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 Inverse Design Calculations
for Turbomachinery Blades (Numerical Method)

Thanongsak  Amphonkiat 1    and Wanchai Asvapoositkul 2

King Mongkut�s University of Technology Thonburi, Bangmod, Toongkru, Bangkok 10140

Abstract

The computational method of a three dimensional inverse design for turbomachinery
blades is presented. The solution is obtained by initiating blade shapes on which the flow field is
computed. This flow field is splited into two parts, circumferentially averaged and periodic
components. The blade shape is then determined by making fluid velocity vectors tangential to the
blade surface. The equations obtained to describe the fluid flow on blade surfaces show the
approximations involved in second order elliptic partial differential equations. These lead to a
correct solution of the blade shape in an iteration manner. The equations are solved mumerically
by using finite difference approximation.

The purpose of this study is to develop an inverse design calculation that is efficient,
accurate and simple to implement especially on a personal computer. Computational results on thin
blade profiles in a fixed or rotating cascade in an annular of constant inner and outer radius reveal
the necessity to update the calculation in three dimensional manner. The convergences of the
solutions are generally affected by the number of blades and hup-tip ratio.

1 Graduate Student, Department of Mechanical Engineering.
2 Assistant Professor, Department of Mechanical Engineering.
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º·¹Ó
º·¤ÇÒÁ·Õè¹ÓàÊ¹Í¹Õé à»ç¹¡ÒÃÍÍ¡áººãº¾Ñ´à¤Ã×èÍ§¨Ñ¡Ãà·ÍÃìâºáºº¼¡¼Ñ¹ÊÒÁÁÔµÔ «Öè§à»ç¹

¼Å§Ò¹µèÍà¹×èÍ§¨Ò¡·Õèà¤Â¹ÓàÊ¹Í [1]

ÊÀÒÇÐ¡ÒÃäËÅ¢Í§¢Í§äËÅ·ÕèäËÅ¼èÒ¹ã¹ªèÍ§ÃÐËÇèÒ§ãº¾Ñ´¢Í§à¤Ã×èÍ§¨Ñ¡Ãà·ÍÃìâºÊèÇ¹ãËè
à»ç¹áººÊÒÁÁÔµÔ ´Ñ§¹Ñé¹¡ÒÃÍÍ¡áººãº¾Ñ´à¾×èÍãËéä´éÊÀÒÇÐ¡ÒÃäËÅ·ÕèµÃ§¡Ñº¤ÇÒÁµéÍ§¡ÒÃáÅÐä´é
»ÃÐÊÔ·¸ÔÀÒ¾¡ÒÃ·Ó§Ò¹·ÕèÊÙ§¢Öé¹ ¨ÐµéÍ§¡ÓË¹´à»ç¹áººÊÒÁÁÔµÔàªè¹à´ÕÂÇ¡Ñ¹ ¡ÒÃÍÍ¡áººãº¾Ñ´
·Õ èÊÒÁÒÃ¶¡ÓË¹´ÃÙ»ÃèÒ§¢Í§ãº¾Ñ´·Õ èÊÍ´¤ÅéÍ§¡ÑºÊÀÒÇÐ¡ÒÃäËÅ¢Í§¢Í§äËÅµÒÁ·ÕèµéÍ§¡ÒÃ
¤×Í¡ÒÃÍÍ¡áººáºº¼¡¼Ñ¹ ¡ÒÃÍÍ¡áºº´éÇÂÇÔ¸Õ¹Õéä´éÁÕ¡ÒÃ¾Ñ²¹ÒÁÒÍÂèÒ§µèÍà¹×èÍ§ àªè¹ÇÔ¸Õ¢Í§
Hawthorn áÅÐ¤³Ð [2] â´Âä é́àÊ¹Íá¹Ç·Ò§¡ÒÃá¡é»ÑËÒäÇéÊÍ§ÇÔ̧ Õ¤×Í ÇÔ̧ ÕáÃ¡ÍÒÈÑÂ¡ÃÃÁÇÔ̧ Õ¢Í§ Biot-
Savart áÅÐÇÔ¸Õ·ÕèÊÍ§«Öè§àËÁÒÐÊÓËÃÑº¡ÒÃäËÅáºº steady rotation flow ¤×ÍÇÔ¸Õ¢Í§ Clebsch�s
formulation «Öè§ÇÔ¸ÕÊØ´·éÒÂ¹ÕéÁÕ¤ÇÒÁ§èÒÂã¹¡ÒÃ¾Ñ²¹ÒµèÍä»¡Ñº¡ÒÃäËÅáººÊÒÁÁÔµÔ áÅÐ¢Í§äËÅ
áººÍÑ´µÑÇä´é

Tan áÅÐ¤³Ð [3] ä´é¾Ñ²¹Ò¼Å§Ò¹¢Í§ Hawthorne [2] ¡Ñº¡ÒÃÍÍ¡áººãº¾Ñ´à¤Ã×èÍ§¨Ñ¡Ã
à·ÍÃìâº ·ÕèäËÅã¹á¹Çá¡¹ (axial flow) áººÊÒÁÁÔµÔ áÅÐä´éÁÕ¡ÒÃ¹Óä»»ÃÐÂØ¡µì¡Ñº¡ÒÃäËÅ¢Í§
¢Í§äËÅáººÍÑ´µÑÇä´é (ã¹ªèÇ§¡ÒÃäËÅáºº «Ñºâ«¹Ô¤, subsonic) ¢Í§à¤Ã×èÍ§¨Ñ¡Ãà·ÍÃìâºáººäËÅ
ã¹á¹ÇÃÑÈÁÕ (radial) áÅÐã¹á¹Ç¼ÊÁ (mixed flow) â´Â Zangeneh [4] à¹×èÍ§¨Ò¡ÃÙ»ÃèÒ§¢Í§ãº¾Ñ´
ã¹à¤Ã×èÍ§¨Ñ¡Ã´Ñ§¡ÅèÒÇÁÕ¤ÇÒÁ«Ñº«éÍ¹ ÍÕ¡·Ñé§ÂÑ§ªèÇÂÅ´¤ÇÒÁ¼Ô´¾ÅÒ´¨Ò¡¡ÒÃ¤Ó¹Ç³ ¨Ö§ÁÕ¡ÒÃ
à»ÅÕèÂ¹ÃÙ»á¡¹ (transform) ̈ Ò¡á¡¹·Ò§¡ÒÂÀÒ¾ (physical) ·ÕèÁÕ¡ÃÔ´äÁè¤§·Õè ä»à»ç¹á¡¹¡ÒÃ¤Ó¹Ç³
(computational) ·ÕèÁÕ¡ÃÔ´¤§·Õè ¨Ò¡¹Ñé¹ËÒ¤ÓµÍºâ´ÂÇÔ¸Õä¿ä¹µì´Õ¿à¿ÍÃìàÃ¹µì

Dang [5]  ãªéÇÔ¸Õ·Õè¤ÅéÒÂ¤ÅÖ§¡ÑºÇÔ¸Õ´Ñ§¡ÅèÒÇ¢éÒ§µé¹ â´Â¡ÒÃãªéÇÔ¸Õä¿ä¹µìÇÍÅØÁ (finite-volume)
ªèÇÂã¹¡ÒÃËÒ¤ÓµÍº¢Í§ÊÁ¡ÒÃ à·¤¹Ô¤¡ÒÃÍÍ¡áºº´Ñ§¡ÅèÒÇµèÍÁÒä´éÁÕ¡ÒÃ¹Ó¼Å¡ÃÐ·º¨Ò¡
¤ÇÒÁË¹Ò¢Í§ãº¾Ñ´à¢éÒÁÒãªéã¹¡ÒÃ¤Ó¹Ç³ â´Â Dang [6] ¡ÒÃäËÅ¢Í§¢Í§äËÅÃÐËÇèÒ§ãº¾Ñ´ËÒä´é
â´Â¡ÒÃá¡éÊÁ¡ÒÃÍÍÂàÅÍÂì (Euler) ´éÇÂÇÔ¸Õ¡éÒÇµÒÁàÇÅÒ áººÃØ§¤ÙµµÒ ä¿ä¹µìÇÍÅØÁ (finite-volume
Runge-Kutta time-stepping scheme) ¤ÓµÍº·Õèä´é¨Ð¹Óä»ãªéã¹¡ÒÃËÒÃÙ»ÃèÒ§¢Í§ãº¾Ñ´à¤Ã×èÍ§¨Ñ¡Ã
à·ÍÃìâºáºº¼¡¼Ñ¹ ¨Ò¡¹Ñé¹¨Ð·Ó¡ÒÃÇ¹ËÒ¤ÓµÍºÃÐËÇèÒ§ÃÐºº·Ñé§ÊÍ§¨¹ä´éÃÙ»ÃèÒ§¢Í§ãº¾Ñ´ áÅÐ
ÊÀÒÇÐ¡ÒÃäËÅ·Õè steady

