvQ sm '|}=tQo CQH=yt Q=mwR=U
V}=Ri= XwYNt K]UCL=Ut w |R=i u}@ CQ=QL p=kDv=?} Q[ 'u=Um}|D=}rta
[27w7]"OwW|t C} wkD p=}U w Ot=H |=yR=i u}@ |}=tQo pO=aD xH}Dv QO w O@=}|t

w 1mm Ct=N[ |=y|vLvt u=tm Cra xm OwW KQ]t p=-wU u}= O}=W
x@ xHwD =@ "OOQo|tQ@ CaQU p}=iwQB x@ |Q=DiQ u}vJ ,=DOa=k #CU}J 2mm

CaQU p}=iwQB x@=Wt |v=mt C=Q}}eD x@ QHvt CaQU p}=iwQB 'hsf = (Re; Pr)

p}=iwQB =QJ =t= "OvwW|t sy x@ x}@W CaQUw |}=tO |=yp}=iwQB w OwW|t hsf w
#O};|t QO pmW u}= x@ CaQU

VQDUo p=L QO pO@t pw] |=OD@= QO u=} QH OW xOy=Wt 5 pmW QO xmv=vJ

=@ OyO|t u=Wv hrDNt |=yCaQU QO pO@t |}=tO R=QD '6 pmW j@=]t
pO@t |}=Q=m 'O@=}|t Vy=m =tQo pO=@D CYQi uwJ '|OwQw R=o CaQU V}=Ri=
|UQQ@ Qw_vt x@ "O@=}|t V}=Ri= R}v |HwQN |=tO xH}Dv QO w xDi=} Vy=m
R=i |}=tO hqDN= |=yQ=Owtv 'pO@t QO |}=tQo pO=aD sOa =} pO=aD QD?U=vt
p@=kt QO �QDt|r}t 4 w 3 '2 '1� GviU= hrDNt |=yCt=N[ QO Ot=H w p=}U
Cr=L wO =tO G}=Dv VQ=Ro |=Q@ Cv�wri Q=Ri=sQv "CU= xOW sUQ xOvvmlvN pw]
sm =QD p@=k Q}e p=}U Cr=L |=Q@ xm Ovm|t xO=iDU= pm |=tO w l}D=DU= |=tO
xOW s}UQD |=yQ=Owtv u}=Q@=v@ "OvwW|t Q@=Q@ sy =@ Q=Okt wO u}= �=t xr�Ut ZQi�
Ot=H R=i w �d=O |=wy� p=}U |=yR=i l}D=DU= |=tO CQwYx@ VN@ u}= QO
"OvDUy GviU= hrDNt |=yCt=N[ QO pO@t pw] p@=kt QO �|tw}v}twr; h=}r=�
Ct=N[ QO p=}U |=tO |xOvyOu=Wv RtQk nvQ QDnQR@ Q}O=kt p=Ft u=wvax@
�Ot=H� h=}r= |=tO |xOvyOu=Wv nvQRtQk QDlJwm Q}O=kt w CU= 1mm GviU=
CQwY u}ty x@ =yQ=Owtv |k@=t w =ynvQ Qo}O |=Q@ w 'CU= y = 1mm QO

"CU=
|OwQw d=O R=o |=tO� OwHwt |}=tO u=}O=Qo |xv}W}@ xvwtv u=wvax@ =Hu}= QO
Q=}DN= hrDNt |=yCaQU QO �u} wrm 298 xOvvmlvN p=}U |=tO w u} wrm 673
"OQ}o Q=Qk |UQQ@ OQwt |}=tQo CQH=yt Q=mwR=U |xmQLt |wQ}v xv}W}@ =D CU= xOW

6 m=s |OwQw CaQU �
hqDN= 'QDt|r}t 2 w 3 '4 |=yCt=N[ QO OwW|t xOy=Wt 7 pmW QO xmv=vJ
y = 1mm QO =tO hqDN= xv}W}@ wCU= |WwBsWJ p@=k Ot=H w p=}U R=i |=tO
|OwQw|}=OD@= QDt|Dv=Ul} QO O}OWCi= =@ w xOW ẁQW 120 K OwOL R= xmCU=
'|}=tO u=}O=Qo Vy=m =@ pO@t pw] QO lOv= lOv= TBU w xO}UQ 48 K x@ p=v=m
=tO hqDN= xv}W}@ 120 K u}= xmCW=O Q_v QO O}=@ "O@=}|tVy=m R}v =tO hqDN=
w u=tR QPo =@ EGR pO@t |D=}rta \}=QW |ak=w Cr=L QO xm CU= R}tD Cr=L QO
|v=tR lOv= QO w COW =@ R}v hqDN= u}= 'GviU= h=}r= Kw]U |wQ C=QP CUWv
|=tO hqDN=� |}=tQo CQH=yt Q=mwR=U xmQLt |wQ}v lOv= u}ty w xDi=} Vy=m
w |L]U VRer |xO}OB x@ xHwD QDsyt |xDmv "OwQ|t u}@ R= �p=}U w h=}r= Kw]U
QB GviU= R= |�RH CQwYx@ p=v=m uwJ =Hu}= QO "CU= C=QPR} Q ?wUQ QO u; Vkv
pN=O R= OwN Qw@a |=Q@ =Q QDCL=Q Q}Ut xm OyO|t K}HQD xQ=wty p=}U 'CU= xOW
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R= GviU=hrDNt |=yCt=N[ QO Ot=H w p=}U R=i|}=tO hqDN= Q=Owtv "10 pmW
375 K |}=tO u=}O=Qo |=Q@ pO@t pw] p@=kt QO �QDt|r}t 4 w 3 '2 '1� xrwr K]U