º·¤ÇÒÁ¹Õé¨Ð¡ÅèÒÇ¶Ö§¢Ñé¹µÍ¹¡ÒÃÍÍ¡áººãº¾Ñ´à¤Ã×èÍ§¨Ñ¡Ãà·ÍÃìâºáººÊÒÁÁÔµÔ â´Âãªé
·ÄÉ®Õ¢Í§ Howthorne à»ç¹ËÅÑ¡ â´ÂÊÁÁØµÔãËé¢Í§äËÅäÁèÁÕ¤ÇÒÁË¹×´ áÅÐäÁè¤Ô´¤ÇÒÁË¹Ò¢Í§ãº¾Ñ´
ã¹¢Ñé¹¹Õé¨Ðà»ç¹¡ÒÃ¾Ñ²¹Ò¢Ñé¹µÍ¹ã¹¡ÒÃÍÍ¡áººÀÒ¤¡ÒÃ¤Ó¹Ç³ â´ÂàÃÔèÁ¨Ò¡¡ÒÃãªéÃÙ»ÃèÒ§¢Í§
ãº¾Ñ´·Õè§èÒÂáÅÐäÁè«Ñº«éÍ¹ àªè¹ã¹ãº¾Ñ´áººäËÅµÒÁá¡¹ ¨Ò¡¹Ñé¹¨Ö§ãªé¡Ñºãº¾Ñ´·ÕèÁÕ¤ÇÒÁ«Ñº«éÍ¹
ÁÒ¡¢Öé¹ â¤Ã§¡ÒÃ¹Õéà»ç¹¢Ñé¹µÍ¹áÃ¡ã¹¡ÒÃ·Õè̈ Ðà¾ÔèÁÈÑ¡ÂÀÒ¾¢Í§¡ÒÃÍÍ¡áººãº¾Ñ́ à¤Ã×èÍ§ Ñ̈¡Ãà·ÍÃìâº
áºº¼¡¼Ñ¹ â´ÂÊÓÃÇ¨¤ÇÒÁà»ç¹ä»ä é́·Õè̈ Ð¾Ñ²¹Òà·¤¹Ô¤¡ÒÃËÒ¤ÓµÍº ·Õè§èÒÂáÅÐàËÁÒÐÊÁ¡Ñº¡ÒÃ¹Ó
¼Å¡ÃÐ·º¨Ò¡¡ÒÃäËÅ¢Í§¢Í§äËÅ·ÕèÁÕ¤ÇÒÁË¹×´à¢éÒÁÒãªéã¹¡ÒÃ¤Ó¹Ç³
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·ÄÉ®Õ¡ÒÃÍÍ¡áººáºº¼¡¼Ñ¹
·ÄÉ®Õ·Õèãªéã¹¡ÒÃÍÍ¡áººáº¼¡¼Ñ¹ 3 ÁÔµÔ ÁÕÅÑ¡É³Ðàªè¹à´ÕÂÇ¡Ñºáºº 2 ÁÔµÔ [1] à¾ÕÂ§áµè

ã¹¡ÒÃ¹ÓàÊ¹Í ¤ÃÑé§¹Õé̈ ÐãªéÃÐººá¡¹áºº  Cylindrical coordinates (r,q,z)  à¹×èÍ§¨Ò¡ÁÕ¤ÇÒÁàËÁÒÐÊÁ
ã¹¡ÒÃ¤Ó¹Ç³ â´ÂãËéá¡¹ z ÍÂÙèã¹á¹Çá¡¹à¾ÅÒ¢Í§ãº¾Ñ´ áÅÐËÁØ¹´éÇÂ¤ÇÒÁàÃçÇàªÔ§ÁØÁ¤§·Õè w

ÃÙ»ÃèÒ§¢Í§ãº¾Ñ´ã¹ÃÐººá¡¹ cylindrical àÁ×èÍãËé a ¤×Í¾×é¹¼ÔÇ¢Í§ãº¾Ñ´¨Ðä´éÇèÒ

a = q - f(r,z) = ± n
B

2π (1)

â´Â n ÁÕ¤èÒà·èÒ¡ÑºÈÙ¹Âì ËÃ×Íà»ç¹àÅ¢¨Ó¹Ç¹àµçÁ
f ¤×ÍÁØÁâ¤é§¢Í§ãº¾Ñ´ (blade wrap angle)

ã¹¡ÒÃÍÍ¡áººä´é¡ÓË¹´¤èÒà©ÅÕèÂã¹á¹ÇàÊé¹ÃÍºÇ§ ´Ñ§¹ÔÂÒÁµèÍä»¹Õé

A r z
B

A r z d
B

( , ) ( , , )= ∫2 0

2

π
θ θ

π

(2)

â´Â A ¤×ÍµÑÇá»Ãã´æ

ÃÙ»·Õè 1 ÃÐººá¡¹·Õèãªéã¹¡ÒÃ¤Ó¹Ç³ [5]

¨Ò¡ÊÀÒÇÐ·Õè¡ÓË¹´ÇèÒäÁèÁÕ¤ÇÒÁàÃçÇã¹á¹ÇµÑé§©Ò¡¡Ñº¾×é¹¼ÔÇ¢Í§ãº¾Ñ́   àÃÒÊÒÁÒÃ¶à¢ÕÂ¹ä é́ÇèÒ
Wbl⋅∇∇α = 0 (3)

â´Â·Õè Ña ¤×ÍàÇ¤àµÍÃì·ÕèµÑé§©Ò¡¡Ñº¾×é¹¼ÔÇ¢Í§ãº¾Ñ´ áÅÐ

Wbl = 1
2  (W+ + W-) (4)

upstream

region
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ζ
ξ
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â´Â Wbl ¤×Í¤ÇÒÁàÃçÇÊÑÁ¾Ñ·¸ì·Õè¾×é¹¼ÔÇ¢Í§ãº¾Ñ´ ÁÕ¤èÒà·èÒ¡Ñº¤èÒà©ÅÕèÂ¢Í§¤ÇÒÁàÃçÇ·Õè¾×é¹¼ÔÇ
´éÒ¹º¹ W+  áÅÐ´éÒ¹ÅèÒ§ W-

ã¹¡ÒÃÍÍ¡áººãº¾Ñ´à¤Ã×èÍ§¨Ñ¡Ãà·ÍÃìâºáºº¼¡¼Ñ¹ àÃÒ¨Ðãªé¤èÒà©ÅÕèÂ¹Õéä»ãªéã¹¡ÃÐºÇ¹¡ÒÃ
ÊÃéÒ§ÃÙ»ÃèÒ§¢Í§ãº¾Ñ´ â´Â¡ÓË¹´ÇèÒ ¤ÇÒÁàÃçÇ¹Õé¨ÐÊÑÁ¼ÑÊ·Õè¨Ø´ã´æ º¹¾×é¹¼ÔÇ¢Í§ãº¾Ñ´

ÊÁ¡ÒÃ¡ÒÃäËÅ
ã¹¡ÒÃÇÔà¤ÃÒÐËì¹Õé àÃÒ¨Ðáºè§¤ÇÒÁàÃçÇÍÍ¡à»ç¹ÊÍ§ÊèÇ¹¤×Í ¤ÇÒÁàÃçÇà©ÅÕèÂã¹á¹ÇàÊé¹ÃÍºÇ§

áÅÐ¤ÇÒÁàÃçÇã¹à·ÍÁ¢Í§¤èÒ¾ÔÃÔÍÍ Ố¤ ã¹¡ÒÃËÒ¤ÓµÍº¢Í§ÊÁ¡ÒÃ¡ÒÃäËÅ¨ÐáÂ¡ËÒã¹áµèÅÐÊèÇ¹ ́ Ñ§¹Õé

V V Vbl bl bl= + $ (5)

¨Ò¡ Clebsch formulation [2]-[4] ÊÓËÃÑº¡ÒÃäËÅáºº steady rotational flow àÇ¤àµÍÃì
¤ÇÒÁàÃçÇ ¨Ð»ÃÐ¡Íº´éÇÂÊèÇ¹¢Í§ potential áÅÐ rotational ´Ñ§¹Ñé¹¨Ö§ÍÒ¨à¢ÕÂ¹ÍÂÙèã¹ÃÙ» ´Ñ§¹Õé

V = ∇φ + rvθ ∇α - S(α) ∇ rvθ (6)

â´Â ¿Ñ§¡ìªÑ¹ f = f (r, q, z) ¤×ÍÊèÇ¹¢Í§ potential ¢Í§àÇ¤àµÍÃì¤ÇÒÁàÃçÇ áÅÐà·ÍÁ
·ÕèàËÅ×Í¤×ÍÊèÇ¹¢Í§ rotational ¢Í§àÇ¤àµÍÃì¤ÇÒÁàÃçÇ ÊèÇ¹ S (a) ¤×Í ¾ÔÃÔÍÍ´Ô¤ ¢Í§¿Ñ§¡ìªÑ¹¿Ñ¹àÅ×èÍÂ
(sawtooth)

S
e

inB

inB

n

( ) Reα
α

=
=−∞

∞

∑ (7)

àÁ×èÍ curl ÊÁ¡ÒÃ (9) ¨Ðä´é bound vorticity ·Õèà¡Ô´¢Öé¹·Õè¼ÔÇ¢Í§ãº¾Ñ´ÊÒÁÒÃ¶à¢ÕÂ¹ÍÂÙèã¹
à·ÍÁ¢Í§ periodic delta function

Ω  = ∇×V =(∇ r vθ ×∇α)δp(α) (8)

â´Â·Õè

δp(α) = Re einB

n

α

=−∞

∞

∑ (9)

´Ñ§¹Ñé¹¤èÒà©ÅÕèÂ¢Í§ bound vorticity ÊÒÁÒÃ¶à¢ÕÂ¹ä´é´Ñ§¹Õé
Ω = ∇ × = ∇ × ∇V rv θ α (10)

ÊÓËÃÑº¡ÒÃäËÅÀÒÂã¹ãº¾Ñ´ ÊÁ¡ÒÃ¤ÇÒÁàÃçÇà©ÅÕèÂ·ÕèÊÍ´¤ÅéÍ§¡ÑºÊÁ¡ÒÃ (10) ¤×Í
V r z rv e v e v e vr r z z= ∇ + ∇ = + +φ αθ θ θ0( , ) (11)

â´Â f
0 
(r, z) ¤×Í¤èÒ¿Ñ§¡ìªÑ¹â¾à·¹àªÕÂÅ¢Í§¤ÇÒÁàÃçÇà©ÅÕèÂ áÅÐÊÓËÃÑº¤ÇÒÁàÃçÇã¹à·ÍÁ

¢Í§¤èÒ¾ÔÃÔÍÍ´Ô¤
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$ ( , , ) ( )V r z S rv= ∇ − ∇φ θ α θ (12)

â´Â f
 
(r, q, z) ¤×Í¤èÒ¿Ñ§¡ìªÑ¹â¾à·¹àªÕÂÅ ¢Í§¤ÇÒÁàÃçÇ¾ÔÃÔÍÍ´Ô¤

ÊÁ¡ÒÃ¡ÒÃäËÅµèÍà¹×èÍ§¢Í§¡ÒÃäËÅã¹áµèÅÐÊèÇ¹ÊÒÁÒÃ¶à¢ÕÂ¹ä´é´Ñ§¹Õé
¤ÇÒÁàÃçÇà©ÅÕèÂ : ∇⋅ =W 0 (13)
¤ÇÒÁàÃçÇ¾ÔÃÔÍÍ´Ô¤ : ∇⋅ =$V 0 (14)

¨Ò¡ÊÁ¡ÒÃ¢éÒ§µé¹ ÊÒÁÒÃ¶ÇÔà¤ÃÒÐËì¤ÇÒÁàÃçÇã¹áµèÅÐÊèÇ¹ä´é´Ñ§µèÍä»¹Õé

ÊÁ¡ÒÃ¡ÒÃäËÅà©ÅÕèÂ
¡ÒÃËÒ¤ÇÒÁàÃçÇà©ÅÕèÂÊÒÁÒÃ¶ËÒä´é¨Ò¡¿Ñ§¡ìªÑ¹¡ÃÐáÊáººÊâµ¡Êì ¤èÒ¿Ñ§¡ìªÑ¹¡ÃÐáÊáºº

Êâµ¡Êì y ·ÕèÊÍ´¤ÅéÍ§¡ÑºÊÁ¡ÒÃäËÅµèÍà¹×èÍ§ ÊÒÁÒÃ¶¡ÓË¹´ä´é´Ñ§¹Õé

zr

1
vr

∂
∂ψ−= , 

rr

1
vz

∂
∂ψ= (15)

â´Â y = y  (r, z) ã¹¡ÒÃËÒ¤èÒ¿Ñ§¡ìªÑ¹¡ÃÐáÊ¹Ñé¹ÊÒÁÒÃ¶¾Ô¨ÒÃ³Ò vorticity ã¹á¹ÇÊÑÁ¼ÑÊ
¨Ò¡ÊÁ¡ÒÃ (10) ´Ñ§¹Õé

Ωθ
∂
∂

∂
∂

= −v

z

v

r
r z (16)

¨Ò¡ÊÁ¡ÒÃ (10) ¨Ðä´éÇèÒ
Ωθ θ θ α= ⋅ ∇ × ∇e rv( ) (17)

ãªéÊÁ¡ÒÃ (15) ã¹ÊÁ¡ÒÃ (16) áÅÐ¨Ò¡ÊÁ¡ÒÃ (17) áÅÐàÁ×èÍ¨Ñ´ÃÙ»ÊÁ¡ÒÃáÅéÇ¨Ðä´é´Ñ§¹Õé









∂
∂

∂
∂−

∂
∂

∂
∂−=

∂
ψ∂+

∂
∂ψ−

∂
ψ∂ θθ

r

f

z

vr

z

f

r

vr
r

zrr

1

r 2

2

2

2

(18)

ÊÁ¡ÒÃ (18) ¹ÕéàËÁÒÐÊÓËÃÑºÀÒÂã¹ºÃÔàÇ³¢Í§ãº¾Ñ́  áÅÐÊèÇ¹ºÃÔàÇ³·Õè¹Í¡àË¹×Í¨Ò¡ºÃÔàÇ³
´Ñ§¡ÅèÒÇà·ÍÁ·Ò§¢ÇÒÁ×ÍÁÕ¤èÒà·èÒ¡ÑºÈÙ¹Âì

ÊÀÒÇÐ¢Íºà¢µ¡ÓË¹´ä´é´Ñ§¹Õé·Õè¼¹Ñ§µéÍ§äÁèÁÕ¡ÒÃäËÅ¼èÒ¹ËÃ×Í
V n⋅ = 0 (19)

àÁ×èÍ n ¤×Í unit vector ·ÕèµÑé§©Ò¡¡Ñº¼¹Ñ§
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ºÃÔàÇ³·Õèä¡Å¨Ò¡·Ò§à¢éÒ´éÒ¹Ë¹éÒÁÒ¡æ (far upstream) ·ÕèºÃÔàÇ³´Ñ§¡ÅèÒÇ¤èÒ¤ÇÒÁàÃçÇà©ÅÕèÂ
ËÒä´é¨Ò¡¢éÍ¡ÓË¹´ã¹¡ÒÃÍÍ¡áºº ¨Ðà¢ÕÂ¹ä´é´Ñ§¹Õé

nV
Lr

1 ⋅=
∂
∂ψ− ∞− (20)

â´Â L ¤×ÍÃÐÂÐµÅÍ´ªèÇ§ºÃÔàÇ³·Õèä¡Å¨Ò¡·Ò§à¢éÒ´éÒ¹Ë¹éÒÁÒ¡æ (´ÙÃÙ»·Õè 1)  áÅÐ n ¤×Í unit
vector ·ÕèµÑé§©Ò¡¡ÑºÃÐÂÐ¹Õé áÅÐ·ÕèºÃÔàÇ³·Õèä¡Å¨Ò¡·Ò§ÍÍ¡´éÒ¹·éÒÂÁÒ¡æ ·ÕèºÃÔàÇ³´Ñ§¡ÅèÒÇ¡ÒÃäËÅ
à»ç¹áººÊÁèÓàÊÁÍ´Ñ§¹Ñé¹¨Ðà¢ÕÂ¹ä´éÇèÒ

nV
Lr

1 ⋅=
∂
∂ψ− ∞ (21)