"30 m=s |OwQw R=o CaQU w

V}=Ri= Ea=@ =Q} R 'CU= [7]u=Q=mty w u}r |=yVywSB O} -wt u}= w O@=}|t Vy=m
QO u}=Q@=v@ "OwW|t LTNE CQ=QL p=kDv= |xrO=at QO hsf V}=Ri= ,=@k=aDt w Ref

"CU= xOW Q=QkQ@ pt=m CQwYx@ |}=tQo pO=aD QDt|r}t 4 w 3 '2 |=yCt=N[
=@ xm xDmv u}= uDiQo Q_v QO w =y|R=Ux}@W R= xOt; CUO x@ G}=Dv x@ xHwD =@
K]U w p=}U |xOwD u}@|}=tQoCtw=kt 'h=}r= Kw]U|oDiQo?wUQ w u=tRCWPo
p=}U R=i |=tO hqDN= '?wUQ K]U |=tOV}=Ri= =@ xH}Dv QO w xDi=}V}=Ri= h=}r=
Q=mwR=U u=wvax@ |}=tQo CQH=yt C}ty= "O@=}|t Vy=m u=tR QPo =@ ?wUQ K]U w
\}=QW CLD |tw}v}twr; GviU= h=}r= Kw]U |wQ xOwO C=QP ?wUQ QO Q=PoQ}F-=D
TB 2019 p=U QO R}v [17]u=Q=mty w |}=[QQwB "OwQ|t u}@ R= |Q=@H= |}=Hx@=H
xH}Dv u}= x@ 'EGR sDU}U Q=Po@ wUQ \}=QW CLD |y=oW}=tR; G}=Dv p}rLD R=
QDW}@ |}=tO u=}O=Qo QO |Rri GviU= Q=DN=U =@ xOvvmlvN QDy@ OQmrta xm OvO}UQ
C}ty= sOa O} -wt '�xOvvm lvN p=}U |=tO Vy=m w |OwQw R=o |=tO V}=Ri=�
w Qwv= M}W C=ar=]t u}vJty "CU= pO@t ẁv u}= QO |}=tQo CQH=yt Q=mwR=U
|x}L=v QO xm OyO|t u=Wv '2020 p=U QO OvrRv}�wm x=oWv=O QO [28]u=Q=mty
|HviU= |x}L=v QO =t= CU= |}=tQo CQH=yt '?wUQ ?r=e Q=mwR=U |HviU=Q}e

"CU= OQwNQ@ ?r=e Q=mwR=U
'u=Um} |D=}rta \}=QW CLD PPI V}=Ri= =@ CW=O Q_v QO O}=@ u=}=B QO
QO w O@=}|t V}=Ri= XwYNt K]U CL=Ut w |R=i u}@ CQ=QL p=kDv= ?} Q[
pO=aD CU= |y}O@ "OwW|t C} wkD p=}U w Ot=H |=yR=i u}@ |}=tQo pO=aD xH}Dv

"O=O Q=Qk |@=} RQ= OQwt O}=@ =Q QDtm PPI QO =yR=i |}=tQo pO=aD sOa =}

|Q}oxH}Dv "6
QB |tw}v}twr; GviU= |mOv= =@ xm EGR |xOvvmlvN p=v=m R= |Oa@ wO |R=Ux}@W
\}Lt Ot=H w p=}U R=i |}=tO hqDN= | UQQ@ |rY= hOy "OW s=Hv= CU= xOW
QO |}=tQo CQH=yt Q=mwR=U |xmQLt |wQ}v xv}W}@ =D Ow@ R}tD Cr=L QO |HviU=
u; R= |m =L G}=Dv "OwW |@=} RQ= EGR sDU}U \}=QW CLD xOwO C=QPR} Q ?wUQ
Q}e w |HviU= |x}L=v lQDWt K]U l}ORv C=a=iDQ= CtU x@ CmQL =@ xm CU=
xH}Dv QO w OwW|t Q=QkQ@ pt=m CQwYx@ R=i wO u}@ |}=tQo pO=aD \}=QW |HviU=