ÊÁ¡ÒÃ¡ÒÃäËÅ¾ÔÃÔÍÍ´Ô¤
¨Ò¡ÊÁ¡ÒÃ (12) áÅÐÊÁ¡ÒÃ (14) ¨Ðä´é

∇ = ∇ + ∇α ⋅ ∇2 2φ θ α αθ θ( , , ) ( ) ( )( )'r z S rv S rv (22)

ËÃ×Í 2

2

22

2

2

2

r

1

zrr

1

r ∂θ
φ∂+

∂
φ∂+

∂
∂φ+

∂
φ∂  = S rv S

f

r

rv

r

f

z

rv

z
( )[ ] ( )[ ]'α α ∂

∂
∂

∂
∂
∂

∂
∂

θ
θ θ∇ − +2 (23)

¿Ñ§¡ìªÑ¹â¾à·¹àªÕÂ¹ f  ÊÒÁÒÃ¶¾Ô¨ÒÃ³Òã¹ÃÙ»Í¹Ø¡ÃÁ¿ÙàÃÕÂÃìä´é´Ñ§¹Õé

φ θ φ θ( , , ) ( , )r z r z en
inB

n

=
=

∞

∑
1

(24)

á·¹ÊÁ¡ÒÃ (24) Å§ã¹ÊÁ¡ÒÃ (23) áÅÐÊÁ¡ÒÃ¿Ñ§¡ìªÑ¹¿Ñ¹àÅ×èÍÂ (7) ¨Ðä´éÊÁ¡ÒÃ´Ñ§¹Õé

n2

22

2
n

2
n

2
n

2

r

Bn

zrr

1

r
φ−

∂
φ∂

+
∂

∂φ
+

∂
φ∂  = 2

22e

inB
rv e

f

r

rv

r

f

z

rv

z

inBf
inBf

−
−∇ − +[ ] [ ]θ

θ θ∂
∂

∂
∂

∂
∂

∂
∂

 (25)

ÊÁ¡ÒÃ·Õèä´é¤×ÍÊÁ¡ÒÃÊÍ§ÁÔµÔº¹¾×é¹¼ÔÇ¢Í§ãº¾Ñ´  «Öè§Å´ÃÙ»¨Ò¡ÊÁ¡ÒÃà´ÔÁ·Õèà»ç¹áººÊÒÁÁÔµÔ

ÊÀÒÇÐ¢Íºà¢µÊÒÁÒÃ¶¡ÓË¹´ä´é´Ñ§¹Õé ·Õ è¼¹Ñ§¤ÇÒÁàÃçÇ¾ÔÃÔÍÍ´Ô¤·ÕèµÑ é§©Ò¡¡Ñº¼¹Ñ§ÁÕ¤èÒ
à·èÒ¡ÑºÈÙ¹Âì

$V n⋅ = 0 (26)

á·¹¤èÒ (12) Å§ã¹ÊÁ¡ÒÃ (26) ¨Ðä´é¤èÒ¢Í§ÊÀÒÇÐ·Õè¼¹Ñ§¤×Í
∂φ
∂

∂
∂

θn
inBf r z

n

rv

n

e

inB
=

− ( , )

(27)
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·ÕèºÃÔàÇ³·Õèä¡Å¨Ò¡·Ò§à¢éÒ´éÒ¹Ë¹éÒáÅÐ·Ò§ÍÍ¡´éÒ¹·éÒÂÁÒ¡æ äËÅ¨Ðà»ç¹áººÊÁèÓàÊÁÍ
¤èÒ¤ÇÒÁàÃçÇ¾ÔÃÔÍÍ´Ô¤¨ÐËÁ´ä»ã¹ºÃÔàÇ³´Ñ§¡ÅèÒÇ ¹Ñè¹¤×Í

f n = 0 (28)

¡ÒÃÊÃéÒ§àÊé¹á¤ÁàºÍÃì
ã¹¡ÒÃÍÍ¡áººãº¾Ñ́ áºº¼¡¼Ñ¹ ÃÙ»ÃèÒ§¢Í§ãº¾Ñ́ ¨ÐµéÍ§ÊÑÁ¼ÑÊ¡Ñº¤ÇÒÁàÃçÇ ́ Ñ§¹Ñé¹¡ÒÃà»ÅÕèÂ¹á»Å§

¤ÇÒÁàÃçÇ¨Ö§ÁÕ¼ÅµèÍÃÙ»ÃèÒ§¢Í§ãº¾Ñ´ ÊÒÁÒÃ¶ÊÃéÒ§àÊé¹á¤ÁàºÍÃì¢Í§ãº¾Ñ´·ÕèËÁØ¹´éÇÂ¤ÇÒÁàÃçÇ
àªÔ§ÁØÁ¤§·Õè w â´Â¡ÒÃ¡ÃÐ¨ÒÂà·ÍÁã¹ÊÁ¡ÒÃ (3) ¨Ðä´éÊÁ¡ÒÃ´Ñ§¹Õé

( $ ) ( $ )
$

v v
f

z
v v

f

r

rv

r

v

r
z z r r+ + + = + −∂

∂
∂
∂

ωθ θ
2 (29)

¡ÒÃËÒ¤ÓµÍº¢Í§ÊÁ¡ÒÃ (29) ¨ÐµéÍ§·ÃÒºÊÀÒÇÐàÃÔèÁµé¹¢Í§ f «Öè§àÃÕÂ¡ÇèÒ �stacking
condition� ¡ÒÃ¡ÓË¹´µÓáË¹è§¢Í§ stacking äÁè¨Óà»ç¹µéÍ§ÍÂÙèã¹á¹ÇÃÑÈÁÕ ÍÒ¨ÁÕÃÙ»ÃèÒ§ã´æ ¡çä´é
áµèã¹¡Ã³Õ·ÕèµÓáË¹è§¢Í§ stacking ÍÂÙèã¹á¹ÇÃÑÈÁÕ ¨Ðä´éÇèÒ ·Õè z = zst, f (r, zst) = 0

¢Ñé¹µÍ¹¡ÒÃËÒ¤ÓµÍº
¨Ò¡¡ÒÃÇÔà¤ÃÒÐËì¢éÒ§µé¹ àÃÒÊÒÁÒÃ¶¤Ó¹Ç³ËÒÃÙ»ÃèÒ§¢Í§ãº¾Ñ´à¤Ã×èÍ§¨Ñ¡Ãà·ÍÃìâºä´é¨Ò¡

ÊÁ¡ÒÃ (29) àÁ×èÍ¡ÓË¹´¡ÒÃ¡ÃÐ¨ÒÂ rvθ áÅÐ meridional geometry â´Â¤ÇÒÁàÃçÇËÒä´é¨Ò¡¡ÒÃá¡é
ÊÁ¡ÒÃ·Õè (18) áÅÐ (25) ÊÁ¡ÒÃ·Õè (18) à»ç¹ÊÁ¡ÒÃ Poisson à·¤¹Ô¤¡ÒÃá¡éÊÁ¡ÒÃâ´ÂÇÔ¸Õ ä¿ä¹µì-
´Õ¿à¿ÍÃìàÃ¹µì ´Ùä´é¨Ò¡ Anderson áÅÐ¤³Ð [7]  ÊÓËÃÑº¡ÒÃá¡éÊÁ¡ÒÃ (25) ÍÒ¨ãªéà·¤¹Ô¤ã¹·Ó¹Í§
à´ÕÂÇ¡Ñ¹ áµèà¹×èÍ§¨Ò¡ÊÁ¡ÒÃ»ÃÐ¡Íº´éÇÂÊèÇ¹¢Í§¤èÒ¨ÃÔ§ áÅÐã¹ÊèÇ¹¢Í§¤èÒ¨Ô¹µ¹Ò¡ÒÃ ´Ñ§¹Ñé¹¨Ö§ÁÕ
¤ÇÒÁàËÁÒÐÊÁ¡ÇèÒ·Õè¨ÐáÂ¡µÑÇá»ÃÍÍ¡à»ç¹ÊÍ§ÊèÇ¹´Ñ§¡ÅèÒÇ ¡èÍ¹·Õè¨Ðá¡éÊÁ¡ÒÃËÒ¤ÓµÍº·Õè
ÎÒÃìâÁ¹Ô¤µèÒ§æ ÃÙ»áººÊÁ¡ÒÃ·Õèä´éÊÒÁÒÃ¶¨Ñ´ãËéà»ç¹ÊÁ¡ÒÃ àÁ··ÃÔ¡«ìáºº tridiagonal à·¤¹Ô¤
¡ÒÃá¡éÊÁ¡ÒÃ·ÕèÃÇ´àÃçÇ áÅÐÁÕ»ÃÐÊÔ·¸ÔÀÒ¾¤×Í Thomas algorithm [7]

àÁ×èÍä´é¤ÓµÍº¢Í§¡ÒÃäËÅ¡çÊÒÁÒÃ¶ËÒÃÙ»ÃèÒ§¢Í§ãº¾Ñ´ä´é â´Â¤èÒ»ÃÐÁÒ³¢Í§ÊÁ¡ÒÃ (29)
·ÕèàËÁÒÐÊÁáÊ´§ã¹ÊÁ¡ÒÃ·Õè (30) «Öè§ÁÕ¤èÒ truncation error à·èÒ¡Ñº (Dr2, Dz)

( )( $ ) ( $ ) ( $ ) $v v

z
f

v v

r
f f

v v

z
f

rv

r

v

r
z z

i

r r
j j

z z+
=

+
− +

+
+ + −+ − +∆ ∆ ∆1 1 1 22

θ θ ω (30)

à¹×èÍ§¨Ò¡¡ÒÃá¡éÊÁ¡ÒÃ¹ÕéãªéÇÕ¸Õä¿ä¹µì´Õ¿à¿ÍÃìàÃ¹µì »ÑËÒË¹Öè§·ÕèÍÒ¨à¡Ô´¢Öé¹¤×Í¡ÃÔ´·Õèáºè§
ÁÕ¤èÒäÁèà·èÒ¡Ñ¹ à¹×èÍ§¨Ò¡¤ÇÒÁ«Ñº«éÍ¹·Ò§ÃÙ»ÃèÒ§¢Í§ãº¾Ñ´ ´Ñ§¹Ñé¹¡ÒÃá¡éÊÁ¡ÒÃ´éÇÂÇÔ¸Õ´Ñ§¡ÅèÒÇ¨Ö§ÁÕ
¤ÇÒÁÂØè§ÂÒ¡ áÅÐÁÕ¼Åâ´ÂµÃ§¡Ñº¤ÇÒÁ¶Ù¡µéÍ§áÁè¹ÂÓ¢Í§¤ÓµÍº·Õèä´é ÇÔ¸ÕË¹Öè§·ÕèÊÒÁÒÃ¶á¡é»ÑËÒ
àËÅèÒ¹Õé¤×Í¡ÒÃà»ÅÕèÂ¹ÃÙ»á¡¹ (transform) ̈ Ò¡á¡¹·Ò§¡ÒÂÀÒ¾ (physical) ·ÕèÁÕ¡ÃỐ äÁè¤§·Õè ä»à»ç¹á¡¹
¡ÒÃ¤Ó¹Ç³ (computational) ·ÕèÁÕ¡ÃÔ´¤§·Õè (¡ÒÃà»ÅÕèÂ¹ÃÙ»á¡¹´Ùä´é¨Ò¡ [7]) ¨Ò¡¹Ñé¹ËÒ¤ÓµÍºâ´ÂÇÔ¸Õ
ä¿ä¹µì´Õ¿à¿ÍÃìàÃ¹µì ´Ñ§ä´é¡ÅèÒÇÁÒáÅéÇ «Öè§ÊÒÁÒÃ¶ÊÃØ»¢Ñé¹µÍ¹¡ÒÃËÒ¤ÓµÍºä´é´Ñ§¹Õé
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1. ¡ÓË¹´ÃÒÂ¡ÒÃÃÐºØã¹¡ÒÃÍÍ¡áºº àªè¹ meridional geometry ¤ÇÒÁàÃçÇÃÍº ¤ÇÒÁàÃçÇ
·Õè·Ò§à¢éÒ ÊÀÒÇÐ stacking  áÅÐ¡ÒÃ¡ÃÐ¨ÒÂ¢Í§ rvθ (¤ÇÃ¡ÓË¹´ã¹ÃÙ»¢Í§µÑÇá»ÃäÃéÁÔµÔ)

2. ¡ÒÃà»ÅÕèÂ¹ÃÙ»á¡¹ â´Â meridional geometry ·Õè¡ÓË¹´¨ÐµéÍ§áºè§¡ÃỐ ·Ñº¡Ñº¢Íº·Õè hub,
shroud, leading edge áÅÐ trailing edge ¤èÒ¡ÃÔ´àËÅèÒ¹Õé¨Ð¹Óä»¤Ó¹Ç³ËÒ¤èÒµÑÇá»Ã·Õèãªéã¹¡ÒÃ
à»ÅÕèÂ¹ÃÙ»á¡¹

3. ¡ÒÃ¡ÓË¹´ÃÙ»ÃèÒ§ãº¾Ñ´àº×éÍ§µé¹ ã¹¢Ñé¹áÃ¡ÊÁÁØµÔãËé¤ÇÒÁàÃçÇ¾ÔÃÔÍÍ´Ô¤ÁÕ¤èÒà·èÒ¡ÑºÈÙ¹Âì
áÅÐ¤ÇÒÁàÃçÇà©ÅÕèÂà»ç¹áºº uniform

4. á¡éÊÁ¡ÒÃËÒ¤ÇÒÁàÃçÇà©ÅÕèÂ

5. á¡éÊÁ¡ÒÃËÒ¤ÇÒÁàÃçÇ¾ÔÃÔÍÍ´Ô¤

6. ËÒÃÙ»ÃèÒ§ãº¾Ñ´¨Ò¡¤ÇÒÁàÃçÇ·Õèä´éã¹¢éÍ 4 áÅÐ 5

7. à»ÃÕÂºà·ÕÂº¼Å·Õèä´éã¹¢éÍ 6 áÅÐ 3 (ËÃ×Í¤èÒ·Õèà´Òã¹àº×éÍ§µé¹) ¶éÒ¼ÅµèÒ§ÁÒ¡·ÕèÊØ´ÁÕ¤èÒ
ÁÒ¡¡ÇèÒ¤èÒ¤ÇÒÁáÁè¹ÂÓ·Õè¡ÓË¹´ ãËé·Ó¡ÒÃ»ÃÑº¤èÒÃÙ»ÃèÒ§ãº¾Ñ́ ãËÁèáÅéÇ´Óà¹Ô¹¢Ñé¹µÍ¹ 4-7 ä»¨¹¡ÇèÒ
¨Ðä´é¼ÅµèÒ§¢Í§ÃÙ»ÃèÒ§ãº¾Ñ´·Õè¡ÓË¹´äÇé¡Ñº¤èÒ·Õèä´é¨Ò¡¡ÒÃ¤Ó¹Ç³µèÓ¡ÇèÒ¤èÒ¤ÇÒÁáÁè¹ÂÓ·Õè¡ÓË¹´

¼Å¡ÒÃ·´ÊÍº
à¾×èÍà»ç¹¡ÒÃáÊ´§»ÃÐÊÔ· Ô̧ÀÒ¾¢Í§à·¤¹Ô¤·Õè¹ÓàÊ¹Í  ̈ Ö§ä é́ÁÕ¡ÒÃ¾Ñ²¹Òâ»Ãá¡ÃÁ¤ÍÁ¾ÔÇàµÍÃì

â´Âãªé¤ÍÁ¾ÔÇàµÍÃìÊèÇ¹ºØ¤¤Å áÅÐ·´ÊÍº¡ÒÃ¤Ó¹Ç³ËÒÃÙ»ÃèÒ§¢Í§ãº¾Ñ´¢Í§ªØ´ãº¾Ñ´ÃÍºÇ§áËÇ¹
·ÕèÁÕàÊé¹¼èÒÈÙ¹Âì¡ÅÒ§¢Í§ hub áÅÐ tip ¤§·Õè ã¹¡ÒÃ·´ÊÍº¹Õé¡ÓË¹´ÀÒÃÐ·Õè¡ÃÐ·Ó¡Ñºãº¾Ñ´ÊÍ´¤ÅéÍ§
¡ÑºÊÀÒÇÐ¤ÙµµÒ (Kutta) ´Ñ§¹Õé

d rv

dz

( )θ = c0 z(c - z)