4 w 3 '2 '1� xrwr K]U R= GviU= hrDNt |=yCt=N[ QO CaQU Q=Owtv "8 pmW
CaQU w 225 K |}=tO u=}O=Qo |=Q@ EGR xOvvmlvN pw] p@=kt QO �QDt|r}t

"6 m=s |OwQw R=o

R= GviU= hrDNt |=yCt=N[ QO Ot=H w p=}U R=i |}=tO hqDN= Q=Owtv "9 pmW
375 K |}=tO u=}O=Qo |=Q@ pO@t pw] p@=kt QO �QDt|r}t 4 w 3 '2 '1� xrwr K]U

"10 m=s |OwQw R=o CaQU w
Vkv u=} QH V=WDe= 'GviU= R= XNWt pw] u; uOW |QBU R= TB w CU= OwN
|}xvwtv 8 pmW QO &CU= xDW=O =tO xH}Dv QO w CaQU p}iwQB C=Q}}eD QO |QDW}@
C}Y=N p}rO x@ |}=tO p}=iwQB OQwtQO =t= "CU= xOW xO=O u=Wv ẁ[wt u}= R=
u}= R= TB |DL '=tQo p=kDv= xH}Dv QO w |}=tO u=}O=Qo OwHw w |}=tO p}=iwQB |}=tv

"OyO|t xt=O= =Q OwN |rwRv OvwQ 'R}v CaQU p}=iwQB |@=} R=@
10 m=s |OwQw CaQU �

Cr=L Ovv=ty R}v 10 m=s |OwQw CaQU QO 'OwW|t xOy=Wt 9 pmW QO xmv=vJ
Ot=H w p=}U R=i |=tO hqDN= 'QDt|r}t 2 w 3 '4 |=yCt=N[ QO w 6 m=s

OwOL R= xm CU= y = 1 mm QO =tO hqDN= u} QDW}@ w CU= |WwBsWJ p@=k
s=tD "O@=}|t Vy=m |}=tO u=}O=Qo Vy=m =@ pO@t pw] QO w xOW ẁQW 1000C

"CU= jO=Y R}v Cr=L u}= |=Q@ 'OW s=Hv= 6 m=s Cr=L |=Q@ xm |}=yp}rLD
30 m=s |OwQw CaQU �

CU= Q=QkQ@ R}v 30 m=s Cr=L |=Q@ 10 m=s w 6 m=s |=yCaQU OvwQ u=ty
Ot=H w p=}U R=i |=tO hqDN= 'CaQU V}=Ri= =@ xm xDmv u}= QmP =@ '�10 pmW�
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Ovyt &(m2) |Q}PBPwiv %K

&(W=mK) pNrNDt \}Lt QF-wt |oOvv=UQ %keff
&(W=mK) p=}U R=i QF-wt |oOvv=UQ %kfe
&(W=mK) Ot=H R=i QF-wt |oOvv=UQ %kse
&W=mK) p=}U R=i |}=tQo |}=v=UQ %kf

&(W=mK) Ot=H R=i |}=tQo |}=v=UQ %ks
&(m) p=v=m pw] %L

&(m) p=v=m |=vyB %W
&(m=s) p=v=m uwQO CaQU %U

&(J=kg) sQH x@ |W@vH |SQv= C@Uv %�
&(m2=s) V=WDe= hqD= MQv %"

&�-� pNrND %�
"�-� |}=tQo sN w I}B %�th

CaQU V}=Ri= =@ u}vJty "OwW|t hPL |}=tQo CQH=yt Q=mwR=U |xmQLt |wQ}v
hqDN= Vy=m Oy=W xH}Dv QO w xDi=} V}=Ri= |R=i u}@ CQ=QL p=kDv= ?} Q[ R=o

"s}DUy hrDNt C=a=iDQ= QO Ot=H w p=}U R=i |=tO

|Q=YDN= s�qa w =yxv=Wv
&(m2) XwYNt K]U CL=Ut %asf

&�-� |UQv}= ?} Q[ %CF
&(m) h=}r= Q]k %df

&(Pa) p=v=m uwQO Q=Wi Ci= %�dp
&(m) GviU= Ct=N[ %Hf
&(m) p=v=m Ct=N[ %Ht

&(W=m2K) |R=i u}@ CQ=QL p=kDv= ?} Q[ %hsf

=yCWwv=B
1. local thermal equilibrium
2. local thermal non-equilibrium
3. Interphase heat transfer coe�cient
4. Di�usion
5. Impaction
6. Thermophoresis
7. turbulent kinetic energy
8. rate of viscous energy dissipation
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