â»Ãá¡ÃÁ¤ÍÁ¾ÔÇàµÍÃì¹Õé ãªé¡ÃỐ ¢¹Ò´ 81x11ã¹á¹Çá¡¹ z áÅÐ q µÒÁÅÓ Ñ́º  â´Â¤ÇÒÁ¶Ù¡µéÍ§
¢Í§¤ÓµÍº (convergence criterion) µéÍ§µèÓ¡ÇèÒ 1x10-4  ¼Å¡ÒÃ¤Ó¹Ç³à»ç¹´Ñ§µèÍä»¹Õé

¡ÒÃÍÍ¡áººãº¾Ñ´¢Í§ inlet guide vane â´Â¡ÓË¹´ãËé ÍÑµÃÒÊèÇ¹ hub-tip à·èÒ¡Ñº 0.5,
c = 0.20, c0 = 562.5, ÊÀÒÇÐ stacking ÍÂÙèã¹á¹ÇÃÑÈÁÕ áÅÐ zst = 0, ãËé¤ÇÒÁàÃçÇ·ÕèäËÅà¢éÒãº¾Ñ´
ÍÂÙèã¹á¹Çá¡¹à¾ÅÒ (¹Ñè¹¤×Í rv

q1 = 0) áÅÐ¨Ó¹Ç¹ãº¾Ñ́ ·Ñé§ËÁ´à·èÒ¡Ñº 30 ãº ¼Å¡ÒÃ¤Ó¹Ç³ÃÙ»ÃèÒ§¢Í§
ãº¾Ñ´·ÕèÃÐÂÐÃÑÈÁÕµèÒ§æáÊ´§ã¹ÃÙ»·Õè 2 â´Â¨ÐàËç¹ä´éÇèÒÁØÁ¢Í§ãº¾Ñ´ÁÕ¤èÒà»ç¹ÅºÁÒ¡¢Öé¹àÁ×èÍËèÒ§¨Ò¡
hub ÁÒ¡¢Öé¹ ·Ñé§¹Õéà¾×èÍãËéä é́ zero incidence ·Õè·Ò§à¢éÒ¢Í§ãº¾Ñ́  ¡ÒÃà»ÃÕÂºà·ÕÂº¼Å¡ÒÃ¤Ó¹Ç³ÃÐËÇèÒ§
¡ÒÃ¤Ó¹Ç³áººÊÍ§ÁÔµÔáÅÐÊÒÁÁÔµÔ áÊ´§ã¹ÃÙ»·Õè 3 áÅÐ 4 ·ÕèÃÐÂÐ¡Öè§¡ÅÒ§ÃÑÈÁÕ (mean radius) â´Â
¨ÐàËç¹ä´éÇèÒ¤ÇÒÁáµ¡µèÒ§¢Í§ÃÙ»ÃèÒ§ãº¾Ñ´·Õèä´é  ¨ÐÁÕ¤èÒ¹éÍÂÅ§  àÁ×èÍ¤èÒ hub-tip ÁÕ¤èÒÊÙ§¢Öé¹à¢éÒã¡Åé 1
ÍÂèÒ§äÃ¡çµÒÁ·Õè h = 0.99 (ÃÙ»·Õè 4) ¤èÒ¤ÇÒÁáµ¡µèÒ§ÃÐËÇèÒ§¼Å¡ÒÃ¤Ó¹Ç³áººÊÍ§ÁÔµÔáÅÐÊÒÁÁÔµÔ
µèÒ§¡Ñ¹ÁÒ¡¢Öé¹àÁ×èÍ z<0.12
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ÃÐËÇèÒ§¡ÒÃ¤Ó¹Ç³áººÊÒÁÁÔµÔ¡ÑºáººÊÍ§ÁÔµÔ ·Õè h = 0.99
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µÑÇÍÂèÒ§·ÕèÊÍ§ã¹¡ÒÃ¤Ó¹Ç³ à»ç¹¡ÒÃÍÍ¡áººãº¾Ñ́ ¾Ñ́ ÅÁ (fan) áººÊÒÁÁÔµÔ ·ÕèÁÕ¤èÒÍÑµÃÒÊèÇ¹
hub-tip = 0.3, c = 0.20, c0 = 120Ö3, zst = 0, rv

q1 = 0, ¡ÓË¹´ãËéãº¾Ñ´ËÁØ¹´éÇÂ¤èÒ w = Ö3  «Öè§¨Ð
ä´éÁØÁà¢éÒÊÑÁ¾Ñ·¸ì (relative angle) ·Õè»ÅÒÂÃÑÈÁÕãº¾Ñ´à·èÒ¡Ñº -60° áÅÐ¨Ó¹Ç¹ãº¾Ñ´·Ñé§ËÁ´ÁÕ 7 ãº
¼Å¡ÒÃ¤Ó¹Ç³ÃÙ»ÃèÒ§¢Í§ãº¾Ñ´·ÕèÃÐÂÐÃÑÈÁÕµèÒ§æ áÊ´§ã¹ÃÙ»·Õè 5

ÃÙ»·Õè 5 ÃÙ»ÃèÒ§¢Í§ãº¾Ñ´ ¾Ñ´ÅÁ ·ÕèÁÕ¨Ó¹Ç¹ãº¾Ñ´ 7 ãº

àÁ×èÍà¾ÔèÁ¨Ó¹Ç¹ãº¾Ñ´ãËéÁÒ¡¢Öé¹ àªè¹ 30 ãº ¾ºÇèÒ¡ÒÃÇ¹à¢éÒËÒ¤ÓµÍº (convergence) ¢Í§
¡ÒÃ¤Ó¹Ç³¨ÐàÃçÇÁÒ¡¢Öé¹ áÅÐ¤èÒ¤ÇÒÁàÃçÇã¹à·ÍÁ¢Í§¾ÔÃÔÍÍ Ố¤ ̈ ÐÁÕ¤èÒà¢éÒã¡ÅéÈÙ¹Âì ÊèÇ¹¤ÇÒÁáµ¡µèÒ§
¢Í§ÃÙ»ÃèÒ§¢Í§ãº¾Ñ´·Õèä´é·Õ èÃÐÂÐ¡Öè§¡ÅÒ§ÃÑÈÁÕ (mean radius) ÁÕ¤èÒ¤ÇÒÁáµ¡µèÒ§ÁÒ¡¢Öé¹àÁ×èÍ
¤ÇÒÁáµ¡µèÒ§ã¹¨Ó¹Ç¹ãº¾Ñ´·Õèãªéã¹¡ÒÃ¤Ó¹Ç³ÁÕ¤èÒÁÒ¡¢Öé¹ ÃÙ»·Õè 6 à»ÃÕÂºà·ÕÂºÃÙ»ÃèÒ§¢Í§ãº¾Ñ´
·Õèä´é¨Ò¡¡ÒÃ¤Ó¹Ç³¢Í§ãº¾Ñ´ 7 ãº áÅÐ 30 ãº ·ÕèÃÐÂÐ¡Öè§¡ÅÒ§ÃÑÈÁÕ
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µÑÇÍÂèÒ§ÊØ´·éÒÂ áÊ´§¡ÒÃ¤Ó¹Ç³ãº¾Ñ´ ¢Í§¡Ñ§ËÑ¹ (turbine) â´ÂãËéÁÕ¤ÇÒÁàÃçÇã¹á¹Çá¡¹
q ·Õè¢Íº·Ò§à¢éÒ¢Í§ãº¾Ñ´ áÅÐ¡ÓË¹´ãËé rv

q1 = 1.20 ÁØÁ·Õè·Ò§à¢éÒáÅÐ·Ò§ÍÍ¡à»ÅÕèÂ¹á»Å§ä» 90°

(·Õè·Ò§à¢éÒ  » 60°, áÅÐ·Õè·Ò§ÍÍ¡ » -60°) ¤èÒÍÑµÃÒÊèÇ¹ hub-tip = 0.60, ÃÐÂÐã¹á¹Çá¡¹à¾ÅÒ c
= 0.13, c0 = -3037.5, zst = 0 áÅÐãº¾Ñ́ ËÁØ¹ é́ÇÂ w = 5/3 ̈ Ò¡¡ÒÃ¤Ó¹Ç³¾ºÇèÒ¡ÒÃÇ¹à¢éÒËÒ¤ÓµÍº
¢Í§ãº¾Ñ´¹Õé¤èÍ¹¢éÒ§ªéÒ â´Âà©¾ÒÐÍÂèÒ§ÂÔè§àÁ×èÍ¨Ó¹Ç¹ãº¾Ñ´¹éÍÂ¡ÇèÒ 20 ãº ¢éÍÁÙÅã¹¡ÒÃ¤Ó¹Ç³¹Õé
Tan áÅÐ¤³Ð [3] ÃÒÂ§Ò¹ÇèÒ àÁ×èÍãªé¨Ó¹Ç¹ãº¾Ñ´ÃÐËÇèÒ§ 20 ¶Ö§ 30 ãº ¡ÒÃ¤Ó¹Ç³¨ÐäÁèÊÒÁÒÃ¶
Ç¹à¢éÒËÒ¤ÓµÍºä´é áµèàÁ×èÍà¾ÔèÁ¨Ó¹Ç¹ãº¾Ñ´à¢éÒã¡ÅéÍÔ¹¿Ô¹ÔµÕé (B® ¥) ¡ÒÃ¤Ó¹Ç³¨ÐÇ¹à¢éÒËÒ
¤ÓµÍºä´é ¼Å·Õèä´é¨Ò¡à·¤¹Ô¤¡ÒÃ¤Ó¹Ç³¹ÕéáÊ´§ã¹ÃÙ»·Õè 7 â´Â¡ÓË¹´ãËéãº¾Ñ´·Ñé§ËÁ´à·èÒ¡Ñº 30 ãº

ÃÙ»·Õè 7 ÃÙ»ÃèÒ§¢Í§ãº¾Ñ´¡Ñ§ËÑ¹·ÕèÁÕ¨Ó¹Ç¹ãº¾Ñ´ 30 ãº

¨Ò¡ÃÙ»ÃèÒ§¢Í§ãº¾Ñ´ (ÃÙ»·Õè 7) ¨ÐàËç¹ÇèÒ¡ÒÃà»ÅÕèÂ¹á»Å§ÁØÁ¢Í§ãº¾Ñ´·ÕèºÃÔàÇ³ã¡Åéæ ¡Ñº
â¤¹ãº¾Ñ´ (hub) ÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¤èÍ¹¢éÒ§ÊÙ§ «Öè§¡ÒÃà»ÅÕèÂ¹á»Å§¹ÕéÁÕ¼Å¡ÃÐ·ºâ´ÂµÃ§µèÍ
¤ÇÒÁàÃçÇ·Õèãªéã¹¡ÒÃ¤Ó¹Ç³ â´Âà©¾ÒÐÍÂèÒ§ÂÔè§ ¤ÇÒÁàÃçÇã¹á¹Çá¡¹à¾ÅÒ (vz) «Öè§ÍÒ¨à»ç¹ÊÒàËµØË¹Öè§
·Õè·ÓãËé¡ÒÃ¤Ó¹Ç³äÁèÊÒÁÒÃ¶Ç¹à¢éÒËÒ¤ÓµÍºä´é ËÃ×ÍÇ¹ËÒ¤ÓµÍºä´é¤èÍ¹¢éÒ§ªéÒ «Öè§àÁ×èÍãËé¨Ó¹Ç¹
ãº¾Ñ́ à¾ÔèÁ¢Öé¹ÁÒ¡æ àªè¹ 100 ãº ¡ÒÃà»ÅÕèÂ¹á»Å§ÃÙ»ÃèÒ§¢Í§ãº¾Ñ́ ¹Õé̈ Ð¹éÍÂÅ§ ́ Ñ§áÊ´§ã¹ÃÙ»·Õè 8  ÃÙ»ÃèÒ§
¢Í§ãº¾Ñ´¨Ò¡¡ÒÃ¤Ó¹Ç³ã¹áººÊÒÁÁÔµÔáÊ´§ã¹ÃÙ»·Õè 9
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ÃÙ»·Õè 8 ¤ÇÒÁàÃçÇ vz áÅÐ ÃÙ»ÃèÒ§¢Í§ãº¾Ñ´¾Ñ´ÅÁ·ÕèÁÕ¨Ó¹Ç¹ãº¾Ñ´ 30 ãº áÅÐ 100 ãº
·ÕèºÃÔàÇ³ã¡Åé¡Ñºâ¤¹ãº¾Ñ´ (hub)
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ÃÐÂÐã¹á¹Çá¡¹à¾ÅÒ (z)

f (Radians)        VZ

ÃÙ»·Õè 9 áÊ´§ÀÒ¾¢Í§ãº¾Ñ´·Õèä´é¨Ò¡¡ÒÃ¤Ó¹Ç³

ÊÃØ»¼Å
º·¤ÇÒÁ¹Õéä´é¡ÅèÒÇ¶Ö§·ÄÉ®Õ·Õèãªéã¹¡ÒÃÍÍ¡áººãº¾Ñ´à¤Ã×èÍ§¨Ñ¡Ãìà·ÍÃìâºáººÂéÍ¹¡ÅÑº

â´ÂÊÁÁØµÔãËéà»ç¹¡ÒÃäËÅáººÍÑ´µÑÇäÁèä´éáÅÐäÁèÁÕ¤ÇÒÁË¹×´ ÊèÇ¹ãº¾Ñ´ÁÕ¤ÇÒÁºÒ§ÁÒ¡¨¹äÁè¤Ô´
¤ÇÒÁË¹Ò ·Õè·Ò§à¢éÒ¢Í§ãº¾Ñ́ ¨Ðà»ç¹áºº no incidence àÁ×èÍ¡ÓË¹´ÃÒÂ¡ÒÃÃÐºØã¹¡ÒÃÍÍ¡áºº àªè¹
¡ÒÃ¡ÃÐ¨ÒÂ rvθ  («Öè§ÁÕ¤ÇÒÁÊÑÁ¾Ñ¹¸ì¡ÑºÀÒÃÐ·Õè¡ÃÐ·Ó¡Ñºãº¾Ñ´) ¤ÇÒÁàÃçÇÃÍº áÅÐ meridional
geometry ÃÙ»ÃèÒ§¢Í§ãº¾Ñ́ à¤Ã×èÍ§ Ñ̈¡Ãà·ÍÃìâºÊÒÁÒÃ¶ËÒä é̈́ Ò¡ÇÔ̧ ÕÇ¹ËÒ¤ÓµÍº â´Â¡ÒÃÊÁÁØµÔÃÙ»ÃèÒ§
¢Í§ãº¾Ñ´ã¹àº×éÍ§µé¹ ¨Ò¡¹Ñé¹¨Ö§¤Ó¹Ç³ËÒÃÙ»ÃèÒ§¢Í§ãº¾Ñ´ãËÁè·ÕèÊÑÁ¼ÑÊ (tangence) ¡Ñº¡ÒÃäËÅ
¢Í§¢Í§äËÅ ¤ÇÒÁàÃçÇ·Õèãªéã¹¡ÒÃ¤Ó¹Ç³áºè§ÍÍ¡à»ç¹ÊÍ§ÊèÇ¹ ¤×Í¤ÇÒÁàÃçÇà©ÅÕèÂ áÅÐ¤ÇÒÁàÃçÇ¾ÔÃÔÍÍ Ố¤
·Õèä´é¨Ò¡¡ÒÃãªé Clebsch�s formulation áÅÐ ÊÁ¡ÒÃ¡ÒÃäËÅµèÍà¹×èÍ§
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¡ÒÃËÒ¤ÓµÍº¢Í§ÊÁ¡ÒÃ·Õèä´éãªéÇÔ¸Õä¿ä¹µì´Õ¿à¿ÍÃìàÃ¹µì ·Õè§èÒÂáÅÐàËÁÒÐÊÁ¡Ñº¡ÒÃ¾Ñ²¹Ò
â»Ãá¡ÃÁ¤ÍÁ¾ÔÇàµÍÃì ´Ñ§áÊ´§ãËéàËç¹ã¹µÑÇÍÂèÒ§¡ÒÃ¤Ó¹Ç³ «Öè§»ÃÐ¡Íºä»´éÇÂ inlet guide vane,
fan blade áÅÐ turbine blade áÁéÇèÒ¡ÒÃ¤Ó¹Ç³¨ÐáÊ´§à©¾ÒÐ ã¹¡Ã³Õ·ÕèÃÑÈÁÕ¢Í§ hub áÅÐ tip ÁÕ¤èÒ¤§·Õè
áµèà·¤¹Ô¤·Õè¹ÓàÊ¹Í¹Õé ÊÒÁÒÃ¶¹Óä»ãªéã¹¡ÒÃ¤Ó¹Ç³ã¹¡Ã³Õ·Õè hub áÅÐ tip ÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§ä´é
â´ÂãªéÇÔ¸Õ¡ÒÃà»ÅÕèÂ¹ÃÙ»á¡¹ (transformation co-ordinates) «Öè§ÃÙ»áººÊÁ¡ÒÃ¨ÐÂÑ§¤§àËÁ×Í¹à´ÔÁ
à¾ÕÂ§áµèÁÕ¤èÒÊÑÁ»ÃÐÊÔ·¸Ôìà¾ÔèÁà¢éÒÁÒ

¼Å¡ÒÃà»ÃÕÂºà·ÕÂº¤ÓµÍº·Õèä é̈́ Ò¡¡ÒÃ¤Ó¹Ç³áººÊÍ§ÁÔµÔ áÅÐáººÊÒÁÁÔµÔ  áÊ´§ãËéàËç¹ÇèÒ
ÁÕ¤ÇÒÁ¨Óà»ç¹ã¹¡ÒÃ»ÃÑº»ÃØ§¡ÒÃÍÍ¡áººãËéà»ç¹áººÊÒÁÁÔµÔ áµè¤èÒ¤ÇÒÁáµ¡µèÒ§ã¹¡ÒÃ¤Ó¹Ç³
·Ñé§ÊÍ§ÇÔ¸Õ¨Ð¹éÍÂÅ§ àÁ×èÍ hub ÁÕ¤èÒà¢éÒã¡Åé»ÅÒÂÃÑÈÁÕãº¾Ñ´ (h® 1.0) ¤ÇÒÁàÃçÇã¹¡ÒÃÇ¹à¢éÒËÒ¤ÓµÍº
¢Í§¡ÒÃ¤Ó¹Ç³ ¾ºÇèÒ¢Öé¹ÍÂÙè¡Ñº¡ÒÃ¡ÓË¹´¨Ó¹Ç¹ãº¾Ñ´ â´Â¨ÐÇ¹à¢éÒËÒ¤ÓµÍºä´éàÃçÇ¢Öé¹ àÁ×èÍÁÕ
¨Ó¹Ç¹ãº¾Ñ´ÁÒ¡æ àªè¹ 40 ãº «Öè§¡ÒÃ¡ÓË¹´¨Ó¹Ç¹ãº¾Ñ´¹ÕéÁÕ¼Åâ´ÂµÃ§µèÍÃÙ»ÃèÒ§¢Í§ãº¾Ñ´ áÅÐ
¤ÇÒÁàÃçÇ¢Í§¢Í§äËÅ·ÕèäËÅ¼èÒ¹ãº

¢éÍÁÙÅ·Õèä´é¨Ò¡¡ÒÃ¤Ó¹Ç³¹Õéà»ç¹»ÃÐâÂª¹ìÍÂèÒ§ÁÒ¡ã¹¡ÒÃ»ÃÑº»ÃØ§»ÃÐÊÔ·¸ÔÀÒ¾¡ÒÃ·Ó§Ò¹
¢Í§à¤Ã×èÍ§¨Ñ¡Ãà·ÍÃìâº áÅÐªèÇÂã¹¡ÒÃÍÍ¡áººãº¾Ñ´ãËéÊÐ´Ç¡ÃÇ´àÃçÇ¢Öé¹ ÍÕ¡·Ñé§ÂÑ§ÊÒÁÒÃ¶ãªé¢éÍÁÙÅ
·Õèä´é¨Ò¡¡ÒÃ¤Ó¹Ç³ªèÇÂã¹¡ÒÃÇÔà¤ÃÒÐËì¶Ö§¼Å·ÕèÍÒ¨à¡Ô´¢Öé¹ â´Âãªé¢éÍÁÙÅ¹Õéà»ç¹¢éÍÁÙÅàº×éÍ§µé¹
ã¹¡ÒÃÍÍ¡áºº áÅéÇ¹Óä»»ÃÐÊÒ¹µèÍ (link) ¡ÑºÇÔ̧ Õ¡ÒÃ¤Ó¹Ç³·ÕèÈÖ¡ÉÒ¶Ö§¼Å¢Í§¤ÇÒÁË¹×́ ¢Í§¢Í§äËÅ
´éÇÂÇÔ¸Õ zonal approach àªè¹ÇÔ¸Õ·Õè W. Asvapoositkul áÅÐ M. Zangeneh [8] ãªéã¹¡ÒÃËÒ¡ÒÃà¡Ô´
¢Í§àÍ¹â·Ã»Õ (entropy generation) ·ÓãËé¼ÙéÍÍ¡áºº·ÃÒºÇèÒãº¾Ñ́ ·ÕèÍÍ¡áººÁÕ¡ÒÃäËÅ·Õèà»ÅÕèÂ¹á»Å§
ÍÂèÒ§äÃàÁ×èÍÁÕ¼Å¢Í§¤ÇÒÁË¹×´¢Í§¢Í§äËÅà¢éÒÁÒà¡ÕèÂÇ¢éÍ§

¡ÔµµÔ¡ÃÃÁ»ÃÐ¡ÒÈ
§Ò¹ÇÔ¨ÑÂ¹Õé ä´éÃÑº¡ÒÃÊ¹ÑºÊ¹Ø¹¨Ò¡·Ø¹ÇÔ¨ÑÂ¾ÃÐ¨ÍÁà¡ÅéÒ¸¹ºØÃÕ »Õ¡ÒÃÈÖ¡ÉÒ 2540 ¨Ò¡
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ÃÒÂ¡ÒÃÊÑÅÑ¡É³ì
B ¨Ó¹Ç¹ãº¾Ñ´
c ¤èÒÍÑµÃÒÊèÇ¹ ¤ÍÃì´ µèÍ ÃÑÈÁÕ (chord/radius)
c0 ¤èÒ¤§·Õè
f ÁØÁâ¤é§¢Í§ãº¾Ñ´ (blade wrap angle)
h ¤èÒÍÑµÃÒÊèÇ¹ hub-tip
L ÃÐÂÐµÅÍ´ªèÇ§ºÃÔàÇ³·Õèä¡Å¨Ò¡·Ò§à¢éÒ´éÒ¹Ë¹éÒÁÒ¡æ
R ÃÐÂÐÃÑÈÁÕ
r, q, z cylindrical coordinate
rvθ ¤ÇÒÁàÃçÇà©ÅÕèÂã¹á¹ÇàÊé¹ÃÍºÇ§ (circumferential)
S ¿Ñ§¡ìªÑ¹¿Ñ¹àÅ×èÍÂ (sawtooth)
V ¤ÇÒÁàÃçÇÊÁºÙÃ³ì¢Í§¢Í§äËÅ
W ¤ÇÒÁàÃçÇÊÑÁ¾Ñ·¸ì¢Í§¢Í§äËÅà·ÕÂº¡Ñºãº¾Ñ´
a ¾×é¹¼ÔÇ¢Í§ãº¾Ñ´
d ¿Ñ§¡ìªÑ¹¾ÔÃÔÍÍ´Ô¤à´ÅµÒ (periodic delta function)
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f ¿Ñ§¡ìªÑ¹Êà¡ÅèÒ
y ¤èÒ¿Ñ§¡ìªÑ¹¡ÃÐáÊáººÊâµ¡Êì
w ¤ÇÒÁàÃçÇàªÔ§ÁØÁ
W bound vorticity

µÑÇÂ¡ (superscript)
+ ´éÒ¹º¹¢Í§¾×é¹¼ÔÇãº¾Ñ´ (upper surface)
- ´éÒ¹ÅèÒ§¢Í§¾×é¹¼ÔÇãº¾Ñ´ (lower surface) ËÃ×Í¤èÒà©ÅÕèÂã¹á¹ÇàÊé¹ÃÍºÇ§
Ù ¤èÒã¹ÊèÇ¹¢Í§¾ÔÃÔÍÍ´Ô¤

µÑÇËéÍÂ (subscript)
bl ·Õè¾×é¹¼ÔÇ¢Í§ãº¾Ñ´
r, q, z ´Ñª¹Õã¹á¹Çá¡¹ r, q, z


